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1 INTRODUCTION

SUMMARY

Since the end of the 1970s, teleseismic waves are used routinely to infer the first-order charac-
teristics of the event (location, depth, duration, focal mechanism), but finding the second-order
kinematic parameters (spatial distribution of slip, rupture velocity and more basically the dis-
crimination between the fault plane and the other nodal plane) of distant events remains a
difficult task. Classically, these events are studied by two different methods; either they are
seen as a succession of subevents, each of which is considered as a point source, or like in
near field, as extended sources where the kinematic parameters are retrieved on a grid. The
first approach is not physically satisfactory and can lead to erroneous interpretations of the
rupture process (Ihmlé 1998) while the second one often gives highly non-unique results. In
this work, we present a method that aims to find a simplified source model able to explain the
main features of the teleseismic data. The basic idea is to consider the event as an ensemble
of slip patches, breaking at different rupture velocities. In order to obtain a simple and stable
model, we use a maximum of two slip patches and model only periods longer than a third/fourth
of the earthquake global duration. We use three different types of data: P and SH body waves
through direct modelling, and surface waves through an empirical Green function (EGF) tech-
nique. We follow a recent efficient approach to stabilize the EGF deconvolutions with physical
constraints. The method is applied to the 1999 Izmit (Turkey) and 1995 Jalisco (Mexico)
earthquakes and gives results consistent with previous studies of these events. Thanks to its
simplicity, this method can be applied almost routinely after each large earthquake, and can
give interesting insights on the physical properties of the rupture (size, slip, rupture velocity)
as well as important clues on the risk associated with the event (for example tsunami risk).

Key words: empirical Green function, far field, Izmit, Jalisco, non-linear inversion, seismic
source kinematics.

the fault: for example, modelling tsunamis caused by earthquakes
requires the knowledge of the coseismic slip close to the ocean

Since the emergence of centroid determinations (Backus 1977), this
method has been the most widely used tool to retrieve the basic
properties of an earthquake. When an earthquake above My 5.5
occurs, location, depth, magnitude and focal mechanism can be
quickly and reliably determine5 with the global networks (Harvard
centroid moment tensor, Dziewonski et al. 1981). Nevertheless, for
many reasons, it is useful to study the more refined characteristics of
the event. Physically, the centroid model is not satisfactory, because
all the radiated energy is mapped into one point whereas it is clear
that this energy is spread. Such a simple model is not able to show
how earthquake rupture propagates. Tectonically, we would like to
know at least which plane of the focal mechanism is the fault plane
and to have an estimate of the size of the fault. Finally, in some
applications, we need to know the spatial distribution of slip along

*Now at: Laboratoire de Détection Géophysique, CEA, BP12, 91680
Bruyéres-Le Chatel, France.
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bottom.

This is why a lot of effort has been made, with different types
of data, to infer the higher order characteristics of earthquake kine-
matics. Since the 1971 San Fernando earthquake and more impor-
tantly the 1979 Imperial Valley earthquake (Archuleta 1982; Olson
& Apsel 1982; Hartzell & Heaton 1983), near field data are included
when the earthquake occurs inland in a well-instrumented area.
This allows detection of small-scale details of the rupture (down
to 5 km) but it is important to have a large network of stations to
retrieve the global behaviour of the fault because the stations are
highly influenced by the nearest feature of the source process. GPS
measurements, INSAR interferometry (Massonnet ef al. 1993) and
more recently SPOT data (Michel & Avouac 2002) are also used
in inland areas to infer the static displacements caused by earth-
quakes. Combinations of these technics are of course possible and
sometimes used (e.g. Hernandez et al. 1999; Delouis et al. 2002).
Nevertheless, none of these data allows a systematic analysis of the
earthquakes as teleseismic data do: no matter where the earthquake
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616 M. Vallée and M. Bouchon

occurs, inland or offshore, in a well instrumented area or not, it
is always recorded, with a good azimuthal coverage, by a similar
number of distant stations.

In the proceeding sections, we shall first discuss the current meth-
ods which aim to improve the centroid models with teleseismic data.
We illustrate the fact that a real source tomography is often too am-
bitious a goal except in extremely well instrumented areas. This is
why we propose a global method—based on the representation of
coseismic rupture by slip patches—to identify the most robust fea-
tures of large earthquake source processes. We start from simple
uniform models and allow complication of such models only if the
data clearly requires it. Applications to widely studied earthquakes
(1999 Izmit, Turkey; 1995 Jalisco, Mexico) will finally be shown.

2 METHODS CURRENTLY USED TO
RETRIEVE THE SPATIAL EXTENSION
OF THE RUPTURE

2.1 Second order of the moment tensor

First, it is possible to use directly the high order information of the
moment tensor as described, for example, by Bukchin (1995) or
McGuire et al. (2001), based on the early work of Backus (1977).
It is assumed that the event has a constant mechanism, i.e. the time
derivative of the stress glut m can be written:

mjk(&, T) = f(sa T)Mjk! (1)

where, M is a constant unit moment tensor, /" is a scalar function,
and £ and t denote the space and time dependencies. At low fre-
quencies, we can write the far field displacement component U;(x,
t) produced by an earthquake as:

d
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where §(x, t, &, t;) denotes the displacement produced by a point
source in (&, 7y) of the same mechanism and same global moment
M. Eq. (2) makes use of the spatiotemporal moments f¢-/) of f
relative to an origin (&,7,), which has to be chosen close to the
hypocentre of the earthquake:
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The first moments £ @D and 19 are related to the temporal
and spatial centroids of the rupture, whereas the second moments
fFO2 p0Dand f£20 are related to three characteristic parameters

of the rupture: the longitudinal extension, the downdip extension
and the average rupture velocity (see for example Bukchin 1995 for
the relationships between these parameters).

