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ABSTRACT

The polarization direction of a P-wave is generally in the propagation direction of
the seismic wave. We can distinguish the propagation direction by measuring the
polarization direction. In this thesis, the noise effect on polarization direction is studied.
Computer code for the polarization filter was developed. Numerical and physical modeling
data were used to separate in-line and off-line energy by the polarization filter. The results
indicate that it is possible to build an off-line image from three-component seismic data, if
the data have a reasonable signal-to-noise (S/N) ratio. If S/N ratio is too low, some
techniques like common-mid-point (CMP) stacking can be used to enhance signal before
polarization filtering. The polarization filter is applied to the field data from Rumsey area of

central Alberta to reject the off-line energy and enhance in-line energy.
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Chapter 1: Introduction
1.1 Polarization of seismic waves

.~ Seismic waves can be described in terms of their polarization mode. A
compressional wave (P wave) is a rectilinearly polarized wave. A plot of the particle
motion (a hodogram) is a line and the direction of the line is parallel to the direction of
the wave propagation for the typical P wave. The shear wave (S wave) is another kind of
rectilinearly polarized wave. The hodogram of the particle motion is also a line, but the
line is perpendicular to the wave propagation direction. Another kind of wave, often met
in exploration seismic recording, is called ground roll. Ground roll can be a major source
of noise especially at near offsets. Ground roll is a surface wave which travels along or
near the surface of the ground (Sheriff, 1984). It arises because of the coupling of
compressional waves and shear waves (SV) that propagate along a free surface (Yilmaz,
1987). It has different polarization properties than those of P and S waves. Ground roll
is an elliptically polarized wave with retrograde particle motion. Its major axis of motion

is in the vertical direction.

2-D seismic recordings contain not only the reflections from points directly
beneath the line, but also from areas on the sides of the line: we have both in-line and off-
line energy. The existence of the off-line energy (French, 1974; Hospers, 1985) may
result in the misinterpretation of conventional processed seismic data. If we can develop
an algorithm to determine the direction of the incoming waves and to pass the waves
from a specific direction, we could enhance the in-line energy and reject the off-line
energy. This may improve the quality of the conventional section. The use of three
component (3-C) seismic recordings makes this possible. Furthermore, we would like to
take advantage of the recorded off-line energy to get the image of the off-line reflectors
(Stewart and Marchisio, 1991; Ebrom et al, 1989). This means we can perhaps develop a
partial 3-D image from a 2-D seismic line.

1.2 Brief review of polarization processing

Because of the difference in polarization properties for different waves, it is

possible to design a filter to reduce one type of seismic wave and to enhance another kind
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of seismic wave. Flinn (1965) described a method to estimate the polarization properties

of a seismic signal. The outline of the method is to: select a time window of
multicomponent seismic data; construct a covariance matrix in the time domain from the
data; solve the eigenvalue problem to get the eigenvalues and the eigenvector associated
with the major eigenvalue; design two filter factors from the eigenvalue and the
eigenvector and then to apply them on the raw data. A covariance matrix is defined as

following:

Var(1,1) Cov(1,2) Cov(1,3)
S=| Cov(2,) Var(22) Cov(2,3) |, (1.1)
Cov(3,1) Cov(32) Var(33)

M
1
where Var(',‘]) = M- 2 (Vj(tl) - VJ)Z ,

i=1

M
COV(i,k) = ]\i/l. z (V)(Il) - vj)(Vk(ti) - Vk) ,

i=1
Vi), (j=1,2,3) is 3-component seismic data; Vj is the expected value of Vj(t); M is the

number of samples of the time window.

Montalbetti and Kanasewich (1970) and Kanasewich (1981) developed an
algorithm based on Flinn’s (1965) method with some modification of the filter factors.
This filter was applied to remote earthquake data. The filter is effective on distinguishing

different teleseismic phases.

