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[1] Strong motion array records are analyzed in this paper to identify and map the source

zone of four past earthquakes. The source is represented as a sequence of double
couples evolving as ramp functions, triggering at different instants, distributed in a region
yet to be mapped. The known surface level ground motion time histories are treated as
responses to the unknown double couples on the fault surface. The location, orientation,
magnitude, and risetime of the double couples are found by minimizing the mean
square error between analytical solution and instrumental data. Numerical results are
presented for Chi-Chi, Imperial Valley, San Fernando, and Uttarakashi earthquakes.
Results obtained are in good agreement with field investigations and those obtained from
conventional finite fault source inversions.
Citation: Raghu Kanth, S. T. G., and R. N. Iyengar (2008), Strong motion compatible source geometry, J. Geophys. Res., 113,
B04309, doi:10.1029/2006JB004278.

1. Introduction
[2] Success of earthquake resistant design practice
critically depends on how accurately the future seismic
ground motion, arising out of potential faults, can be
estimated at a site. At present engineers heavily rely on
empirical approaches to estimate ground motion through
attenuation relations and response spectral shapes. Such
an approach presupposes that the hazard to the built
environment is mainly from ground vibration with no
ground failure during the event. This may be reasonable
when the site is far away from the source, but when the
causative fault runs underneath an inhabited region,
permanent surface displacement leading to possible
ground failure becomes a major concern. The Kutch
earthquake of 26 January 2001 was an example in the
recent past where structural failure could be attributed to
near source motion leading to severe ground deformation
[India Meteorological Department (IMD), 2002]. Engineering codes generally advise that sites susceptible for
ground failure should be avoided [U.S. Nuclear Regulatory
Commission (USNRC), 1997]. While this is sound advice
for new constructions, existing cities and heritage sites still
pose a challenge in areas like Kutch, Indo-Gangetic plains
and the Himalayas in India. In this context, analytical
estimation of surface level ground motion from source
mechanism models will be superior to empirical methods
of hazard estimation.
[3] Among the different seismological source formulations, the shear dislocation model is the most appealing
from the engineering point of view, since it can be
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expressed in terms of double couples. Bouchon [1981],
Deodatis et al. [1990], and Zhang et al. [1991] have
demonstrated that surface level ground motion can be
computed for a horizontally layered elastic medium with
a buried double couple. It is noted, once a realistic source
is specified, finding the near source ground motion is a
matter of detailed computations. However, limitations
arise due to inadequacies in demarcating the source
geometry and the spatial variability of the slip. Even
under the assumption of zero volume expansion [Aki and
Richards, 1980] the fault interface need not be a smooth
planar surface. Inversion of recorded data for finding
source geometry has been carried out in the past in two
ways. In the first, hypocenter location, duration and focal
mechanism are found from teleseismic records assuming a
point source model. In the second, strong motion data are
used to infer the slip distribution in space and time on an
extended smooth planar source. The models derived from
teleseismic data provide an elementary picture of the
source but is not sufficient to be used for computing
ground motion in engineering problems. The near source
motion is largely affected by the spatial and temporal
variability of the fault slip. To address this issue there
have been efforts in the past to delineate the source by
inverting strong motion records [e.g., Olson and Apsel,
1982; Hartzell and Heaton, 1983; Hartzell et al., 1996;
Cotton and Campillo, 1995]. In these approaches, the
main fault location and orientation are assumed on the
basis of teleseismic information and aftershock distribution. Also geodetic data obtained from GPS measurements in SAR and leveling benchmarks are used for
constraining the location of the fault [Cho and Nakanishi,
2000; Ma et al., 2001]. The fault plane is divided into
smaller subfaults and a variety of slip velocity functions
such as rectangular, triangular and parabolic shapes are
used for modeling the evolution of slip. The slip amplitude, rupture time and risetime are found by inverting the
near source strong motion data. Introduction of physically
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Figure 1. Seismic source mechanism and related terminology.

meaningful constraints help the computations to converge
toward acceptable results. Das and Suhadolc [1996] have
studied the effect of different parameter constraints on
source determination.
[4] Inversion of recorded data is a subtle exercise,
possibly leading to nonunique solutions. Introduction of
too many constraints may oversimplify the fault geometry
leading to inaccurate or incorrect estimates of slip distribution. This has been pointed out by Cho and Nakanishi
[2000] by taking 1995 Hyogo-Ken Nanbu earthquake as a
case study. Aochi and Fukuyama [2002] showed that
nonplanar structure of faults plays a role in explaining
the near-source strong motion data. If the problem is to
simulate ground motion records at a site due to a known
active fault, the details of which are buried, one needs to
incorporate variations arising out of possible nonplanar
nature of the fault surface. The source model should have
the potential to handle variation in slip values. The model
for the region should be able to reflect variation in the
velocity structure and Q values. As a step in this
direction, one has to find for past earthquakes the source
geometry and spatial distribution of seismic moment
using only near source data. With this in mind a method
is presented here to determine a source model that is
strong motion accelerograph (SMA) array compatible and
seismologically consistent. This is an improvement over
the model previously presented by Iyengar and Agrawal
[2001], who used a finite two-dimensional (2-D) layered
elastic model for the region. They also assumed the
source to consist of impulsive forces arriving sequentially
in time. Both the above unrealistic assumptions have been
removed in the present study. It is demonstrated that
strong motion data can be directly used to arrive at a

compatible source description by modeling the region as
a layered viscoelastic half-space. Numerical results are
presented for San Fernando 1971, Imperial Valley 1979,
Uttarkashi 1991, and Chi-Chi 1999 earthquakes to bring
out the usefulness of the new source description as an
engineering tool for site and fault specific hazard
estimation.

2. Analysis
[5] The rupture of the fault surface during an earthquake can be visualized as a series of dislocations. Since
exact representation of seismic sources is not feasible, a
popular approach is the approximation of seismic sources
by a set of equivalent forces. The ground motion is
described in terms of linear wave equations neglecting
nonlinear effects in the near source region. The seismologically consistent force generated during the event on
the fault surface can be modeled as a sequence of double
couples applied at different time instants. With reference
to Figure 1 the surface displacement at any point (x, y, 0)
on the surface of a layered elastic half-space due to a
double couple Ms at (xs, ys, zs) with source time function
f(t) is given by
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Uð x; y; t Þ ¼ Ms
Vð x; y; t Þ ¼ Ms
Wð x; y; t Þ ¼ Ms

Z

Z

t

f ðt Þ Gx ð x; y; t  t Þ dt
0
t

f ðt Þ Gy ð x; y; t  t Þ dt
0

Z

t

f ðt Þ Gz ð x; y; t  t Þ dt
0

ð1Þ
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Figure 2. SMA stations of Chi-Chi earthquake.
Green’s functions (Gx, Gy, Gz) on the surface of the layered
half-space due to a unit impulsive double couple acting at
(xs, ys, zs) are obtained from the Fourier transform,
Gx ð x; y; t Þ ¼

Z

1
1

Z

1
1

Z

1
1



e x kx ; ky ; w; fs ; d s ; ls ; xs ; ys ; zs
G



U_ xj ; yj ; t ¼

 eikx xiky yþiwt dkx dky dw
Z 1 Z 1 Z 1


e y kx ; ky ; w; fs ; d s ; ls ; xs ; ys ; zs
G
Gy ð x; y; t Þ ¼



V_ xj ; yj ; t ¼

1 1 1
ikx xiky yþiwt

Gz ð x; y; t Þ ¼

e
Z 1 Z

1

dkx dky dw
Z 1


e z kx ; ky ; w; fs ; ds ; ls ; xs ; ys ; zs
G

1 1 1
ikx xiky yþiwt

e

dkx dky dw

zs). The velocity at a point (xj, yj, 0) on the surface of the
layered elastic half-space excited by the sth unit double
couple with time-dependent amplitude f(t) and activation
time ts can be written from equation (1) as



_ xj ; yj ; t ¼
W

Z

1

Z1
1

Z1
1

1



~ x xj ; yj ; w eiwt dw ¼ C_ x; js ðt  ts Þ
iw ~f ðw; ts Þ G



~ y xj ; yj ; w eiwt dw ¼ C_ y; js ðt  ts Þ
iw ~f ðw; ts Þ G



~ z xj ; yj ; w eiwt dw ¼ C_ z; js ðt  ts Þ
iw ~f ðw; ts Þ G
ð3Þ

ð2Þ

Here (kx, ky) and w refer to the spatial and temporal
frequencies, respectively. (fs, ds, ls) denote the strike, dip
~ y, G
~ z) are
~ x, G
and rake angle of the fault, respectively. (G
complex quantities representing the frequency-wave number spectra of the region in terms of P and S wave velocities
and damping factor Q. The elastodynamic analysis of a
layered half-space subjected to a double couple source is
available in the literature [Bouchon, 1981; Zhang et al.,
1997], and hence further details are not presented here.