By such a study, it becomes possible to discriminate the two focal
planes and gain an idea of the spatial and temporal extents of the
rupture. Nevertheless, the obtained values are difficult to relate with
the reality of the rupture: for example, the characteristic dimensions
cannot be directly interpreted as the real rupture size. A refinement
ofthis method was proposed by Dahm & Kriiger (1999): the idea is to
use the Taylor developments not around the global rupture centroid
but around several centroids distributed between the beginning and
the end of the rupture. By doing so, it becomes possible to model
higher frequency waveforms.

Yet, observations of teleseismic waveforms show some coherent
high frequency details that should allow us to obtain a non-uniform
distribution of slip or rupture velocity on the fault. The following
methods are usually used to retrieve these characteristics.

2.2 Subevent analysis

The most common improvement of the point-source model is to con-
sider that the rupture is constituted of several point sources, generally
called subevents. The most classical way to do such an analysis is to
retrieve the relative-source time functions for each considered sta-
tion. This can be done by deconvolving the signals from a theoretical
Green function (e.g. Kikuchi & Kanamori 1982) or from an empir-
ical Green function (EGF) (e.g. Velasco ef al. 1994a). Through the
analysis of the time-shifts (Fukao 1972) between some well identi-
fied peaks in the relative-source time functions, the locations of the
subevents on the fault can be obtained.

This method often leads to a satisfactory fit to the data but the
physical interpretation of these subevents, in terms of location of the
moment release, is difficult. As shown by Thmlé (1998) for the 1994
deep Bolivia earthquake, these subevents do not have to be a place of
high moment release but are only representative of the instantaneous
centroid of this moment release; typically, if the rupture front is
circular, all the subevents will be around the centre of the circle (see
the instructive fig. 10 in Thmlé’s paper). A direct interpretation of the
location of these subevents would lead to the erroneous conclusion
that this part of the fault broke several times. This can explain why
numerous subevent analyses present this dubious characteristic of
rerupturing some parts of the fault. Although this phenomenon is
of course theoretically possible, some inversions in the near field
where this possibility is allowed, tend to show that it happens only
marginally (Das & Kostrov 1990, 1994). Lastly, the rupture velocity,
found by the time shifts between subevents, will be underestimated
for the same reason: when a subevent is identified at a time 7, it
does not mean that the rupture front is at this location at this time
to. At this time 7, the rupture front will be generally further from
the hypocentre than the subevent.

This is why, even in the far field, a real extended image of the fault
is useful to retrieve some physical insights of the rupture process.

2.3 Extended source

The goal of this method, introduced by Olson & Apsel (1982) and
Hartzell & Heaton (1983), is to reproduce what happened on the
fault during the earthquake. The fault is usually discretized into
subfaults and the kinematic parameters, classically slip s, onset time
T and rise time d are retrieved for each subfault. Each subfault is
itself represented by an array of point sources which must be fine
enough to mimic a continuous rupture propagation. The spectral
displacement U at a station is simply given by a sum over the n

© 2004 RAS, GJI, 156, 615-630
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point sources, with the appropriate time and space shifts. It can be
written:

U(w) = Z G(w, z)) f](w)e! =T, )
j=1

where

(i) G(w,z;) represents the ground motion for a unit moment point
source at a depth z; with a given source mechanism

>ii) f ]1 (w)is the local spectral source time function which depends
on slip s; and rise time d;

(iii) k is the horizontal wavenumber

(iv) 1, is the horizontal space shift between the hypocentre and
point source j

(v) . is the scalar product

(vi) T;is the time of rupture propagation between the hypocentre
and point source j.

Theoretically, by solving an inverse problem, the kinematic pa-
rameters can be retrieved at each point of the fault. Nevertheless, the

Imaging coseismic rupture by slip patches 617

main problem with this type of analysis is its high non-uniqueness
(Das & Kostrov 1994). One of the main difficulties concerns the size
of the grid: to be able to retrieve high frequency details in the rup-
ture history, we have to use a fine enough grid. Yet, high frequencies
are dominated by lower frequencies (see the simple Haskell model
which gives an @® law or other more refined laws) and trying to
model small details makes the problem unstable. To reduce this in-
stability, we can either use larger subfaults, or keep small subfaults
and introduce a smoothing parameter. Neither method is really sat-
isfactory: the first one completely forbids the modelling of detail,
yielding a very smooth model and a relatively poor fit; while the
second one leads to a trade-off between the size of the grid and the
smoothing parameter. Resolution limits of these detailed analyses,
particularly if the event is complex, are also shown by comparing
the various results obtained for the recent 1999 Chi-Chi (Taiwan)
earthquake (Ma et al. 2001; Zeng & Chen 2001; Wu et al. 2001)
or 1999 Izmit (Turkey) earthquake, for which the various inverted
models gathered by Clévédeé et al. (2004) (Fig. 1) show the high vari-
ability of the results. This instability can also be partly understood
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Figure 1. Figure adapted from Clévédé et al. (2004): Five inversion results for the slip distribution of the 1999 August 17 Izmit (Turkey) earthquake are
presented. This figure illustrates the high variability of the details of the rupture process in the case where only a few accelerometers are present.
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618 M. Vallée and M. Bouchon

by considering that some poorly known parameters, such as precise
fault geometry (Das & Suhadolc 1996), hypocentral depth and exact
mechanism, are extremely important in the retrieval of the precise
source process.

