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ABSTRACT

The application of three-component seismic data has gained a growing interest in
exploration geophysics. The common use of three-component recordings in seismic survey
gives access to the real movements of the free surface of the Earth, hence we can deduce
the trajectory of this particle displacement which is the response from a complex incoming
wavefield. This wavefield is the superposition of body waves and surface waves as well as
other disturbances. Conventional filtering processes, such as bandpass filtering, and
frequency-wavenumber filtering, are often not very efficient in separating them.

The polarization is characterized by parameters that determine the trajectories of the
particle motion of a medium. The trajectories of particle motion are in most cases
represented by complex three-dimensional curves. The tracking components of each wave
are found by combining the discrimination of waves, based on the direction of propagation,
with that according to their type of polarization. The optimum component will correspond
to the vector of oscillations.

Polarization filtering of waves based on the combination of characteristics of
particle motion at a point, with their direction of propagation in space, makes it possible to
separate regular waves with different polarizations propagating in different directions and
with different velocities.

INTRODUCTION

In the past, the theory of polarization has been studied in many different fields,
such as electromagnetic, optics, and earthquake seismology. With recent advances in
seismic field recording, three-component data allows us to study the polarization
parameters of a medium to extract more information about the subsurface layers from
surface data (Gal'perin, 1977). Many papers have shown that lithology, porosity,
anisotropy etc. can be exu:acted from combined P- and S-wave observations (Meissner and
Hegazy, 1981; Helbig and Mesdag, 1982).

Body waves can propagate in practically every direction through the medium,
whereas the surface waves are bound to some surface or some layer during their
propagation. Besides their way of propagation, the different wave types also have different
particle motion and propagation velocities.

The P wave is longitudinal, i.e. particle motion is linearly polarized in the
propagation direction. The S wave is tranverse, i.e. particle motion is confined to a plane
perpendicular to the direction of propagation. Furthermore the S wave may become split
into fast and slow shear waves. Love and Rayleigh waves follow the free surface and the

93



boundaries during their propagation. Love waves cannot exist on a surface of a
homogeneous medium, and they require at least one other layer or a velocity increase with
depth. Love waves are polarized in the horizontal, transverse direction. For Rayleigh
waves, the particle motion is retrograde elliptic, with the plane of the ellipse vertical and
lying in the plane of propagation (Bullen, 1963).

With regard to speed of propagation in a homogeneous isotropic medium, the P
wave is fastest, followed by the S wave, the Love wave and finally the Rayleigh wave. In
mulfilayer media, the above order may vary due to the fact that surface waves are bound to
the low-velocity near-surface layer and the recording geometry. Different SV and SH
velocities may exist in an anisotropic medium. The effects of surface-wave velocity
dispersion and their higher modes can further complicate the recorded seismogram (Bullen,
1963).

MULTICOMPONENT RECORDING

In three-component seismic exploration, the source energy is propagated from a
point (or an array) on the surface or within the low-velocity layer. By using three-
component geophones, the incoming complex wavefield is recorded on three component
channels, the radial (x-) component, the horizontal (y-) component and the vertical (z-
component (Figure 1).
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Fig. 1 Polarization of Seismic Waves

and Three.Component Geophone Recording
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All data recorded by geophysical instruments contain various amounts of noise. The
difficulty in ascertaining characteristics of the noise becomes more serious when
mulichannel data are involved. Seismograms are generally composed of broadband, time
variant and overlapping signals. This can be seen from a shot record of three component
data from the Carrot Creek area in Alberta (Figure 2).

(a) (b) (e)

Fig. 2 Three-component seismic datafrom Carrot Creek

(a) Radial component

(b)Transverse component

(e) Vertical component

PARTICLE TRAJECTORY

In the case of an elastic wave traveling inside a solid medium, there are three
possible polarization states, one longitudinal and two transverse in the plane perpendicular
to the direction of propagation . In such a case, one can record each of the three
polarizations, or any combination of their superposition on any one channel, in addition to
elliptically polarized Rayleigh waves and linearly horizontally polarized Love waves and
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their higher modes. The output trace particle of three-component geophone makes it
possible to reconstruct the actual motion of the free surface of the Earth known as the
particle trajectory. The particle trajectory is a curve in the three-dimensional space given
by its parametrical equations (Cliet and Dubesset, 1987)

Xl = x(t)
X2=y(t) (1)
X3 = z(t)

Where X t, X2, X3 are three orthogonal vectors whose components are the time
series of radial, transverse and vertical recording channels from a particular three-
component geophone. This curve is in fact the hodogram corresponding to the true
trajectory since it describes the terminus of a moving vector as a function of space and time.
The hodogram is a useful tool for analysis of time-variant signals; it allows the
simultaneous analysis of amplitude, polarization and relative orientation. In practice, a
sliding time window whose length have to be greater than or equal to the dominant signal
is used (Montalbetti and Kanasewich, 1970).

POLARIZATION ELLIPSOID EQUIVALENT TO THE PARTICLE
TRAJECTORY

Consider a short sliding time window of length T, starting from tl to t2, from a
digital recording of sample interval s, the number of samples in this time window is
denoted by N, Then

N = (t2-tt)/s +1 (2)

ff the trajectory is considered as a cluster of points of coordinates be the data matrix in one

window, where Xij is the i th sample ofjth component and N is the number of samples,

and mj is the mean values ofj th channel.

Xj= [X'ij-mj]=[xij] (3)
( i=l,...,N; j=l,...,3)
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The covariance mij (zero-lag crosscorrelation) is evaluated as:

N

mj k = XTXk/rN = 1£ Xij. Xik (4)
Ni= 1

where T denotes transpose

Ifj = k, we have the variance (zero-lag autocorrelation). The covariance matrix Me
is a 3x3 matrix, real and symmetric. Explicitly, the terms of Me are the cross-variances
and autovariances of the three components of motion.