3. Source Mapping
[6] The source is assumed to be composed of double
couples of amplitude Ms acting at unknown points (xs, ys,

(C_ x, js, C_ y, js, C_ z, js) are the components of velocity at station j
due to sth unit double couple with time-dependent
amplitude f(t) activated at time ts. These three components
are zero for ts < 0 and t < ts. In the present study, the time
dependence of the double couple is taken as a ramp function
with its Fourier transform ~f (w, ts) expressed as
iwtrs

~f ðw; ts Þ ¼ ðe

 1Þ iwts
e
w2 trs

ð4Þ

where trs is the risetime of the sth double couple. The
unknown rupture surface is approximated as consisting of
discrete planar dislocations at (xs, ys, zs) with orientation (fs,
ds, ls, s = 1, 2,. . .N). Each such elemental source is defined
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Figure 3. Moment distribution (N m) in the hypothetical finite fault source model.
in terms of a double couple Ms with risetime trs triggering at
time ts. The triggering time, ts is found as the ratio of
distance between sth and first double couple to rupture
velocity. Ground motion during an earthquake may be
thought of as being generated by a sequence of such double
couples triggering at time instants ts, (s = 1, 2,..N). For a
sequence of double couples acting at locations (xs, ys, zs, s =
1, 2,..N), the velocity response at station j with coordinates
(xj, yj, 0) will be of the form
N

 X
U_ j ðt Þ ¼ U_ xj ; yj ; t ¼
Ms C_ x; js ½t  ts
s¼1

N

 X
V_ j ðt Þ ¼ V_ xj ; yj ; t ¼
Ms C_ y; js ½t  ts



_ j ðt Þ ¼ W
_ xj ; yj ; t ¼
W

s¼1
N
X

ð5Þ

dc, lc) and Mc. The subscript c stands for the centroid. With
only one forcing function equation (5) gets modified as
U_ j ðt Þ ¼ Mc C_ xj ðt Þ
V_ j ðt Þ ¼ Mc C_ yj ðt Þ

where (C_ xj, C_ yj, C_ zj) are the three components of velocity at
station j, for a unit double couple, activated at time zero and
applied as a ramp function with risetime trc. These are
functions of the coordinates and orientation of the centroid
as expressed in equation (2). There are eight unknowns in
this preliminary model. These are found from strong motion
array records by minimizing the mean square error:

Ms C_ z; js ½t  ts
22c ¼

s¼1

Here Ms stands for the unknown moment amplitude. Thus,
the problem of finding a compatible source reduces to the
determination of (Ms, trs, xs, ys, zs, fs, d s, ls, ts) such that
these are compatible with the station records.
3.1. Preliminary Point Source Model
[7] Since the earthquake source is assumed to be a
sequence of double couples distributed in an unknown
region, searching for these locations in an infinitely wide
region will be highly time consuming. Rupture propagation
is more or less a continuous process at the source and hence
it would be convenient to fix the centroid around which the
double couples will be distributed. For this purpose, a
preliminary point source is postulated and its location,
orientation and amplitude are denoted as (xc, yc, zc), (fc,

ð6Þ

_ j ðt Þ ¼ Mc C_ zj ðt Þ
W

Tj "
K Z
X
2 1 
2
1 _
Uj ðtÞ  Mc C_ xj ðtÞ þ 2 V_ j ðt Þ  Mc C_ yj ðt Þ
2
sU_
sV_
j¼1
0
#
2
1 _
_
dt
ð7Þ
þ 2 W
j ðt Þ  Mc Czj ðt Þ
sW_

Table 1. Velocity-Density Model for Chi-Chi Areaa
Layer Thickness, km VP, km/s
1
2
3
4
5
6
7
8
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a

1
3
5
4
4
8
5
1

From Ma et al. [2001].

3.5
3.8
5.1
5.7
6.1
6.4
6.8
7.3

QP

VS, km/s

QS

Density, g/cm3

100
100
100
100
100
200
200
200

2.0
2.2
3.03
3.26
3.47
3.71
3.99
4.21

80
80
80
80
80
120
120
120

1.8
2.9
2.1
2.2
2.3
2.4
2.5
2.5
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Table 2. Statistics of Mean and Standard Deviation of the Source Parameters in the Synthetic Test
Noise Level in the Data

fs, deg

d s, deg

1%
5%
10%
20%

3° ± 0.05°
3.0° ± 0.12°
3.0° ± 0.51°
5.3° ± 1.72°

29° ± 0.01°
29° ± 0.5°
29° ± 0.9°
29.2° ± 1.56°

a

Read 4.1e18 ± 0.2e14 as 4.1

1018 ± 0.2

ls, deg
81°
81°
84°
80°

±
±
±
±

trs, s

1.23°
2.25°
4.57°
6.57°

4.2
4.3
4.6
4.7

±
±
±
±

0.6
1.2
1.5
2.5

Ms, N ma

VR, km/s
2.5
2.5
2.5
2.6

±
±
±
±

0.01
0.11
0.56
0.75

4.1e18
4.0e18
4.1e18
4.1e18

±
±
±
±

0.2e14
0.6e15
1.5e16
2.5e17

1014.

where s2U_ ; s2V_ ; s2W_ are the variances of recorded velocity
time histories. In equation (7) the lower time limit zero
corresponds to the origin time of the earthquake and upper
limit Tj is the total duration of the jth station velocity record.
K is the total number of stations used in source mapping and
22c denotes the mean square error associated with the
centroid. Since the analytical velocity time histories (C_ xj,
C_ yj, C_ zj) are nonlinear functions of (xc, yc, zc, fc, dc, lc),
determination of these parameters is a nonlinear optimization problem.
3.2. Distributed Source Model
[8] After the above preliminary model determines the
centroid and total seismic moment, it remains to find the
details of the spatial distribution of the forces around
the point. For this purpose, the forces causing the ground
motion are modeled as a sequence of ‘N’ double couples
triggering at time ts seconds. Since the initial rupture point
is not known, determining simultaneously the location and
starting times of double couples will increase the number of
unknowns and may lead to instability in the inversion. One
of these two parameters has to be fixed before deriving the
distributed source. The triggering time of the sth double
couple depends on its location from the hypocenter and on
the rupture velocity. In the present study, to reduce the

number of inversion variables, the initial rupture point is
assumed a priori. One can fix the coordinates of the initial
rupture point from teleseismic data as reported by U.S.
Geological Survey (USGS), Harvard centroid moment tensor (CMT), Indian Meteorological Department (IMD) and
other local agencies. However, there may be large differences among these data. The position of the initial starting
point influences the location and parameters of the successive double couples. For this purpose, from the reported
hypocenters, the one which is nearer to the location of the
centroid determined from the preliminary point source
model is taken as the location of the first double couple
(x1, y1, z1). After fixing the location of the hypocenter, it is
assumed that the rupture front propagates from this initial
point at a constant rupture velocity in the source region. A
variable rupture velocity will produce better fit of the
synthetics to the SMA data but it increases the model
parameters in the inversion. Once the starting point is
known, the triggering times of all the successive double
couples acting at unknown locations can be fixed from their
respective distances from the hypocenter as

ts ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðxs  x1 Þ2 þðys  y1 Þ2 þðzs  z1 Þ2
VR