3 SLIP PATCH METHOD
3.1 General description

The idea of the method presented here is to keep an extended repre-
sentation of the source so that the model has a physical meaning, but
to obtain a more robust solution than the one coming from the clas-
sical discretization of the fault into subfaults. We plan to construct
a source model giving more information than a centroid approach
without doing a real source tomography. To do so, we propose to
model an earthquake by one or two slip patches, rupturing at possibly
different velocities. Simple or relatively small earthquakes will be
described by a unique slip patch, whereas other events will require
the addition of another slip patch. Of course, even when represented
with two slip patches, we only propose a very simplified image of
the reality of an earthquake. Nevertheless, we justify our modelling
by different observations:

(i) Asmentioned before, attempts to really explain all the details
of the rupture are not really reliable, particularly in the general case
where there are no or only a few near field accelerograms. Yet, in
most cases, we can see that there are some large-scale details that
are constant from one model to the other: in the case of the Taiwan
event, a 60 km long northward rupture propagation with an average
slip of 6-8 m; in the case of the Izmit event, a bilateral rupture with
a main slip zone of about 70 km. We aim to represent this type of
detail and in the following paragraphs we show that our approach
enables this.

(ii) The study of Thatcher (1990) (see in particular fig. 3 in the
referenced article), which gathers a number of results of the main
features of different kinematic inversions, shows also what was reli-
ably resolved: typically one, two or three slip patches. Other studies
often focus on the main slip zone or main asperity of an earthquake,

which is responsible for a large part of the waveforms and there-
fore is the most resolvable feature of the source (e.g. Thmlé & Ruegg
1997; Ma et al. 2000; Abercrombie et al. 2001). In our method, such
amodel will be simply described by two slip patches: one describing
some slip at the hypocentre, and a larger slip patch elsewhere on the
fault describing the main slip zone.

(iii) Addition of a third, fourth, fifth, ... patch yields an increas-
ingly complicated inverse problem, and parallelly, searched details
become increasingly difficult to identify.

(iv) This method of modelling has different practical advantages
that will be discussed further, namely: few parameters, no need of a
smoothing parameter, possibility of largely oversizing the faultin the
starting model, possibility of inverting simultaneously the first-order
kinematic parameters (hypocentral depth and focal mechanism) if
their first determinations do not seem satisfactory.

(v) Finally, this is a simple modelling method that is generally
able to explain the data with a good approximation. This simplic-
ity criteria is researched in all source kinematics inversions, when
smoothing is used to regularize the solution.

This approach will not allow us to explain the rupture very phys-
ically, because the parametrization is too restrictive. But we will
be able to determine the size of the zone which has been ruptured,
the part of the fault which has slipped the most and more basically
which one of the two nodal planes is the fault plane. We can also
obtain insights on the rupture velocity, because slip patches will be
allowed to rupture at different velocities, and thus zones of high or
slow rupture velocities are potentially resolvable.

In the following three subsections, we will describe more pre-
cisely how we parametrize an earthquake with this slip patch method,
what data we use and lastly how we solve the inverse problem.

3.2 Parametrization of an earthquake

We consider that the fault is constituted of p patches and that each
patch P, has a constant slip sy, constant local rise time dj and
constant rupture velocity Vr, (1 <k < p). The precise parametriza-
tion is detailed in Fig. 2 in the two-patch model case: we need two

Xh=1/2 L

FAULT

Zh !

Hypocenter

S1,VrLal,bl

Figure 2. Description of the rupture process by two slip patches. Both patches have an elliptical shape and the first slip patch contains the hypocentre of
the earthquake. 11 parameters are necessary to describe the rupture in this modelling: space shift between hypocentre and centre of the first slip patch (two
parameters, noted Dx and Dz); slip, rupture velocity, large and small axis of the ellipses (four parameters for each patch — S;, V7;, a;, b;); and finally an angle
noted & which describes the position of the second patch compared to the centre of the first one. The lateral position of the hypocentre X}, is chosen in the
middle of the fault and does not reduce the generality of the problem. Its vertical position Zh, like the focal mechanism, is assumed to have been determined
previously, for example by the use of the one-patch model. The fault, parametrized by its length L and height H, is largely oversized and does not limit the

extent of the rupture process.
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parameters to describe the shift of the first patch centre compared
to the hypocentre; four parameters to describe the first patch itself
[geometry of the patch is represented as an ellipse (two parameters),
slip and rupture velocity]; and finally, five parameters to describe
the second patch [the same four parameters as for the first patch
and another one to describe the position of the second patch com-
pared to the first one (angle «)]. The rise times d; are not inverted
because of the usual low resolution of this parameter (e.g. Thmlé
1996) and we simply fix them to values smaller than the periods
considered in the inversion. This yields a total of 11 parameters,
which keeps the inverse problem manageable (see the corresponding
section).

In the simpler one-patch model case, we do not consider the five
parameters related to the second patch, but we usually try to re-
fine the focal mechanism and hypocentral depth of the earthquake.
Therefore, in this case we model the earthquake by 10 parameters
[focal mechanism (three), hypocentral depth (one), dimensions of
the patch (two), position of the hypocentre (two), slip (one) and
rupture velocity (one) inside the patch]. We do not give here the
possibility of an oblique orientation of the slip patch. This could be
done, but we consider that the freedom in the hypocentre position
inside the patch is already able to partially reproduce this effect.
Moreover, if such a long oblique rupture propagation is really nec-
essary to explain the data, a two-patch model could then be used.

To compute the body P- and SH-wave teleseismic displacements,
we still consider a subfault grid and use a modification of eq. (9),
where we now sum on the p patches P(A < k < p):

U(w) = Xp: @)Y Glw, z))e =™, (10)
k=1

J€Pk

The term G(w, z;) is computed using the reciprocal approach of
Bouchon (1976). The 1-D crustal effects, both in the source and re-
ceiver crusts, are modelled by the reflectivity method (Miiller 1985).
Different crustal models will be considered depending on the source
and station location. We used the global model Crust 5.1 of Mooney
et al. (1998) to infer the Moho depths and obtain the regional source
models. This formalism allows modelling of the complete direct P
and SH wavefield, including the depth phases pP, sP and sS. The re-
flected core phases PcP and ScS, which may slightly interfere with
the late part of the direct waves, are here neglected. The mantle
propagation is classically modelled by the geometrical spreading
and an attenuation term (parametrized by the usual t*, taken equal
to 0.7 s for P waves and 2.8 s for S waves). A global model (IASP91)
is used to infer the take-off angles below the crusts.