A polarization filter can be designed in the frequency domain. One could
transform the time series (either the whole trace or a section of the data) into the
frequency domain and then construct a covariance matrix with a specific frequency range.
Filter factors are made of the eigenvalues of the matrix and the eigenvector associated
with the major eigenvalue. These factors can be applied to the raw data similarly to the
time domain procedures. Other authors have treated this topic (Samson and Olson, 1980;
1981; Bataille and Chiu, 1991). They design the filter as a combination of polarization
filter and bandpass (or f-k) filter. Samson and Olson (1980; 1981) treated the data set
from different locations as multichannel data (it could be all vertical component from
multilocations). They defined the multichannel data as an N-dimensional vector and
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construct the covariance matrix of the N-dimensional vector. This method can reduce

noise for any kind of seismic data set, not only for a three component data set. The
assumption in this method is that the noisc level at different locations is the same. It is
necessary to normalize the noise before polarization processing. Bataille and Chiu (1991)
described a polarization analysis algorithm in the frequency domain. The advantage of
the frequency-domain analysis is that it is possible to separate waves from different

directions simultaneously.
Jurkevics (1988) designed a polarization filter for three-component array data.

The covariance matrix for each sensor is the same as the Flinn (1965) and Kanasewich
(1981) covariance matrix. An average matrix S is used for polarization estimation:

S, (1.2)

i

-1
M=

where S, is the covariance matrix for sensor m and M is the total number of three-
component sensors. In order to carry out the covariance averaging, it is necessary to
time-align the computation windows according to phase velocities of coherent wavefronts
across the array. The misalignment must be less than T/S, where T is the period of signal,
to ensure constructive phase superposition. Bandpass filtering is used on the data before

the construction of the covariance matrix.

There are some other types of polarization processing as mentioned in the papers
of Lucas (1989) and Cho and Spencer (1992). Lucas (1989) describes the single station
and geophone array polarization analysis. Cho and Spencer (1992) developed a new
algorithm for estimating the moveout velocities and polarization states in mixed
wavefields recorded on multicomponent array data in the presence of random noise.
Lucas (1989) and Cho and Spencer (1992) both applied their techniques to numerical and
physical modeling data to separate the seismic waves with different polarization modes
and velocities. The array analysis techniques described by Lucas (1989) and Cho and
Spencer (1992) work in the frequency domain.

1.3 Objectives of this thesis

There are three principal goals of this thesis:
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1) To develop a practical polarization filter for enhancing the waves with a certain

propagation direction and to suppress others;
2) To construct off-line images;

3) To improve the in-line section.

Three types of datasets will be used in this thesis: synthetic data, physical
modeling data and field data. The synthetic data used in Chapters 2 and 3 were generated
using a ray tracing computer code that I designed. The synthetic data used in Chapters 4
and 5 were created from the SIERRA seismic package. The physical modeling was
conducted in the physical modeling lab of the Department of Geology and Geophysics,
The University of Calgary. The field data were provided by Gulf Canada, acquired in the
central Alberta in 1988.

All numerical modeling and processing were conducted on a Sun workstation.
ITA seismic processing software was used to process the data. Matlab was used to
display the seismic traces of the simple synthetic modeling data and the hodogram of the
seismic data in a given window (Chapters 3 and 4). The field data were processed in the
Sage system at Veritas Seismic Ltd. and the ITA system at The University of Calgary.



Chapter 2: Polarization filtering
2.1 Introduction

P waves and S waves have been used effectively in exploration seismology. Both
waves are linearly polarized (Kanasewich, 1981). The particle trajectory of particle
motion of a P wave is along the direction of the wave propagation. The trajectory of an
S wave is perpendicular to the direction of the wave propagation. Meanwhile, a seismic
source may generate other kinds of waves, for example, ground roll. Ground roll is one
type of surface wave that arises because of the coupling of compressional waves and
shear waves (SV) that propagate along the free surface (Yilmaz, 1987). Ground roll is
elliptically polarized with retrograde motion. Moreover, seismic recordings are often
contaminated by noise which makes the detection and interpretation of small seismic
events difficult (Kanasewich, 1981). This noise can be divided into mechanical and
electrical noise. The former includes the vibration of equipment, vehicles and wind. The
latter can be caused by power lines and other electronic instruments. The polarization
difference between the signal and noise provides the possibility of using a polarization

filtering technique to separate them.