Figure 4a. Moment distribution (N m) in the rupture zone obtained for 10% noise in ground motion
data.
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Figure 4b. Risetime (s) in the rupture zone obtained for 10% noise in ground motion data.

where VR is the rupture velocity in the fault zone. The strike
and dip angles for all the double couples in the distributed
source are fixed as obtained from the preliminary point
source model. Since the triggering times are expressed in
terms of their location from the hypocenter, the number of

unknowns in the distributed source model reduces to 6N + 1.
The location, orientation, moment, risetime of the N double
couples and rupture velocity in the source region are found
by minimizing the mean square error between the recorded

Figure 4c. Rake angle (deg) in the rupture zone obtained for 10% noise in ground motion data.
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Figure 5. Comparison between the velocity time histories simulated from the test source and from
moment distribution obtained from solution algorithm for 10% noise in data.
ground velocities and their corresponding analytical expressions (equation (5)) in the time domain.

221 ¼

Tj
K Z
X
j¼1

0

1
þ 2
sV_
1
þ 2
sW_

2

41
s2U_

U_ j ðt Þ 

N
X

Ms C_ x; js ½t  ts

s¼1

V_ j ðt Þ 

N
X

Ms C_ y; js ½t  ts

s¼1

_ j ðt Þ 
W

N
X
s¼1

!2

!2

!2 3
5dt
Ms C_ z; js ½t  ts

ð9Þ

where 221 denotes the mean square error associated with
distributed source model. Increasing the number of double

couples will increase the number of unknowns but makes the
numerical scheme ill conditioned and computationally
expensive. Because of the high dimensionality of the
problem, the unknowns have to be constrained to obtain
meaningful results. Here, the point source parameters for
global minima of 22c are used as constraints to obtain the
distributed source model. Three further constraints are
imposed on the unknowns. The first constraint is that Ms
has to be positive. The second constraint is on (ls). This is
taken between two bounds selected on the basis of the point
source model. The sum of the moment of all the distributed
double couples is fixed equal to the moment obtained from
the preliminary point source model. The problem of
determining distributed source model can now be stated
as finding the source parameters (Ms, trs, xs, ys, zs, ls), s = 1,

Table 3. Earthquakes Considered in Analysis
Event

Name of Earthquake

Date

Magnitude Mw

Number of SM Stations
Used in the Present Study

1
2
3
4

San Fernando
Imperial Valley
Uttarkashi
Chi-Chi

9 Feb 1971
15 Oct 1979
20 Oct 1991
20 Sept 1999

6.4
6.6
6.8
7.6

11
14
6
18
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Figure 6. Convergence of Minimum error in solution algorithm (Chi-Chi earthquake).
2,..N and rupture velocity VR, which minimize the mean
square error (equation (9)) subject to the three constraints
Ms

lmin

N
X

ls

ð10aÞ

0

lmax

ð10bÞ

4. Solution Algorithm
Ms ¼ Mc

ð10cÞ

s¼1

Since the problem has many free parameters, further
smoothing constraints are required for ensuring the stability
of the solution [Das and Suhadolc, 1996]. These constraints
are imposed on the rake, moment and risetime distribution
of the double couples. These constraints ensure that these
three source parameters have a smoothly varying spatial
distribution. For this purpose the error function in equation (9)
is minimized along with the weighted sum of squares of the
differences of the five variables at sth and 0th time instants.
The error in the distributed source model along with the
smoothing constraints can be expressed as
22D ¼ 221 þ

N
1
X

g s1 ðMs  M1 Þ2 þ

s¼1

þ

N 1
X

g s3 ðls  l1 Þ2

larger the weights, the smoother the solution and larger the
error. These weights can be selected depending on the distance
of the double couple from the initial rupture point. In the
present study, g s is taken as proportional to the reciprocal of
rupture time of the sth double couple. As the distance of the
double couple from the hypocenter decreases, g s increases and
hence the obtained solution will be smooth.

N1
X

g s2 ðtrs  tr1 Þ2

s¼1

ð11Þ

s¼1

where g s1,..g s3 are the weights, which control the trade-off
between fitting the data and obtaining a smooth solution. The

[9] It is natural to differentiate the mean square error (22c
and 22D) with respect to the unknowns and equate the result
to zero as a condition for an extremum in both the
preliminary and distributed source models. For MF and
Ms one can derive explicit expressions. However, for other
unknowns the equations become too complicated and hence
there is no advantage in writing down the equations of
partial derivatives. On the other hand, it would be easier and
more efficient to directly search the global minimum of
equation (7) and equation (11). Because of the high dimensionality and ill-posed nature of the problem, obtaining a
unique solution is highly unlikely. Multiple solutions that
satisfy the constraints and fit the data will exist in the
parameter space. Thus, it would be advantageous to identify
the acceptable regions of parameter space and generate an
ensemble of optimal model parameters. For finding the
unknowns here a program has been written which combines
the simplex method of Nelder and Mead [1965] and
simulated annealing of Kirkpatrick et al. [1983]. This
algorithm shares the advantages of both local and global
search methods that explore the full model space. It may be
pointed out here that Hartzell and Liu [1995], Ji et al.
[2002], Liu and Archuleta [2004], Emolo and Zollo [2005],
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Table 4. Points of Application, Orientation, and Risetime of
Double Couples for Chi-Chi Earthquake
Point of
Application, km

Rupture
Time, s

xs

ys

zs

Rake l0s

Risetime trs

Moment,
1018 N m

0
1.48
2.71
3.14
3.15
4.53
4.55
5.01
5.05
5.06
5.09
5.20
5.46
6.23
6.44
6.49
6.98
7.01
7.24
8.11
8.14
8.20
8.41
8.44
8.61
8.67
8.80
8.88
9.64
10.04
10.25
10.29
10.58
10.71
11.09
11.16
11.16
11.46
11.57
11.86
12.22
12.47
12.52
12.75
12.88
12.97
13.06
13.12
13.22
13.30
13.74
14.01
14.06
14.08
14.11
14.42
14.53
14.61
14.95
15.13
15.65
15.73
15.73
15.74
15.87
15.89
16.22
16.40
16.71

14.00
16.84
14.11
14.07
8.82
4.79
4.79
5.47
4.73
2.77
9.81
4.68
2.09
23.51
7.36
0.78
1.02
1.20
11.91
2.86
24.01
1.11
7.88
20.55
9.38
5.34
3.68
10.40
2.98
24.92
15.65
6.27
20.32
0.81
21.79
27.75
20.32
5.33
2.26
15.97
20.83
17.05
24.93
17.12
1.93
16.70
20.17
21.43
21.99
28.55
17.93
17.27
11.07
11.67
25.85
29.57
11.71
18.87
24.24
17.51
27.69
11.75
0.49
26.85
14.30
35.29
9.03
16.74
18.11