Finally, the onset times 7; are calculated given the values of (Vry;
1 < k < p) by the finite difference scheme of Podvin & Lecomte
(1991). This scheme was already used in this respect by Herrero
(1994) and an application to a source study can be found in Vallée
et al. (2003). This modelling allows the different patches to have
different slip amounts and different rupture velocities. Contrary to
eq. (9), we do not sum on the n point sources of the fault but only
on the points of the fault which have experienced some slip. This
allows us to largely oversize the fault without making the forward
modelling too slow.

In our study of surface waves (see next section), we are interested
in the relative source time function (RSTF), noted Fy: this is the
source time function distorted by the fact that we observe it through
one station, i.e. in one particular direction. It can be written:

P
Fo) =) > [t = T;+ Dy(6)/vy), (11)

k=1 jePy

© 2004 RAS, GJI, 156, 615-630
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where

(1) vy is the phase velocity surface wave. Due to the dispersion of
these waves, an average value must be chosen, which is dependent
on the dominant frequencies of the RSTF and of the source velocity
structure. Eq. (11) shows also that the surface waves velocities out-
side the source region do not play a role in the RSTFs interpretation.
This is simply due to the fact that these velocities affect similarly
the EGF and the main shock.

(ii) D; is the relative distance between the hypocentre and a point
7, which is determined on the fault by its horizontal and vertical
coordinates x; and z;. Given the azimuth 6 of the station, the strike
azimuth 6y of the fault and the dip 8 of the fault, this relative
distance can be written:

D;(0) = x;cos(f — Or) + z;cotan(8r). sin(6 — ). (12)

In this method, our goal is to retrieve the simplest model able
to explain the data. This is why we will first try to explain the
data with a single patch and we will add another patch only if
the agreement with the data is not satisfactory. The use of a single
patch model is also useful because, in this simple case, we can also
simultaneously determine the first-order rupture parameters, such
as the hypocentral depth and the focal mechanism. Subsequently,
these values are considered known if we want later to refine the
model with a second patch. Generally, we do not try to complicate
the model with a third, fourth. . . patch because the searched details
become less and less well-resolved. Thus, we prefer to limit the
study to relatively long periods (typically one third or one fourth
of the global rupture time) which generally leads to a satisfactory
agreement with the observations using at most two patches.

3.3 Data used
3.3.1 Body waves

Body P and SH waves, at epicentral distances between 30° and 90°
are often used in teleseismic source analysis. Their mantle propa-
gation, essentially in the homogeneous lower mantle, is in fact easy
to model and allows observation of any source effects. Moreover,
today it is very easy and fast, through the use of IRIS-GEOSCOPE
networks, to retrieve the waveforms. In this study, we will use ver-
tical P displacements and transverse SH displacements, obtained
by integration of the broad-band velocity records. To take into ac-
count the various instrumental responses of the stations, we decon-
volve the data from their instrumental responses and then convolve
them with a common bandpass filter (the high frequency corner
is generally chosen as one third to one fourth of the earthquake
global duration D and the low frequency corner is chosen equal to
0.0125 Hz). The time after the first P- or SH-wave arrival that we
consider, depends on the duration D of the earthquake, which can
be estimated by the prior use of surface waves (see next paragraph).
Time windows have to be chosen longer for SH waves than for P
waves to take into account lower frequencies and stronger directivity
effects.

3.3.2 Empirical Green function technique for surface waves

Surface waves are difficult to use in detailed source studies except
if we choose an EGF approach. As a matter of fact, the direct the-
oretical approach does not allow modelling of periods shorter than
ca 30 s, because of the complicated structure of the first hundred
kilometers of the Earth, and these are precisely the periods which
are interesting to constrain the source process. The EGF analysis is
used in seismology since the work of Hartzell (1978). The idea is
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Figure 3. Illustration of the deconvolution technique for Love waves of the Izmit earthquake recorded at station KDAK. Deconvolution is done with the four
physical constraints (causality, positivity, borned duration, and constant moment ratio fixed to 350.). First, we impose a very short duration of the RSTF which
of course leads to a very bad reconstruction of the main shock waveforms by reconvolution with the EGE. The error associated with this reconstruction is our
definition of the misfit used in (a). Then, we allow a longer and longer duration which decreases the misfit (a). When we reach an allowed duration of 16 s,
the misfit is low (9 per cent), and cannot be improved further by a longer allowed duration. Therefore, we choose this 16 s long RSTF, presented in (b), as our
selected RSTFE. The convolution of this RSTF with the EGF yields the thin line in (c) whereas the thick line is the real main shock waveform.

to find a similar but smaller event in the vicinity of the main shock.
By deconvolving the main shock from EGF waveforms at several
stations, we retrieve the RSTFs of the main shock.

It may happen that no suitable EGF exists for a given earthquake.
In this case, the slip patch method can be applied with body waves
alone, but the obtained results will not be as reliable as with the
complete analysis. As a matter of fact, the lateral rupture extension
and the horizontal rupture velocity will be less well resolved because
surface waves are much more sensitive to these parameters than
body waves. Moreover, by using an EGF approach, we intrinsically
separate the source effects from the propagation effects.