It there are three-component seismic recordings, a polarization filter can be
designed to enhance the signal-to-noise (S/N) ratio by taking advantage of the
polarization properties. This is another approach to improve the quality of seismic
recording. A polarization filter can be designed to enhance rectilinearly polarized waves
and to attenuate other energy. Or, if we are interested in surface waves, a polarization
tilter also can be designed to enhance this type of wave and to reject body waves.

As mentioned previously, Samson and Olson’s (1980; 1981) method could be
applied to single-component multilocation data to enhance the S/N ratio with the

condition of normalizing the noise level on all traces before polarization processing.

A polarization filter may under some circumstances be also used for detecting the
direction of impinging seismic waves. It is sometimes important to distinguish in-line
energy and off-line energy. The existence of the oft-line energy (French, 1974; Hospers,
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1985) may result in the misinterpretation of the seismic data using conventional analysis.
Moreover, it is not always true that the seismic line is just over the geology we are
interested in. Therefore, the off-line energy may be of interest. Three-component
recording provides the possibility of using off-line energy to construct images not directly
below the line (Ebrom et al, 1989; Stewart and Marchisio, 1991).

-In addition, the polarization filter can be used to separate P-waves and S-waves,
or to enhance Rayleigh waves. Generally speaking, if the two waves have different
polarization properties, an appropriate polarization filter can be designed to separate them

or to enhance one and to attenuate the another.
2.2 Polarization ellipse and covariance matrix

We express the observed seismic data as being composed of a rectilinearly

polarized signal and noise as below (Bataille and Chiu, 1991):

V() =u®) p +n(t) , 2.1)

where, V() =[V(t), VA1), Vat)]T is the seismic data vector recorded at a three-
component receiver, u(t) is a scalar series of time t, p is a unit vector, indicating the
polarized direction of wave u(t), n(t) = [ny(t), nx(t), n3()]T is the noise, T refers to the
transpose, indices 1 to 3 refer to the Cartesian coordinate in the order of vertical, radial

and transverse, respectively.

We assume that the signal u(t)p and the noise n(t) = [ny(t), nxt), nat)]T are not
correlated and that the expectation value (average) of the noise is zero. The correlation of

the signal and the noise is:

2
q’uni = u(On;(t+1) dt =0 for time delay t i=1,2,3. (2.2.1)
3|

The expectation of the noise is:



)

1
Sp;= 51 nj( dt=0 i=1,2,3, (22.2)

t

where 11, 12 are the ends of the time window.

-To eliminate the effect of the DC term (offset bias), we subtract the expectation of
the observed data from equation (2.1). Because of the zero mean of the noise, all bias is

contributed by signal u(t)p. Now, we have

V() -V = (u(t) - p) p +n(1) , (2.3)

where V is the expectation of the observed data and p is the expectation of the signal in a

given window. Thus:
V=Hp. (2.4)

With these assumptions, we can construct the covariance matrix S of the observed
data over a time window MAt as following, where M is the number of samples in the time

window and At is the sampling interval. From equation 2.1, we get:
- T
S= X (V&) -v) (V) -V)
i=1

M
= 3 ((u(t) - 1) p + ) ((u(ty) - Wp + (1) . 2.5)

i=1
With some manipulation and substituting equations (2.2.1) and (2.2.2) into equation (2.5)

S=Upp'+N, (2.6)

Var(1,1) Cov(1,2) Cov(1,3) :
S=| Cov(2,1) Var(22) Cov(2,3) |, Q2.7
Cov(3,1) Cov(3,2) Var(3,3)
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where Var(j) =+x 3 (Vi) - v)?
1=1
1 M
Cov(ik) =51 2, (Vi(t) - V(Vilt) - vy) |