15.10
16.79
8.34
7.54
19.40
8.70
10.75
6.47
7.54
16.84
27.01
7.01
19.43
3.90
1.32
13.70
25.09
25.44
33.04
0.91
1.87
0.13
4.96
4.63
5.03
4.53
26.44
6.59
5.31
7.03
10.36
9.12
10.20
7.11
11.11
8.40
11.98
11.53
8.03
14.44
14.47
15.90
13.79
16.59
14.15
17.18
16.82
16.65
16.82
13.72
18.94
19.63
19.91
20.02
17.66
16.30
21.17
20.86
19.94
22.56
20.96
24.15
21.26
21.33
24.58
16.09
24.99
25.81
26.37

8.00
9.69
8.72
10.18
3.87
6.30
2.90
4.84
3.87
2.42
9.69
3.87
2.90
13.08
2.90
1.45
1.93
1.93
9.21
2.42
13.08
2.42
6.30
11.63
1.93
4.84
1.45
4.84
1.45
13.08
10.18
4.36
11.63
0.96
12.60
14.05
10.18
1.93
1.93
9.69
11.63
9.21
13.08
9.69
1.93
9.69
11.15
11.63
11.15
15.99
10.66
11.15
6.30
8.24
13.57
16.48
7.75
12.12
15.99
8.24
14.54
6.78
1.45
15.51
7.27
20.36
4.36
7.75
11.15

72.42
75.03
74.99
44.63
60.71
71.55
59.10
58.88
50.01
72.84
60.19
39.70
63.79
36.84
56.57
80.63
53.97
61.74
69.48
60.29
53.93
58.50
68.22
55.62
73.30
50.68
56.46
50.68
76.84
34.97
44.15
55.84
41.39
65.47
39.47
38.31
38.18
66.68
79.39
37.60
40.52
35.38
41.17
36.98
67.24
65.71
37.69
41.39
37.76
41.67
37.62
37.76
61.43
37.47
61.20
46.21
73.54
39.95
48.31
73.51
40.46
46.30
70.69
41.58
57.89
35.01
35.37
71.56
35.00

2.00
4.61
4.78
5.34
4.05
5.63
4.01
5.02
6.24
5.83
5.09
6.10
5.91
4.47
5.85
4.04
4.62
4.44
4.32
5.55
4.03
4.52
4.57
5.93
4.63
4.27
5.53
5.29
5.24
5.99
4.10
4.05
7.63
4.52
7.12
6.87
7.94
5.68
4.32
7.85
7.25
6.40
6.20
7.14
5.91
7.05
7.94
7.93
7.60
4.70
7.74
7.43
7.05
7.41
5.94
5.18
7.37
7.89
4.37
7.84
5.60
7.08
7.22
4.95
7.89
5.42
5.39
7.88
5.95

3.92
2.20
2.24
2.35
2.54
2.35
2.51
3.24
4.54
2.53
2.04
4.86
2.55
2.14
3.46
2.21
2.29
2.53
2.05
3.51
2.61
3.32
2.49
2.80
2.47
2.77
2.06
2.77
2.20
3.35
3.07
3.39
9.86
2.23
5.01
4.49
10.28
2.80
2.14
9.30
9.61
4.74
5.23
9.41
2.83
3.22
9.87
9.86
9.85
2.25
9.99
9.85
4.47
5.20
2.07
2.99
3.04
9.73
2.55
3.29
2.34
4.47
2.91
2.25
2.76
3.02
2.95
2.78
3.50

B04309

Table 4. (continued)
Point of
Application, km

Rupture
Time, s

xs

16.91
16.96
17.15
17.43
17.93
17.98
18.08
18.11
18.23
18.51
18.78
18.82
18.88
19.01
19.13
19.16
19.30
19.86
20.11
20.21
20.59
20.59
20.64
20.66
20.67
21.09
21.38
21.48
22.41
28.80
30.60

5.54
16.18
34.49
12.06
16.68
34.04
19.04
12.35
15.35
1.68
17.58
37.38
12.62
4.27
20.12
10.80
18.40
2.12
7.78
1.60
13.57
21.79
15.38
14.99
26.75
6.72
8.00
4.83
9.62
9.27
11.07

ys
25.96
27.24
21.11
28.43
29.66
23.50
29.81
30.12
30.43
28.96
31.68
24.12
31.99
30.82
32.27
32.66
32.94
32.72
34.55
33.44
36.34
35.66
36.47
36.56
34.82
36.71
37.78
37.41
40.58
56.61
61.26

zs

Rake l0s

Risetime trs

Moment,
1018 N m

2.42
8.24
18.42
8.24
8.24
19.39
8.72
6.30
9.69
0.96
9.69
19.39
4.84
0.48
10.66
6.30
9.69
1.93
2.90
1.45
6.30
11.63
6.78
8.24
12.12
1.45
2.90
1.45
3.39
3.39
4.36

45.00
46.20
34.99
53.50
39.89
34.20
36.20
46.91
44.36
44.98
35.36
34.99
41.55
44.96
25.39
48.59
34.21
46.61
59.07
44.99
48.59
20.65
52.23
43.47
18.46
77.91
65.37
84.22
77.79
62.38
41.68

4.36
7.79
4.97
7.32
7.78
5.90
7.45
7.00
4.71
4.01
7.93
5.42
7.06
4.57
7.88
7.39
7.00
7.30
7.05
4.02
7.29
7.47
7.25
7.96
7.85
7.21
7.95
7.66
7.49
7.06
7.50

3.40
2.86
3.10
2.80
3.40
2.58
3.37
9.30
2.15
3.38
3.18
3.12
4.72
3.27
3.13
9.52
3.26
8.32
7.56
3.43
9.52
2.92
3.11
2.87
2.98
10.63
9.83
9.84
3.41
2.83
3.23

and Piatanesi et al. [2007] also used such a procedure for
seismic source determination.
4.1. Hybrid Global Search Algorithm
[10] The essential starting parameters in the solution
algorithm are the objective function to be minimized and
P, the starting vector of unknowns. In the preliminary
source model the objective function and the vector P will
be 22c and {xc, yc, zc, fc, dc, lc, trc, Mc}, where as in the
distributed source model, these parameters will be 22D and
{x1,..xN, y1.. . .yN, z1,..zN, l1,. . .lN, tr1,..trN, M1,..MN, VR}.
The starting vector of unknowns corresponds to the
vertices of the simplex. A total of 8 + 1 models are
generated corresponding to the 9 vertices of the simplex
S = {P1, P2,.....,P9} in the preliminary source model,
where as in the distributed source model the simplex, S
will be {P1,P2,.....,P6N+2}. Following the analogy similar
to physical annealing in thermodynamic system, the
algorithm is initiated at a suitably high-temperature Tp0.
Set iteration number, k and perturbation number, j as 1.
The mean square error is evaluated at all the vertices of
the simplex and the models with minimum and maximum
mean square error Plow and Phigh are determined. From
the simplex, the model having the largest value of the
mean square error is replaced by generating new model
from
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Figure 7. Moment distribution (N m) in the Rupture zone (Chi-Chi earthquake).
j
where Pnew
and Phigh stand for the new and current models;
j is the perturbation number. The parameter DPsaj is
constructed from simulated annealing algorithm and the
term DPjds is constructed from the downhill simplex method

through reflection, expansion and contraction and the
expressions for these operations are available in literature
[Rao, 1984]. The acceptability of the new model is
determined from Metropolis criterion [Kirkpatrick et al.,

Figure 8. Risetime (s) distribution in the rupture zone (Chi-Chi earthquake).
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Figure 9. Rake angle (deg) distribution in the rupture zone (Chi-Chi earthquake).
j
1983]. If 22 (Pnew
) < 22 (Phigh), the new model replaces the
j
vertex, Phigh. If 22 (Pnew
)
22 (Phigh), the Metropolis
criterion decides on acceptance. The value


 j 
 2
 Phigh  2 Pnew
Prob: ¼ exp
Tpk

ð13Þ

is computed and compared to x, a uniformly distributed
random number from [0, 1]. If Prob. > x the new point is
j
is
accepted and simplex is updated. Otherwise Pnew
rejected. Tpk is the temperature in the iteration k. It can
be seen that lower the temperature, lower the acceptance
rate. Set the perturbation number as j = j + 1 and new
models are generated from equation (12) once again until
the accepted number of perturbations to the simplex are
greater than 10 times the number of unknowns. The
algorithm is terminated when the difference between the
largest and smallest mean square error in the simplex
reaches a predetermined error limit (e) as follows:


2 Phigh  2 ðPlow Þ < e

ð14Þ

If the above convergence criterion is not met, the
temperature in iteration k is reduced by
Tpk ¼ Tp0 ðba Þk

ð15Þ

where b a is a constant less than 1.0. Set the new iteration
number as k = k + 1 and perturbation number as j = 1 and
the whole procedure is repeated once again. The background of simulated annealing, downhill simplex method

and FORTRAN codes for computation are available in the
literature [Press et al., 1992].
4.2. Synthetic Test
[11] The proposed method of source mapping depends on
recorded SMA data. Presence of noise in the records would
obviously introduce errors in the final results. It is important
to have an idea of how this error varies with respect to the
noise level in the SMA data. Second, for evaluating the
robustness of the proposed numerical algorithm, it is useful
to have a comparison of the data derived source with a
precisely known test source. This exercise can only be
carried out by using a set of synthetic surface level ground
motion data generated for a known ideal source and velocity
model. Here this test is carried out by using a hypothetical
finite fault source model mimicking the reported parameters
of the Chi-Chi earthquake (Figure 2). Previously, several
seismologists have studied the source process of this earthquake and have derived slip models by conventional planar
finite fault inversions. One such moment distribution proposed by Ma et al. [2001] shown in Figure 3 is used for
evaluating the present methodology. The velocity model
used is that given by Ma et al. [2001] (Table 1) for the ChiChi region. The strike, dip, and rake of the rupture plane are
taken as 3°, 29°, and 81°, respectively. The total seismic
moment of all double couples is 4.7
1020 N m. The
rupture velocity and risetime are set to 2.5 km/s and 4 s.
Following Ma et al. [2001], the 105 km 45 km rupture
plane is discretized into 168 subfaults of size 5 km 5 km
and the slip acting in each subfault is represented as point
double couple varying in time as a ramp function. A set of
synthetic velocity time histories are generated at eighteen
stations of the map shown in Figure 2 using the moment
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Figure 10. Normalized histograms of strike, dip, rake, risetime, moment, and rupture velocity (Chi-Chi
earthquake).
distribution shown in Figure 3. A random Gaussian noise is
simulated at the same sampling time interval of the synthetic time histories. To the synthetic data simulated from
the hypothetical source model, the simulated Gaussian noise
with amplitude 10% of the peak synthetic data amplitude is
added to all the velocity time histories. The parameters of
the preliminary point source model are found by solution
algorithm. The initial temperature, Tp0 and constant, b a in
the solution algorithm are initialized to 100 and 0.85 for all
the four earthquakes. The error limit, e in the solution
algorithm is taken as 102 in the synthetic test. The number
of iterations has been fixed at 100. A total of 50 models
coming from 50 independent runs of solution algorithm
have been identified from hybrid global search algorithm.
The mean and standard error of the identified optimal point
source parameters for 10% noise in the synthetic data are
Mc ¼ 4:6 1020  0:65 1016 N m; fc ¼ 3  0:51 ;
dc ¼ 29  0:9 ; lc ¼ 80  2:9 xc ¼ 14:4  1:9 km;
yc ¼ 1:5  3:2 km; zc ¼ 10:5  1:5 km; trc ¼ 4:7  1:4 s
ð16Þ

It is observed that this point is located far away from the
hypocenter and may be interpreted as the centroid of total
moment release. Once the centroid is found, it remains to

find the distribution of double couples around this point.
The hypocenter is assumed as same as that reported by Ma
et al. [2001]. Assuming the number of double couples as
100, the total number unknowns in the distributed source
model will be 601. In solution algorithm, the number of
iterations is fixed at 100, respectively. After, 50 independent
runs, the total number of optimal models with similar error
determined from the solution algorithm are 50. The mean
and standard deviation of the obtained optimal model
parameters are reported in Table 2. It is noted that the
obtained mean value of strike, dip and rake angles of the
double couples are around 3°, 29° and 81° as fixed in
advance in the test source. The mean and standard deviation
of strike and dip are computed from the preliminary point
source where as the statistics of rake, risetime and moment
are computed from the distributed source model. The
rupture geometry constructed from the location and
orientation of double couples for the model with lowest
misfit is shown in Figure 4a. The corresponding moment
distribution in the rupture zone is also shown in Figure 4a.
In Figures 4b and 4c, the risetime and rake angle
distribution are shown. Although the rupture dimensions
are less when compared to the test source, all other aspects
of the solution such as regions of maximum moment
release, strike, dip, rake and rupture velocity are reproduced
in the derived source. Figure 5 plots the comparison
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Figure 11. Comparison of recorded and simulated time histories in the modeling process (Chi-Chi
earthquake).
between the resulting synthetic time histories and the
simulated data from the test source at three stations. The
comparison is quite good for almost all the three
components. In Table 2, the mean and standard deviation
of the derived source parameters by the above procedure for
1%, 5%, 10% and 20% noise are shown. It is seen that as
the noise level in the strong motion data increases, the
statistics of the derived source parameters deviate from the
original values. The test indicates that with about 1 – 10%
data noise quite accurate results can be obtained using SMA
records. For noise as large as 20% one can still arrive at
tolerable approximations to the source. The advantage of the
method in any case is that one can determine at an ensemble
of sources around an optimal mean with estimates of the
error. The synthetic test also indicates that for an earthquake
of magnitude 7.6 or less, 100 double couple point sources
are enough to model the source geometry and to produce
accurate synthetic waveforms.

5. Numerical Results
[12] The above theory of source mapping has been
applied to four past earthquakes with multiple strong motion
records. The events are listed in Table 3. The San Fernando
and Imperial Valley earthquakes are from the United States.
The Uttarkashi earthquake is from India and the Chi-Chi

earthquake is from Taiwan. These are selected keeping in
view the availability of large number of SMA records in the
near source region. In all the four cases, reliable results from
other approaches are available for evaluating the present
approach.
[13] Among the several records available for these earthquakes, those that provide good coverage of the source
region and also obtained on stiff soil are selected for the
present study. To keep uniformity among the strong motion
stations, recorded acceleration time histories have been
resolved in the N-S and E-W directions before further
analysis. As a step in smoothing the records velocities
instead of acceleration, are used as the ground response.
These are obtained by integrating the accelerograms available at 0.02 s interval. For the above earthquakes strong
motion velocity records in N-S and E-W directions at some
stations are already available from the global database
(http://peer.berkeley.edu/smcat/; http://cosmos-eq.org). The
recorded velocity time histories have been resampled at
0.25 s. Among the strong motion stations, the one near the
epicenter as reported from teleseismic solution is taken as
the reference point. Since, accurate triggering times of
records for the Chi-Chi earthquake are available the present
method is first used to find the source geometry of this
event. A few of the available strong motion records are kept
outside the present exercise for validating the new model.
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Figure 11. (continued)