Different descriptions, applications and developments of the EGF
analysis can be found in Velasco et al. (1994b), Courboulex et al.
(1997b) or Schwartz (1999). A recent improvement was proposed
by Bertero et al. (1997) using the physical constraints of the RSTF
through an approach called the projected Landweber method to
stabilize the deconvolution and to retrieve a more reliable RSTE.
Namely, they used the positivity, the causality and the borned sup-
port properties of the RSTF. We have extended their method (Vallée

2004) to take into account a fourth constraint on the RSTF: the area
of the RSTFs, which represents the ratio between the main shock
and the EGF moments, has to remain constant for all stations, that
is:

[ i = e, (13)
—o0 Mcr
This physical constraint is very useful in the waveform inversion of
RSTFs. If all RSTFs do not have the same area, they intrinsically
cannot be fitted by our forward modelling in which this physical
constraint is naturally respected. Quality of the constrained RSTFs
can be simply evaluated by the quality of the reconstruction of the
main shock waveform by convolution with the EGF. Practically, we
will consider RSTFs leading to a variance reduction of the main
shock reconstruction better than 65—70 per cent.

The method requires calculation of the RSTFs twice: first, we do
not impose the moment constraint and then, based on the relative
moments inferred by the best RSTFs, we recalculate the RSTFs with
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this new constraint. We are choosing precisely the relative moment
between the two earthquakes with the highest values among the best
RSTFs, because we show in Vallée (2004) that moments are gener-
ally underestimated in presence of noise. These values are generally
lower than the Harvard CMT inferred values because we can only
explain the part of the main shock which is consistent with the EGE.
For example, if there is a slight change of the mechanism during
rupture, the moment involved in this part of the rupture process will
be partly lost in the deconvolution.

As an example of the application of the technique, we present in
Fig. 3 the EGF analysis at station KDAK for the [zmit earthquake
(see the section concerning this event for more details). The method
detailed here leads to the determination of a physical RSTF, the
quality of which can be estimated by reconvolution with the EGF. We
will select the best quality RSTFs for the global inversion process.

4 INVERSE METHOD:
NEIGHBOURHOOD ALGORITHM

The expression we aim to minimize is the weighted sum of the misfit
to the three types of data we use: P-wave displacements (noted U”),
SH-wave displacements (noted U%), and RSTFs coming from the
EGF analysis of surface waves (noted F4). We use the L1 norm for
its robustness and the global misfit can then be written:

np tp+Dp -
Misfit = 3 / U2 () = T (1) dt
P

ip=1

ns ts+Dg N
+WSZA |US(t) — TS (1)) dt

is=1
Hsurf [e'9) N
+ Wt Y / | Fo i) — Fpi ()] . (14)
1Y —00

Esurf=

where, 7p and #g are the arrival times of P and S waves, and Dp

and Dy are the duration we model for each of these waves. The~

symbol denotes the computed displacements. 7p, ng, and ng,s are
respectively the number of stations we use for each data set. Finally,
W and W g+ denote the relative weight of SH-wave displacement
and RSTFs, compared to the P-wave displacement. The SH weight
compared to P waves is basically an amplitude normalization. The
weighting for the RSTFs is more difficult to define, because they
are a completely different type of information. Yet, we also consider
a weight based on the relative amplitude between the RTSFs and
the averaged P-wave amplitude. 4 posteriori, we checked that the
misfit is approximately equilibrated between the different data we
used, which indicates that the inversion is not dominated by part of
the data.

Minimization of eq. (14), as a function of the kinematic param-
eters we have defined in Section (3.2), will allow us to define the
possible source processes of the earthquake.

The way in which the problem is defined limits the number of
parameters (at most 11), but it also makes the inverse problem very
non-linear, with different local minima. Rather than trying to lin-
earize the problem which would probably lead to a local minimum;
we prefer to do a direct investigation of the parameter space. Because
a completely random search is impossible in such high dimension
spaces, a directed search must be used, belonging to the same class
as simulated annealing or genetic algorithms. These two algorithms
have been used in recent years in different areas of geophysics (e.g.
Stoffa & Sen 1991; Gibert & Virieux 1991; Thmlé 1996) when the
problem becomes non-linear. Nevertheless, Sambridge (1999) and
Lomax & Snieder (1994) have shown that in highly non-linear prob-
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lems, even genetic algorithms are not exploratory enough to escape
local minima.

This is why, here, we use the neighbourhood algorithm (NA)
developed by Sambridge (1999). All the details are presented in
Sambridge’s paper, and we just recall here the main ideas of the
algorithm. When we calculate the fit corresponding to a certain
combination of the model parameters (represented by a point in the
parameter space), we assume, as a first approximation, that the fit is
the same in the neighbourhood of this point. Therefore, by choosing
n points and drawing their neighbourhood cells (Voronoi 1908), it
is possible to represent an approximation of the misfit function in
the whole parameter space. It should be remembered that there are
several useful properties of these cells: they can be defined in a space
of all dimensions; and are unique and define a convex, space filling,
pavement of the space.

The idea of Sambridge is to use the properties of these cells in
an inversion scheme. Two parameters must be defined: the number
of models considered at each iteration, called n,; and the number of
Voronoi cells in which we randomly select the #, models, called n,.
Then, if we consider one iteration j, we calculate the fit for n; models
randomly chosen in n,. cells, and keep for the iteration (j + 1) the n,
cells defined by the n, best points (in terms of misfit) generated so
far. When the number of iterations increases, we are sampling, with
increasing precision, the interesting parts of the parameter space
as illustrated by the fig. 1 of Sambridge’s paper. It is important to
note that this algorithm is not easily trapped in a local minimum
because a Voronoi cell is not fixed but evolves when the number of
points increases. Moreover we can choose a more or less exploratory
algorithm by increasing or decreasing the only two parameters 7,
and n,..