1=1

"Vj is the expected value of Vj(t),

1 )
Uz_ﬁé (u(t) - w*

-
I

|~

‘Mz

u(y) .
1

-
1

N is the covariance matrix of noise n(t),

NN N3
N =Ny Ny Ny,
N3; N33 N33

where

1 M
Nij:ﬁkz’l ni(tn;(ty) .

Now we try to get the direction vector from equation (2.6). Because p is a unit

vector with p! p = 1, we can rewrite (2.6) as:
(S-N)yp=U-p . (2.8)

This is an eigenvalue problem. U is an eigenvalue of matrix (S - N) and i)’ is the
associated eigenvector. We do not know the covariance matrix of the noise N. To
overcome this problem we substitute S for (S - N) and assume the eigenvalues and
eigenvectors of S are close to those of (S - N). If the S/N value is not too low, this

approximation is reasonable. However, even if the noise is spherically polarized
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(isotropic), the direction of the principal eigenvector of S is not exactly equal to that of

(S - N). Under some circumstances, however, we can still use the eigenvalues and the
principal eigenvector to process the signal contaminated by noise for separating the signal
and noise and approximately determining the polarization direction of the signal. Some
examples of synthetic data will be given later.

-The matrix S has at least one non-zero eigenvalue and all eigenvalues must be
non-negative, because S is symmetric and S are non-negative definite.

2.3 Flinn’s method

Assume A A, Aj are the three eigenvalues of § and that there is the following

relation between the eigenvalues:

A=A 2A3>0

and €] is the eigenvector associated with ;.

Flinn (1965) defined the first filter factor:
Gy =1-2/\. (2.9)

G,, varying between () and 1, indicates the rectilinearity of the particle trajectory.
If G, is close to 1, the particle motion is rectilinear polarized in very high degree. If G,
is close to 0, it means the wave has very low degree of rectilinearity. This is a scalar
factor applied to all three components to reduce the amplitude caused by non-rectilinearly

polarized noise from the observed data.

Using the direction vector p of the raw data and the principal eigenvector €}, the

second factor is defined as:
G, =[per] | (2.10)

If the direction vector of the raw data has the same direction of the major axis of

the polarization ellipse, G, reaches its maximum, 1, and if the direction of p is
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perpendicular to the direction of €], G, equals zero. It is also a scale factor and is the
same for the three components. The product of G, and G, was applied to the raw data.

2.4 Montalbetti and Kanasewich's method

. Montalbetti and Kanasewich (1970); Kanasewich (1981) defined the first filter
tactor G; the same way as in Flinn’s (1965) definition. However, Montalbetti and
Kanasewich (1970) used a different way to define the second filter factor. Supposing
e1 = (E1,E3,E3)T, They used the component of the major eigenvector as a weight applied

to the associated component of the raw data. The output of the filter is:
X; =G (E; X;) i=1,2,3, (2.11)
where, X is the i-th component of the raw data and X; is the correspondent output.

For better output and avoiding spikes on the output data, a smoothing function
was applied to the filter factors G| and E;. It is defined as following:

j+M
Ay, (2.12)

|
A = M szZ'M

where, Ay is a filter factor calculated from equation (2.9) or a component of the major
eigenvector of the polarization ellipse. 2M+1 is the length of the smoothing window.

Usually, it is one half of the window for calculating the covariance matrix as mentioned
by Montalbetti and Kanasewich (1970).

In fact, the smoothing function averages the data in a window and then outputs the
average to another array on the correspondent midpoint of the window. Then it moves
the window one sample downward and repeats the above procedure.

Finally, the output of Montalbetti and Kanasewich’s polarization filter is:

X; =G,EX;, (2.13)

where,G] and E: are smoothed G and E; by equation 2.12.
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2.5 Some examples of synthetic data

Before applying the polarization filter to synthetic data, let’s modify the second

tilter factor for a better physical understanding.