The solution algorithm requires initial estimates of the
unknowns and the convergence of the results depends on
the choice of this estimate. For the preliminary point source
model, these estimates are taken from the focal mechanism
solutions reported by the Harvard University (http://
www.seismology.harvard.edu/CMTsearch.html), USGS
and other local agencies. For the distributed source model,
the initial solution vector is taken from the preliminary
point source model. From the reported hypocenters, the one
which is nearer to the centroid determined from the preliminary point source model is taken as the initial rupture
point in the distributed source model. About geometrical
constraints, rake angle (ls) is allowed to vary in any one of
the four quadrants as determined from the preliminary point
source model. The initial temperature, Tp0 and constant, b a
in the solution algorithm are initialized to 100 and 0.85 for
all the four earthquakes. The error limit in the solution
algorithm is taken as 102 for all the four events.
5.1. Chi-Chi Earthquake (20 September 1999)
[14] This event is well recorded on a large number of
modern digital instruments. Here, eighteen strong motion
station data within a distance of 50 km from the Chelungpu
fault are used for mapping the source geometry. In Figure 2,
along with the strong motion stations, epicenter of the
earthquake as reported by USGS, Harvard CMT and Central

Weather Bureau (CWB), Taiwan are plotted. Among the
strong motion stations, TCU075, which is closest at a
distance of 3.4 km from the surface trace of the Chelungpu
fault, is taken as the reference point. The locations of all
double couples are found with respect to this station. The
velocity model for the region is taken from Ma et al. [2001]
(Table 1). As mentioned above, first a preliminary point
source model is assumed for fixing the centroid and also in
deciding the constraints to be used in mapping the spatial
structure of the source. In this preliminary model there are
eight unknowns to be found using the solution algorithm on
equation (7). For deriving the unknowns, hybrid global
search algorithm is used with the total number of iterations
equal to 100. The initial estimates in the solution algorithm
are taken from the results reported from focal mechanism
solutions. A total of 50 models with similar error have been
identified from several independent runs of the global
search algorithm. The mean and standard deviation of the
optimal source parameters that minimize the error in
equation (7) are
Mc ¼ 4:3 1020  0:5 1018 N m; fc ¼ 4:1  0:5 ;
dc ¼ 31  1:4 ; lc ¼ 73  2:5 xc ¼ 13:6  2:4 km;
yc ¼ 0:5  1:0 km; zc ¼ 10:3  2:1 km; trc ¼ 7:4  1:2 s
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Figure 11. (continued)
The above coordinates of the centroid (xc, yc) are plotted in
Figure 2. From these results, the constraints of equation (10)
take the form
ð18aÞ

Ms > 0
0

N
X

ls

Ms ¼ 4:3

90

ð18bÞ

1020 N m

ð18cÞ

s¼1

Among the three reported hypocenters, the one reported by
CWB is nearer to the centroid determined from preliminary
point source model. Hence the coordinates of the hypocenter as reported by CWB is taken as the location of the
initial rupture point in the distributed source model.
Assuming the number of double couples as 100 the total
number of unknowns in the distributed source model are
601. The strike and dip angle of all the double couples in
the distributed source are taken as obtained from the point
source model (equation (17)). The error function in
equation (11) is minimized to obtain the rupture geometry
of the earthquake. In Figure 6, the minimum error obtained

from solution algorithm in each iteration is shown. It can be
observed that the results converge in about 70 iterations. A
total of 50 models have been determined from 50
independent runs of hybrid global search algorithm. The
complete results of the obtained distributed source model
with lowest error are presented in Table 4. It can be seen
that the rupture for Chi-Chi earthquake moves along the
strike direction of the fault toward positive values of y. The
present approach provides not only the sequence of
consistent double couples applied as ramp functions, but
also their points of application and orientation. Thus (xs, ys,
zs, fs, d s, ls) define consistent rupture geometry. Figure 7
shows the surface consisting of all points at which the
estimated moments act for the model with lowest error. The
moment distribution on the rupture surface is also shown in
Figure 7. In Figures 8 and 9 the risetime and rake angle
distribution are shown. The rupture surface appears to
undulate about a planar fault. All double couples in the
distributed source model are located on this rupture surface.
The variation in strike and dip angles of all the double
couples is very small which also supports the planar nature
of the fault. Since the observed randomness in near source
surface level ground motion may be attributed to spatial
randomness of the rupture process, it is worthwhile to
compute some statistics related to the estimated doublecouple sources. In Figure 10, the normalized histograms of
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Figure 11. (continued)
the source parameters are shown. The normalized histograms of strike and dip are computed from the preliminary
point source where as the statistics of rake, risetime, rupture
velocity and moment are computed from the obtained
50 distributed source models. Statistical local variations in
orientation and risetime that contribute to high-frequency
content can be observed from these histograms. To a first
approximation these can be taken as Gaussian or uniformly
distributed random variables. The normalized histogram of
the moment release is also shown in Figure 10. It appears
that this can be taken as a lognormal random variable as a
first approximation. The normalized histogram of the
rupture velocity obtained from the 50 models from solution
algorithm is also shown in Figure 10. In Figure 11, the
recorded and simulated velocity time histories from the
distributed source model are shown for comparison at all
the eighteen stations used in the modeling process.
Although there are differences, the correlation between
these time histories is quite good for almost all the
components. For further check on the efficiency of the
present approach, velocity time histories are simulated at
two stations (Figure 2), not included in the modeling. The
simulated velocity time histories are compared with the
recorded ones in Figure 12. It is observed that the overall
comparison is favorable. The differences can be attributed
to the complex geology of the region which cannot be
approximated by a horizontally layered half-space. The

duration, phase of the time histories and peak values of the
simulated ground motion match well with observed data.
Several finite fault slip models derived from strong motion
data are also available for this event. All the models indicate
a maximum slip region located at a distance of about 25 to
40 km north of hypocenter around a depth of 11 km [Chi et
al., 2001; Ma et al., 2001; Zeng and Chen, 2001]. From
Figure 7 and Table 4, it can be observed that, the region of
maximum moment release from our study is also at a
distance of 30– 40 km from the hypocenter around 10 km
depth. The slip model of Chi et al. [2001] also indicates
another asperity located at a shallow depth near the northern
end of the rupture which also can be observed in Figure 7
and Table 4 at 1.5 km depth. The moment release at the
hypocenter is relatively small, which matches with that
obtained from finite fault slip inversion. The slip amplitude
distribution on rupture plane obtained from finite fault
inversion appears in a broad downward pointing triangular
shape, which can also be observed in Figure 7. The total
seismic moment of the earthquake is estimated as 4.3
1020 N m. This value agrees well with the CWB solution of
4.3
1020 N m. The average rupture velocity for this
earthquake has been reported as 2.5 km/s [Zeng and Chen,
2001; Ma et al., 2001] which is well in agreement with that
obtained in the present study (Figure 10). The mean values
of strike, dip and rake are also well in agreement with that
reported by CWB. The risetime of this earthquake has been

16 of 30

B04309

RAGHU KANTH AND IYENGAR: STRONG MOTION COMPATIBLE SOURCE GEOMETRY

B04309

Figure 11. (continued)
reported to be in between 2 and 8 s [Zeng and Chen, 2001],
which is well reflected in Figure 8.
5.2. Starting Times of Strong Motion Records
[15] Generally a trigger level is required for instruments
in a strong motion array. If the instruments were not
networked together, the starting time of each record would
be different and may not be precisely known. Some of the
older data such as the one for San Fernando and Uttarkashi
were digitized from analog records with only relative time
markings. It is clear that for the present new source
modeling one needs to have all the data tied to a single
time origin. The Chi-Chi data set consists of absolute time
markings for all the records and hence did not pose any
difficulty. However, for the remaining three earthquakes, the
data have to be adjusted to a common zero time. From the
reported hypocenter and regional velocity model, one can
find the starting times of strong motion records, but there
will be discrepancies in the location of the hypocenter.
Furthermore, due to complex velocity structure and dispersion properties of the medium between the source and
station, the first arrival waves at any station may not be
necessarily coming from the hypocenter. Since the one
dimensional horizontal layered velocity model represent
average properties of the medium, it would be convenient
in finding the triggering times with respect to centroid of the
moment release. Accordingly in the preliminary point
source model the starting times t j ( j = 1,. . .K) for the

station records are also added as unknowns. The method
proposed here is a generalization of equation (6).
[16] Let, t j be the starting time for the jth station, with
respect to centroid. From equation (6) it follows that at
station j the velocity response will be