In the practical case of our slip-patch method, we use the fol-
lowing methodology: first, we test the one-patch model (10 inverted
parameters), in which case we select (n;, n,) equal to (40, 25) and
the total number of iterations equal to 150. Then, when we try to
model an earthquake by two patches (11 inverted parameters), we
run different inversions where the best angle « is searched by a
grid search and the other parameters by a real inversion. In fact,
direct inversion of « together with the other parameters makes the
inversion unstable. In the two-patch model, NA is used with (ny, n,)
equal to (120, 60) and a total number of iterations equal to 300. 7,
and #n, have larger values than in the one-patch model to make the
algorithm more exploratory, which is needed in this more complex
case. To estimate the reliability of our results, we consider not only
the best model given by NA but all the models which have a similar
misfit. Thanks to the good sampling of the parameter space by NA,
these models can be significantly different if the inverse problem is
badly resolved. Moreover, we improve our appraisal of the results by
using independent runs of NA. Finally, we obtain a good sampling
of the possible good models allowing estimation of the means and
standard deviations of the parameters by considering their marginal
distributions (Thmlé 1998).

5 MODELLING OF THE 1999 IZMIT
(TURKEY) AND 1995 JALISCO
(MEXICO) EARTHQUAKES

We propose to model two earthquakes which have been widely in-
vestigated in other studies. These two earthquakes illustrate the two
main mechanisms candidates for a M > 7 earthquake, a strike slip
continental and a subduction thrust earthquake. Source studies of
the 1999 Izmit earthquake can be found in Delouis et al. (2002),
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Yagi & Kikuchi (2000), Cakir ez al. (2001), Bouchon et al. (2002)
or Sekiguchi & Iwata (2002). Source studies of the 1995 Jalisco
earthquake can be found in Courboulex et al. (1997a), Melbourne
et al. (1997), Escobedo et al. (1998), Mendoza & Hartzell (1999)
or McGuire et al. (2001).

5.1 The 1999 Izmit (Turkey) earthquake

5.1.1 Description

The Izmit earthquake caused significant devastation in western
Turkey on 1999 August 17: at least 18 000 people were killed, and a
lot of towns were almost completely destroyed. The causative fault
is the western part of the North-Anatolian fault. Because of the
gravity of the event itself, and the potential seismic risk for the town
of Istanbul, this earthquake was extensively studied. We will later
compare the insights brought by our approach with the results found
by these studies.

We applied our method to determine the main features of the [zmit
earthquake. The earthquake was well recorded by the broad-band
stations of the IRIS-GEOSCOPE networks and we have selected 12
P- and 8 SH-wave records with a satisfactory azimuthal coverage
(see Figs 4a and 5). A good candidate for an EGF analysis (Mw =
5.8, ca 10 km east from the main shock hypocentre, with similar
mechanism according to Harvard CMT), occurred on 1999 Septem-
ber 13 (Fig. 4b). We applied the projected Landweber method to all
the IRIS-GEOSCOPE stations which recorded both events. The first
part of our analysis concluded that a good approximation of the mo-
ment ratio between the main shock and the EGF is 350 (Harvard
values give 480). We then constrain our deconvolution to respect
this moment and we present in Fig. 6 the eight RSTFs we have se-
lected for their quality. Because Love waves yield generally better
RSTFs in this case, we have chosen to select only transverse com-
ponent deconvolutions to avoid the use of different phase velocities
in the inverse problem. Average phase velocity will be taken equal
to 4.5 km s™! (Schwartz 1999). The average of the durations of the
RSTFs gives the absolute duration of the earthquake, which is here
approximately equal to 18 s. Inversion will aim to simultaneously
fit these RSTFs, the first 36 s of the P-wave displacement and the
first 48 s of the SH-wave displacement. Periods longer than 80 s,
and shorter than 4.5 s, which correspond to one-fourth of the global
duration, are not considered in the inversion.

5.1.2 Results of our analysis

We present in Fig. 7 the results for the one-patch model. The mean
and standard error values are evaluated by the marginal distributions
given by a number of good models. Namely, we use 110 models com-
ing from the 11 best models of 10 independent runs of NA. The fits
obtained with the typical model of Fig. 7 are presented in Fig. 5 for
body waves and in Fig. 6 for the RSTFs. The earthquake is satisfac-
torily modelled even with this simple representation and we consider
that the addition of any complication (i.e. another patch) is not use-
ful. Our defined mechanism (pure strike slip on a vertical east—west
fault) is consistent with the various observations and modellings of
this earthquake and the 15 km hypocentral depth is also comparable
with the one inferred from local data (Toksoz et al. 1999). We find
that the Izmit main rupture zone is a surface of approximately 70
km long and 15-20 km depth. Average slip is approximately 5-6 m
and mean rupture velocity 2.3 km s~!. Rupture is globally bilateral
even if a slightly larger extension in the eastward direction is found
by several inversion runs. These findings are consistent with the
main common features of the other detailed kinematic studies (see

24 2 28 30 32 34

Figure 4. (a) Selected stations for the Izmit earthquake. The stations used
for P waves, SH waves and surface waves (EGF analysis) are designed by
triangles, squares, and circles respectively. Framed stations are those from
which both P and SH waves are used. The large circles correspond to epicen-
tral distances equal to 30°, 90°, and 150°. (b) Local map of the earthquake
area, showing the magnitude, location and focal mechanism differences be-
tween the main shock and the EGF. The diamonds represent the location of
the centroids as defined by Harvard CMT, whereas the star represents the
main shock epicentre location as defined by NEIC.

Fig. 1). Delouis et al. (2002), Cakir et al. (2001), Bouchon et al.
(2002), Yagi & Kikuchi (2000) all identified a 60—-80 km long cen-
tral moment release zone and typical slip values between 4 and 7 m.
Slip in the eastern part of the fault (70 km east of the hypocentre)
is less well constrained and more dependent on the studies. We find
that the presence of a high slip at this location is not clearly required
by the data we used. The slip patch that we obtain covers the zone
where large surface slip occurred during the earthquake (Barka ez al.
2002; Michel & Avouac 2002).