“Within a time window, the polarization ellipse is shown in Figure 2.1. The major
axis of the ellipse is €] from the eigenanalysis of the covariance matrix. At the midpoint
of the window, the vector of particle displacement is V, which is usually not parallel to €;.
Assuming Vis composed of the linear polarized signal and spherically polarized noise,
the direction of the linear polarized signal should be close to the direction of the major
axis of the polarization ellipse (usually V and ey are not parallel as long as there is some
noise on the recording. We will discuss this problem later). Now we can divide V into
two vectors, \_/:, and \_/: \_/; is parallel to e) and \7; is perpendicular to €. We could say
that \7.,, is caused by non-rectilinearly polarized noise and V; is mainly caused by signal.

Therefore, the second filter factor is a vector, as defined as:

G-V,

er=|V-ei]er. (2.14)

The function of G, is to reject the noise V,, by projecting the displacement vector
V to the direction of eigenvector €1, which we consider is the polarization direction of the

rectilinear signal.

We apply the factors to the mid-point of the time window. Finally, the filtered
data at the mid-point of the time window, with respect to the original coordinate system,

is:
—' )\'2 — . | -
V=GG=(1-5)|V el . (2.15)
1

Then the window is moved downward one time point, and the above procedure is
repeated. After the window is moved from the beginning to end of the recording, the
filtering process is completed. This filter is a point-by-point non-linear filter.
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X1

FIGURE 2.1. Shows the relationship between the direction of the eigenvector ey,
trajectory of the particle over the time window NAt, and the vector V of dlsplacemcnt :
at the mid-point of the time window. V can be divided into two vectors, Vs and Vi,
We assume that Vs is mainly caused by signal and Vn is caused by noise.
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FIGURE 2.2. Polarization filter test for removing random noise: (a) Pure signal of
three wavelets centered at time 320, 370 and 420 ms with amplitude of 1.0, 0.5 and
0.8, respectively. (b) Random noise with amplitude of 0.3 is added to the signal. (c)
Polarization filtered data. The S/N ratio is improved.

Vertical V wAr—Jv—J‘v @)
Radial R A—r—A

R

\' Arrmer e AN\ MAAAN AR A

R (©

0 10 200 X0 400 300 600 700 80 90 1000
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FIGURE 2.3. Bandpass filter test for removing random noise: (a) and (b) are the same

as (a) and (b) of Figure. 2.2. (c¢) Bandpass filtered only data. There is still some noise
left and the wavelets are distorted.
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FIGURE 2.4. Polarization filter test for removing circularly polarized noise with the
same frequency of signal: (a) Same as (a) of Figure. 2.2. (b) 60 and 2({) Hz circularly
polarized noise with the amplitude of 0.4 and 0.3, respectively, are added to the pure
signal. (c¢) Output of the polarization filter is very close to the pure signal.
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FIGURE 2.5. Bandpass filter test for removing circularly polarized noise with the same
- frequency of signal: (a) and (b) are the same as the (a) and (b) of Figure. 2.4. (c)

Bandpass filtered data of (b). The 60 Hz noise remained. It is hard to distinguish
signal from (c).
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Varies types of synthetic data are used to test the polarization filter. For

simplicity, I will just discuss 2-D data.

A Ricker wavelet (Sheriff, 1984) is used to simulate the real seismic wavelet. It is
a zero-phase wavelet and similar to the wavelet of vibroseis data. The centre frequency
of the wavelet is 60 Hz and three wavelets used have amplitudes of 1, 0.5, and 0.8
respectively. The wavelets are centered at the time of 320, 370 and 450 ms, respectively.
Random noise is added to the signal and the polarization filter is applied to the noise

contaminated signal to see how the filter works.

Figure 2.2 shows random noise, with the amplitude of 0.3, added to the signal. (a)
is the pure signal and (b) is the noise contaminated signal. It is hard to distinguish the
second wavelet in (b), because of the noise. After the data of (b) passed the polarization
filter, the S/N ratio is improved and we can see the signal clearly. The same data is input
to a bandpass filter (40 - 80 Hz) and the result is shown in Figure 2.3. It is clear that the
result of polarization filter is better than bandpass filter in this case. The first and the
second wavelets of the bandpass filtered data are joined together. Some noise remains in
the bandpass filtered data, since the random noise has pretty wide frequéncy range and
some of the frequency component are within the band passed through the filter.