U_ j t  t j ¼ Mc C_ xj ðt Þ


V_ j t  t j ¼ Mc C_ yj ðt Þ


_ j t  t j ¼ Mc C_ zj ðt Þ
W

ð19Þ

The mean square error to be minimized is

22c

Tj "
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Equation (20) contains eight source parameters (Mc, trc, xc,
yc, zc, fc, dc, lc) and K number of t j values which can be
found out by minimizing this error. The results obtained are
used to constrain the unknowns in mapping the distributed
source. In case the starting times of all the records are
exactly known, time shift t j should be small within
permissible error limits. On the other hand, if the absolute
starting times are not known, t j would provide a compatible
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Figure 11. (continued)

set of starting times for the different stations in the array. As
an example first the Imperial Valley data set is considered.
5.3. Imperial Valley Earthquake (15 October 1979)
[17] This earthquake was one of the earliest in producing
large number of good quality strong motion records. For the
present work, data at fourteen stations distributed around the
Imperial fault are considered (Figure 13). The velocity
model used for the region is taken from Hartzell and
Heaton [1983]. As mentioned above, the velocity records
have to be corrected for the starting times. In this preliminary model, there are total of 22 unknowns (8 source
parameters plus 14 t j values), which are found from the
neighborhood algorithm. The estimated mean starting time
t j along with the standard deviation for all the fourteen
stations with respect to the origin time T0 of the event are
listed in Table 5. Among these 14 strong motion stations,
trigger times (Tr) are available for 10 stations [Hartzell and
Heaton, 1983]. The origin time of the earthquake (T0) is
also approximately known. For these stations, the relative
trigger time (Tr  T0) is precisely known. These values are
also shown in Table 5. It can be seen that the overall
comparison between the actual time lag and estimated
values t j, is reasonable. The obtained source parameters
from the point source model are used to define the constraints in mapping the distributed source. Assuming the

number of double couples as 100, the numbers of unknowns
in the distributed source model are 601. The hybrid global
search algorithm is employed for finding these unknowns.
Optimal values of (xs, ys, zs, ls) obtained after 100 iterations, provide the rupture surface. The rupture source is
mapped in Figure 14. It appears that this earthquake
occurred on a vertical fault plane, with dip angles around
90°. The rupture moves along the fault strike toward the
northwest. The comparison between the recorded and simulated velocity time histories at all the fourteen stations used
in the modeling process is shown. in Figure 15. A validation
of the obtained source geometry is shown in Figure 16 by
simulating the velocity time histories at two stations not
included in the modeling process. The mapped surface
again shows the random nature of the source geometry.
For the Imperial Valley earthquake, Hartzell and Heaton
[1983] have reported the regions of maximum slip at a
distance of 5 km from the hypocenter and at a depth of 9
km. The present study also supports this result (Figure 14).
The mapped source shows a right lateral strike slip, which is
in agreement with field observations. The obtained rupture
velocity is around 1.98 km/s which also match with the
results of Hartzell and Heaton [1983]. The mean values of
strike, dip, and rake are 142°, 89°, and 173°, respectively,
which are nearly same as that reported by USGS. The total
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Figure 12. Validation of the present source geometry (Chi-Chi earthquake).

moment is 6.1 1018 N m which is in agreement with that
reported by USGS.
5.4. San Fernando Earthquake (9 February 1971)
[18] The regional geology and seismological details of
this event are well documented [Langston, 1978]. For the
present work, data at eleven stations have been considered
(Figure 17). The velocity model of the region is taken from
Langston [1978]. As discussed previously, first the strong
motion records have been corrected for starting times before
mapping the source. The estimated distributed source is
displayed in Figure 18. Although, the source geometry of
Figure 18 shows statistical fluctuations, it shows a sharp
change in its orientation at about a depth of 9 – 10 km,
indicating that this earthquake may have occurred on a
single fault with two different orientations or on two
different faults. The rupture reaches a depth of 100 m below
the surface at a distance of 10 km from Pacoima dam.
Heaton [1982] has suggested that 1971 San Fernando
earthquake to be a double event occurring on two separate
subparallel faults. There are several studies showing evidence that the fault geometry of this earthquake suddenly
changes its dip angle at a depth of 6 to 7 km. The present

study indicates that the rupture geometry exhibits a kink at a
depth of 9– 10 km (Figure 18), supporting previous results.
For validating the obtained source, velocity time histories
are simulated at two stations not included in the modeling
process and are compared with the recorded data in
Figure 19. It can be observed that the comparison is
favorable at LA Hollywood station. At Carbon Canyon
Dam station, the simulated results do not reflect the presence of high frequencies which can be attributed to the
complex geology at the site.
5.5. Uttarkashi Earthquake (20 October 1991)
[19] The Uttarkashi earthquake is one of the few earthquakes from the Himalayan region with SMA records. Six
strong motion stations in the epicentral regions are used in
the present study. These are shown in Figure 20 along with
the important faults in the region. The regional velocity
model used here is the one given by Khattri et al. [1994]. In
Figure 21, the moment distribution in the rupture zone as
per the present method is shown. It can be observed that the
fault is planar and the dip angle indicates that this earthquake has occurred on a nearly horizontal fault plane. The
comparison between the recorded and simulated velocity
time histories at one station not included in the modeling
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Figure 13. SMA stations of Imperial Valley earthquake.
process is shown in Figure 22. The strong motion stations of
this earthquake do not provide a good coverage of the
source region unlike the other three earthquakes studied
here. Hence the results for this event may not be very
accurate. Previously, Khattri et al. [1994] and Cotton et al.
[1996] have studied this event. They have reported that this
earthquake has occurred on a blind fault and much of the
seismic moment was released between 2 and 8 s of the
rupture. Results of the present study uphold the above
conclusion. The estimated total seismic moment of the
event is 7.46
1018 N m. The average strike and dip of
the double couples are found to be 15°N and 282°,
respectively. These source parameters compare well with
that reported by IMD.

6. Discussion
[20] A novel approach to determine a seismologically
consistent force field that is also compatible with strong
motion records has been presented in this paper. This can be
viewed as an engineering source model, different from
conventional planar finite fault slip models based on teleseismic data. In the present method one source parameter,
namely, the number of double couples has to be assumed.
To obtain high-frequency content of ground motion resulting from small-scale details of seismic sources, N has to be

reasonably large. This may lead to large number of
unknowns, which in turn leads to an ill posed inverse
problem. Here, as a compromise, by trial and error N is
taken as 100. Once N is selected, the magnitude, risetime,
triggering time, rake angles point of application of the
double couples and rupture velocity can be found by
minimizing the error between the analytically derived
surface level station response and the SMA data. To reduce

Table 5. Starting Times of SMA Data of Imperial Valley
Earthquakea
Event

Station

Tr, min:s

Tr  T0, s

t j, s

1
2
3
4
5
6
7
8
9
10
11
12
13
14

EMO
AGR
BCR
HVP
CXO
E01
E04
E05
E06
E07
ICC
BRA
SUP
CPO

16:59.7
16:56.9
16:57.1
NA
16:58.9
17:02.2
17:01.8
17:01.4
17:01.4
NA
NA
17:03.5
NA
16:58.8

5.3
2.48
2.71
NA
4.47
7.84
7.38
6.99
7
NA
NA
9.14
NA
4.44

5.41 ± 0.02
2.51 ± 0.03
2.70 ± 0.04
5.70 ± 0.05
4.14 ± 0.04
7.84 ± 0.04
7.33 ± 0.03
6.89 ± 0.03
7.10 ± 0.02
7.31 ± 0.02
7.21 ± 0.05
9.16 ± 0.03
14.11 ± 0.04
4.52 ± 0.02

a
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Figure 14. Moment distribution (N m) in the rupture zone for Imperial Valley earthquake.