The obtained rupture velocity is lower than in most studies and
particularly the one of Bouchon et al. (2002) who identified super-
shear rupture velocity on the eastern segment of the fault. Yet, it
is important to remember that we do not allow for long rise times
and complicated local source time functions and thus, we impose
that the moment release occurs close to the rupture front, which
may be not always the case. In fact, we identify an apparent rupture
velocity, which is a lower bound of the real rupture velocity. In this
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Figure 5. Body waves analysis of the Izmit earthquake. The 12 selected P waveforms are plotted in the upper part of the figure. The thick lines are the data,
whereas the thin lines are the synthetics related to the model of Fig. 7. Names and azimuths of the stations are specified inside each subfigure. The eight selected
SH waves are presented in a similar way in the lower part of the figure. Both P and SH waves have been bandpass filtered between 4.5 and 80 s (Butterworth

filter).

sense, the obtained rupture velocity is consistent with the study of
Delouis et al. (2002) (see fig. 17 of their study) where we can see
that the apparent rupture velocity is around 2 km s~!, whereas the
real rupture velocity is higher. Nevertheless, we find some clues
indicative of a high rupture velocity in the eastern direction: we
cannot fit the very impulsive initial parts of the RSTFs at stations
TLY and CTAO (Fig. 6).

To improve the agreement with data, we have tried to make the
source more complex with the addition of a second patch. We have
found that no significant improvement is obtained. We do not con-
sider that site effects have a large contribution here because the
largest differences concern the EGF analysis, which is not directly
influenced by such effects. Rather, we consider that complex source
effects exist and that the attainment of a better model would require
the complete description of the kinematic behaviour of each point of
the fault. This is not the purpose of the study, which aims to extract
only the main and robust features of the earthquake.

5.2 The 1995 Jalisco (Mexico) earthquake

5.2.1 Description

On 1995 October 9, a very large thrust earthquake (Mw = 7.9-8.)
occurred in the Mexican subduction zone, in front of the town of
Jalisco. The earthquake caused the death of at least 49 people and
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was also responsible for a substantial tsunami (Ortiz et al. 1998). Af-
tershocks lie on a 70 km x 170 km (along trench) surface (Pacheco
et al. 1997). The earthquake was well recorded by the broad-band
stations of the IRIS-GEOSCOPE networks and we have selected 12
P- and 8 SH-wave records with a satisfactory azimuthal coverage
(Figs 8a and 9). This earthquake was preceded and followed by two
M = 6 events, both of which allow an EGF analysis of the main
shock (Courboulex ef al. 1997a). We selected the 1995 October
12 event as the EGF for our subsequent analysis. Fig. 8(b) illus-
trates the main characteristics of this EGF compared to the main
shock.

We begin with the EGF analysis because it requires few hypothe-
ses on the main shock source process. We first use Bertero’s method
(which does not constrain the relative moment between main shock
and the EGF). Based on the results found for the best deconvolu-
tions, we evaluate this relative moment to 450 (Harvard CMT values
give 1095). Thus, we constrain the deconvolutions to this value and
the selected RSTFs are presented in Fig. 10. The global duration of
the event can be estimated to 60 s by the average of the apparent
durations. A clear directivity effect can be seen on the RSTFs: they
have a much longer duration and a lower amplitude in the south-
eastern direction (station SDV) than in the northwestern direction
(stations GUMO, MAJO, SCZ). We now propose to quantitatively
model these RSTFs, simultaneously with the body waves, by our
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Figure 6. Surface waves analysis of the Izmit earthquake. The thick lines are the real RSTFs, that is the RSTFs obtained by our constrained deconvolution for
Love waves. The thin lines are synthetics related to the model of Fig. 7. The origin times of the RSTFs are fixed at # = 5 5. Names and azimuths of the stations
are specified inside each subfigure. Data and synthetics have been low-pass filtered at 4.5 s (Butterworth filter).
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Figure 7. Results of the one-patch modelling of the Izmit earthquake. Typical slip and onset times distributions are respectively reproduced in the upper and
lower part of the figure. In both figures, the hypocentre is denoted by a star. We also present the mean and standard error values on different rupture parameters
(see the definition of D1, D2 in the upper figure). These values are obtained by the analysis of 110 models, coming from the 11 best models of 10 independent

runs of the NA.

slip-patch method. Here, we have used both Rayleigh and Love
waves to improve the azimuthal coverage, and we are averaging the
phase velocities of these waves to 3.8 km s™! and 4.5 km s~!, re-
spectively. We model the first 110 s of the P-wave displacement and
the first 140 s of the SH-wave displacement. Periods longer than
80 s, and shorter than 20 s, which corresponds to one-third of the
global duration, are not considered in the inversion.

5.2.2 Results of our analysis

We first describe the results inferred by the one-patch model. Be-
cause some coherent features of the waveforms cannot be modelled
with this simple approach, we add another patch and show in this
case that the global agreement with the data is significantly im-
proved.

(i) One-patch model
Fig. 11 describes the results obtained by this simple modelling. As
for the [zmit earthquake, estimation of the means and standard errors
comes from the marginal distributions of 110 good models. The fits
obtained with the typical model of Fig. 11 are presented in Fig. 9
for body waves and in Fig. 10 for the RSTFs. A large part of the
data is explained with this simple unilateral model. Slip is found
to occur at shallow depths which is consistent with the studies of
Melbourne et al. (1997) and Mendoza & Hartzell (1999) and with
the substantial generated tsunami. The rupture length (160 km) has
to be compared with the 120 km found by Escobedo et al. (1998)
or McGuire et al. (2001), the 150 km found by Courboulex et al.
(1997a) and the 170 km long aftershock zone inferred by Pacheco
etal. (1997). Rupture velocity (2.6 kms™!) is between the 2.2 km s~
obtained by Escobedo et al. (1998) and the 2.8 km s~! obtained by
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Figure 8. (a) Selected stations for the Jalisco earthquake. The stations used
for P waves, SH waves and surface waves (EGF analysis) are designed by
triangles, squares, and circles respectively. Framed stations are those from
which both P and SH waves are used. The large circles correspond to epicen-
tral distances equal to 30°, 90°, and 150°. (b) Local map of the earthquake
area, showing the magnitude, location and focal mechanism differences be-
tween the main shock and the EGE. The diamonds represent the location of
the centroids as defined by Harvard CMT, whereas the star represents the
main shock epicentre location as defined by NEIC.