[ roll m12 m13 ]M_ = [ m21 m22 m23 (5)Im31 m32 m33

The covariance matrix is positive definitive, which means the eigenvalues are real
and non-negative (some may be zero). This matrix is, in fact, the matrix associated with a
quadratic form, namely an ellipsoid, obtained when computing the energy of the cluster of
points in relation to the three coordinate planes. This ellipsoid is called the covariance
ellipsoid. The covariance matrix is found to be well conditioned in practice because seismic
noise and scattering distortions tend to be uncorrelated among three components over a
window (Jurkevics, 1988).

The polarization ellipsoid which models the trajectory is not the covariance
ellipsoid. It has its semi-axes inverse to those of the covariance ellipsoid and is proportional

to the three eigenvalues _,1, _2 and 9_3,of the covariance matrix, where )_1> _-2 > )_3-
Its three principal axes in space are the three normalized eigenvectors, ul, u2, u3 of the
covariance matrix. The three eigenvectors define a new Cartesian coordinates (Cliet and
Dubesset, 1987).

The corresponding eigenvalues represent the average energies of the seismic event
in the three previously defined directions. Purely linear polarization has only one non-zero
eigenvalue; purely elliptical has two non-zero eigenvalues. In real application, all three
eigenvalues are generally non-zero and non-equal.

Information describing the characteristics of the particle motion is extracted using
the attributes computed from the principal axes (Jurkevics, 1988).
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The degree of rectilinearity L is defined as:

L=l {_'2+_'3) n-_ _-1 (6)

which is equal to unity when there is only one non-zero eigenvalue, as for pure body

waves. In the case of an elliptical polarized Rayleigh wave, the _,1and _-2 are much

greater than _-3, so their degree of rectilinearity is small, (L > 0.5).

The azimuth of a wave A corresponding to the largest eigenvalue _,1, can be
estimated from the orientation of rectilinear motion given by eigenvector u t:

A = arctan u21sign Ull (7)
u31sign Ull

where ujl,j = (1, 2, 3) are the three direction cosines of eigenvector ut.
The sign function is introduced to resolve the ambiguity by taking the positive

component of Ul. Similarly, the apparent incidence angle of rectilinear motion, I, as
measured from the corresponding axis, may be obtained from the corresponding direction
cosine of u 1"

I = arccos lulll (8)

In practice, real data show that waves are seldom rectilinearly polarized but rather
are polarized in a plane called main plane of polarization defined by two eigenvectors
associated with the two largest eigenvalues. The degree of planarity, P, is defined as:

P_-i ,9,
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The correlation coefficient is determined from the usual definition (Jenkins and
Watts 1968)

p22 = [m1212 (10)mllm22

I

All the above parameters, the covariance matrix Me, the degree of rectilinearity L,
the corresponding eigenvector ul, and the correlation coefficient p are the polarization
characteristics of the particle motion. When the off-diagonal terms of the covariant matrix
are significant, the diagonalization will introduce a rotation. After the rotation, the
orientation in place of the principal axis of the covariance matrix will be given by the
components of its eigenvector ul relative to the original coordinate system. The
rectilinearity ,L will give an estimate of the degree of polarization along the major axis. By
combining the degree of linearity and the appropriate eigenvector, the measures of
rectilinearity and directionality can be obtained. Determination of a suitable filter function is
then possible (Montalbetti and Kanasewich, 1970).

DESIGNING A POLARIZATION FILTER

Considering the patterns of particle motion and their propagation directions, various
workers have designed polarization Filters for the enhancement of seismic data (Flinn,
1965). Applying this analysis to three component seismic data, the covariance matrix is
computed for a specific time window of length Ns centered about to where to is allowed
to range over the entire record length of interest. Eigenvalues and the corresponding
eigenvectors of this matrix are then determined. The measure of rectilinearity RE(to) for the
time to is given by:

RL(to)= L/ (Ii)

where L isdefinedinequation(6).

If we represent the eigenvector of the principal axis with respect to x, y, z
coordinate system by E = (ei,e2,e3) then the direction functions at time to are given by:

Di(t0)=(el)K (12)

i=1, 2, 3 = x, y, z
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The exponents n, J, K are determined empirically. Once these functions are
computed, the window is moved down one sample interval and the calculations are
repeated. Weighting functions of this form are used by Flinn (1965).

Montalbetti and Kanasewich (1970) then modified the newly calculated vaIues by
using a boxcar filter of length equal to half of the original window length to get the

modified seimograms. The modified rectilinearity and directionality operators are RE(t ) and

D_(t). The operators are then used as a point by point gain control to modulate the rotated

records so that at any time t, the faltered seismograms x[(t) are given by:

x_(t)= xi(t). RE(t ) . Di(t) (13)

The data were bandpass-filtered to get rid of unwanted noise before applying the
polarization filter. The window length could be specified so as to be consistent with one or
two cycles of the dominant period. Values of J and K were 1 and 2. For rectilinearity, n=
0.5 or 1 was used.

FUTURE WORK

Polarization filters can be more useful than conventional filters (frequency filters,
and f-k filters) in enhancing signal-to-noise ratio in three-component recording where
signal and noise have similar spectral characteristics. A program using this algorithm is
currently being developed at the University of Calgary for the CREWES project to test
three-component data sets recorded in Alberta. The next step is to investigate another
method studied by Rend et a1.,(1986), using the complex trace analysis.
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