Figure 15. Comparison of recorded and simulated time histories in the modeling process (Imperial
Valley earthquake).
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Figure 15. (continued)
the number of inversion variables, the initial rupture point is
assumed a priori. A constant rupture velocity is assumed in
the fault zone and the triggering times are computed from
equation (8). A plot of the locations of the double couples
directly provides a picture of the rupture zone, compatible
with the recorded strong motion. A synthetic test, conducted
for identifying a given planar source, reveals that the
proposed methodology can capture the regions of moment
release over the rupture zone. The method is robust enough
to identify the mean source in the presence of increased
levels of induced noise in the data. For real earthquakes,
with unknown levels of noise in the data the optimal
solution can be found along with an error estimate on the
parameters. Random variations in the orientation of the
source plane indicate that the erratic evolution observed in
surface level acceleration time histories can be partly
attributed to randomness in the spatial field of the double
couples [Mai and Beroza, 2002; Somerville et al., 1999]. In
addition to the source geometry, local variations in risetime
and rake also contribute to presence of high-frequency
content in ground motion. From Figure 10, it is observed
that these parameters can be taken as Gaussian or uniformly
distributed random variables to a first approximation. Recently, Lavallée and Archuleta [2003] and Lavallée et al.
[2006] have shown that non-Gaussian distributions are
better suited for describing the spatial variability of slip.
The normalized histograms of moment release obtained
from the present study also indicate that it is essentially

non-Gaussian in nature. Simulating ground motion at stations kept out of the modeling process validates the present
source mapping. This favorable independent comparison is
presented here in time domain, for all four earthquakes in
Figures 12, 16, 19, and 22. In all the cases, the validation
has been found to be consistently good. Present analysis
shows near surface rupture consistent with field observations for San Fernando, Imperial Valley and Chi-Chi earthquakes. For all the four earthquakes, the present results
compare well with those available in the literature. It is seen
that the approach developed here can accurately estimate the
overall focal parameters as well as the details of the source
consistent with strong motion records.
[21] The results obtained from the distributed source
model depend on the selection of the initial rupture point.
For some events, the hypocenters obtained from teleseismic
inversions will be highly inconsistent with the local network
observations (USGS and Harvard CMT hypocenter in
Figure 2) and the assumption of an erroneous starting point
may lead to wrong results. However, this problem can be
circumvented up to some extent by using the best available
ground motion array data to determine the initial rupture
point.
[22] However, there are a few limitations in the present
approach. First the number of double couples N has to be
selected by trial and error. The synthetic test indicates that
the average features of the source for earthquakes of
magnitude 7.6 will not be affected by this parameter.

22 of 30

B04309

RAGHU KANTH AND IYENGAR: STRONG MOTION COMPATIBLE SOURCE GEOMETRY

B04309

Figure 15. (continued)
Although the assumption of a constant rupture velocity is
valid on average, it is well known that velocity can change
locally. This improved scenario has to be investigated
further. The topography of the objective function investigated here is highly complicated and finding its global
minimum is beset with difficulties. In order to circumvent
these difficulties, the hybrid global search algorithm has
been used for identifying the region in the parameter space
that contains acceptable models with nearly same error. A
total of about 8 – 10 million source models have been
explored for obtaining the optimal results in both synthetic
and real events. The required computation is large but
within the capability of modern computers. A typical source
inversion with 601 parameters requires about 2 d using all
64 processors on an IBM cluster p720 computer operating
at 1.6 Ghz speed. Because of the assumption of the
earthquake source as a sequence of point double couples
distributed in a region, slip cannot be directly computed.
The area associated with these point sources is not exactly
known, but this is not a serious limitation. Slip can still be
found indirectly by simulating back the displacements in the
source region from the computed compatible seismic forces.
The regional earth medium has been assumed as horizontally layered elastic half-space. The inhomogeneity, local
site effects, topography and nonlinearity of the medium are
not considered in the present study. The effect of these on
the derived source models has to be investigated further.
[23] The present work was motivated by a desire for
simulating ground motion samples from Himalayan earth-

quakes for engineering purposes. The good fit for the source
geometry for the Uttarkashi earthquake, the only Himalayan
event with multiple SM records, but with no absolute time
markings, is encouraging. Recently, Somerville et al.
[1999], Mai and Beroza [2002], Lavallée and Archuleta
[2003], and Lavallée et al. [2006] have proposed random
field models for modeling the slip on the fault plane. These
models are based on the sources obtained from conventional
finite fault inversions. The stochastic source model proposed in the present study is altogether different from these
studies. The main advantage in the present model is that the
number of parameters to be fixed before hand is only N,
number of point sources. This can be determined depending
on the cutoff frequency required in the simulated ground
motion. The rupture dimensions can be fixed from magnitude through source scaling relations [Mai and Beroza,
2000]. Once the fault and the starting point are identified,
successive location of other double couple point sources can
be placed randomly on the fault plane along with the
constraints of equation (10). A constant rupture velocity
can be assumed based on the shear wave velocity of the
medium and the triggering times of these point sources can
be computed from equation (8). The strike, dip, rake angles,
moment and risetime of these point sources can be taken as
random variables. Once these source parameters are generated, simulation of ground motion is a matter of detailed
computation. An ensemble of ground motion time histories
can be generated from this procedure. The stochastic source
model presented in this study is expected to be more
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Figure 15. (continued)
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Figure 16. Validation of the present source geometry (Imperial Valley earthquake).
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Figure 17. SMA stations of San Fernando earthquake.
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Figure 18. Moment distribution (N m) in the rupture zone for San Fernando earthquake.

Figure 19. Validation of the present source geometry (San Fernando earthquake).
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Figure 20. SMA stations of Uttarkashi earthquake.

Figure 21. Moment distribution (N m) in the rupture zone of Uttarkashi earthquake.
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Figure 22. Validation of the present source geometry (Uttarkashi earthquake).
appealing in engineering applications for simulating the
design ground motion. Although the proposed methodology
is promising, more work is needed for obtaining stronger
evidences for practical applications. Modeling the double
couples as forming a stochastic field on the rupture plane
with known statistical properties is a possible further
improvement.

7. Conclusions
[24] The present paper describes a simple method to
determine the geometry of the rupture zone with an equivalent set of forces, from surface level strong motion records.
The ground motion during an earthquake is thought to be
the response of the near source region, modeled as layered
elastic half-space, to the rupture at the fault level. The forces
developed at the source during the rupture are represented
by a sequence of double couples, applied at different time
intervals, at unknown locations inside the layered halfspace. The magnitude, risetime, point of application of the
double couples and rupture velocity in the source zone are
found by minimizing the error between the analytically
derived surface level station response and the SMA data.
A plot of the locations of the double couples directly
provides a picture of the rupture zone, compatible with
the recorded strong motion array data. Numerical results are
presented for four recorded earthquakes. These are the San
Fernando (9 February 1971), Imperial Valley (15 October
1979), Uttarakashi (20 October 1991), and Chi-Chi

(20 September 1999) earthquakes. In all four cases, our
results compare well with those available in the literature.
The major thrust of the present investigation has been to
delineate the spatial variability of the double couples, which
in turn will help in developing a stochastic source model for
strong earthquakes. The main limitation of the method is its
current inability to handle frequencies beyond about 2 Hz,
due to computational difficulties. It is foreseen that with
further computational improvements, the proposed method
will be useful in foreshadowing strong ground motion
occurring in thickly populated cities, located near known
active faults.
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