Courboulex et al. (1997a). The mean slip (3 m) is consistent with the
typical slip values of the inversions of Melbourne et al. (1997) and
Mendoza & Hartzell (1999). Yet, we notice that an important and
coherent pulse of the P waveforms is not well modelled (see Fig. 9,
at a time ca 70 s). This observation leads us to refine this simple
model, by adding another patch. In this second step, we keep the
values of the focal mechanism (strike = 300°; dip = 25°; rake =93°)
and of the hypocentral depth (20 km) that we have inferred here.
(i) Two-patch model

Fig. 12 shows a typical model obtained by this modelling as well as
the uncertainties on slip and rupture velocity distributions. The fits
obtained with this model are presented in Fig. 13 for body waves and
in Fig. 14 for the RSTFs. Agreement with the latter part of P-wave
displacement is clearly improved by the addition of the second patch.
Variance reductions, which were about 58 per cent for P waves and
83 per cent for SH waves with the one-patch model, are now equal
to 67 per cent for P waves and 86 per cent for SH waves. The fit
to RSTFs, which is more difficult to express in terms of variance
reduction, is also improved. Thus, it is well resolved that this rupture
complication is needed in the northwestern part of the fault. Yet, in
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Fig. 12(e) and (f), we can see from the standard errors that this part
of the rupture can be modelled by different kinematic scenarios. In
fact, among the models with similar fit to the data, the most frequent
one is the typical model we present in Fig. 12: a zone with smaller
slip, smaller rupture velocity, and larger extension in the downdip
direction. Nevertheless, other models, for example with a smaller
zone and higher rupture velocity, are also possible.

This rupture complexity is consistent with other studies of the Jalisco
earthquake. Courboulex et al. (1997a) have shown by an inverse
Radon transform, that the earthquake kinematics becomes more
complex in the last 20 s of the rupture. Mendoza & Hartzell (1999)
have proposed a model with an excellent fit to teleseismic P waves
in which complex local source time functions are required at the end
of the rupture.

6 DISCUSSION AND CONCLUSION

This paper presents a method to estimate reliably the large-scale
features of the earthquake rupture. The simplicity of the source de-
scription, as well as the variety of modelled data (P, SH and surface
waves), reduces the instability of this classical inverse problem. The
aim of this slip patch method is not to infer the precise rupture sce-
nario, a very difficult problem which requires a large number of
near-field stations, but to obtain the following types of results: lo-
cation and size of the main moment release zone(s), mean slip, and
mean rupture velocity. This approach is intermediary between cen-
troid models and a real source tomography. It also offers an easier
comparison with the earthquake reality than the second moments
analysis of the moment tensor. This approach allows control of the
inverse problem and an estimation of which features of the slip dis-
tribution are really needed to explain the data. We begin the analysis
by using only one patch and we complicate the model only if it is
necessary. By such a procedure, a simple kinematic model is iden-
tified and unnecessary features are not introduced into the source
model.

In this study, body waves are analysed in a classical way: we
directly model the first tenths of seconds of P and SH displacements.
On the contrary, for surface waves, we are proposing a development
ofthe well-known EGF technique. Starting from Bertero’s projected
Landweber method (Bertero ef al. 1997), we impose the physical
constraint that the area of the RSTFs have to be the same at all
stations, and that this value is equal to the moment ratio between
the main shock and the EGF. This physical constraint has the double
advantage of stabilizing the deconvolutions and allowing an easier
comparison with synthetics. More details about this technique can
be found in Vallée (2004).

Finally, this method does not require much processing and the
data needed are easily available soon after the earthquake thanks
to the global networks. Only the EGF analysis is not completely
straightforward. A suitable EGF may not always be available, as
for the 2001 January 26 India earthquake. On the contrary, when
several EGF are available, which is often the case for subduction
earthquakes, it may be useful to test these different possibilities.
Yet, this approach allows a quasi-systematic study of large earth-
quakes and thus offers the possibility to look for global features of
the earthquake rupture. In parallel, it can be used for near-real-time
reports of the main features of the rupture process. This is particu-
larly important in the identification of the size and the location of the
zone affected by an earthquake. Another ambitious goal would be to
use such a study for tsunami alerts. In fact, our modelling is poten-
tially able to identify shallow slip and/or slow rupture velocity which
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Figure 9. Body waves analysis of the Jalisco earthquake (one-patch model). The 12 selected P waveforms are plotted in the upper part of the figure. The thick
lines are the data whereas the thin lines are the synthetics related to the one-patch model of Fig. 11. Names and azimuths of the stations are specified inside
each subfigure. The eight selected SH waves are presented in a similar way in the lower part of the figure. Both P and SH waves have been bandpass filtered

between 20 and 80 s (Butterworth filter).

are indicators of the destructive tsunami earthquakes. Today, only
the Earthquake Research Institute (ERI 2002) provides a complete
kinematic inversion of the source process typically one or two days
after the earthquake. Their inversion, which uses only body waves,
is based on a classical subfault discretization of the fault plane. Our
method, which uses more data and looks for larger-scale features of
the source process may yield less detailed but more robust results.
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