Let's test an important property of the polarization filter. The signal is the same as
that in Figure 2.2 (a), but 60 Hz circularly polarized noise is added to the data (Figure 2.4
(a)). We also added 2(X) Hz circularly polarized noise in the data. The polarization filter
works very well in this case (Figure 2.4(c)). The output is almost the same as the
input(Figure 2.4 (a)). A bandpass filter (40 - 80 Hz) is also applied to the data. It is
expected that only the 200) Hz circularly polarized noise is eliminated and the 60 Hz noise

is still on the traces (Figure 2.5).
2.6 Direct least squares (DLS) method

The basis of polarization analysis, discussed so far, is the eigenvalue problem of
the covariance matrix of the observed data. The purpose of the processing is to find the
polarization ellipse which best fits to the data within a time or a frequency domain in the
sense of least squares. The eigenvalues of the covariance matrix are related to the length
of semi-axes of the polarization ellipse and the eigenvectors are related to the direction of
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the semi-axes. This is a good method to solve this problem. However, if we try to solve

the eigenvalue problem directly, it takes much time. The direct least-squares method
(DiSiena et al., 1984) is another method to get the formula for the direction of the ellipse
which is a straight forward method to get the polarization direction of seismic waves.
Actually, the final results are the same as what we get from the solution of the eigenvalue

problem, and least-squares computations can be done sequentially.

The DLS method for 2-D data follows. With the same assumptions as the
covariance method, we have a seismic data set \7(—{) = (Vl(t),Vz(t))T which contains
seismic signal as well as noise. Within a time window, we extract some data from \T(f) as
u(t) = (uy(t),uz(V))T, t=j-L, j+L, where j is the midpoint of the selected window and 2L+1
is the length of the window. The geometrical centre of hodogram is:

j+L

1
X0 = o g;L uy(v),

(2.16)
j+L

1
Yo =
2L+1 S

Assuming there is a line through the centre of the hodogram (xg, yo) with the
direction cosine (cos 0, sin 8). We can project the displacement vector to the line and

sum up the squares of the projection:

j+L

A(O)— 2 ( (ug(t)xp)cos 6 + (up(t)yo)sin 6)2 2.17)

t=j-L

If the line has the same direction as the major axis of the polarization ellipse, A(0)
receives its maximum. If the line has the same direction of the minor axis of the ellipse,
A(O) receives its minimum value. To get the direction of the line making A(8) maximum

or minimum, let;

j+L
_d_g_) =2 )5_; ({u1(t}xo) sin 8 + (us(t)yo) cos 8) (u(t)xo0) cos © + (uz(t)-yo) sin )
t=j-L
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=(. (2.18)

After a few mathematical manipulations, we get (Davis et al., 1981):

tan 26 = Y12 (2.19)
VY22 - Yii

j+L

Y, (ui(t)rxo),

(=L

j+L

Y, (uatkyol,

t=j-L

j+L

viz= 2, (ui(t)xo)(ux(thyo):

t=j-L

where, Y11

Y22

TS dA(9+’-‘—) (627)
It obvious from equation 2.19 that 11 1s 0, and are also 0.

dG d6

After we get 8 from equation (2.19), we should compare A(@) and A(9+%). The

direction associated with the larger A is the direction of the major axis of the ellipse, and

the smaller correspondents to the minor axis.

Assuming that Aj=A(g) is greater than A2=A(9+%), we define the first filter

factor as:
Gi=1-A)A,. 2.20)

G, varies between 0 and 1. For a rectilinear wave, the hodogram should be a line.
Therefore the projection of the displacement vector on the line perpendicular to the
hodogram line is (. At this time, G, receives its maximum, 1. For a circular polarized
wave, the projection of the displacement vector in any direction will same. Therefore, A;
equals Aj. At this ime, Gy is (. G; here works in the same way as that in equation (2.9).

. . - . . . . - . T
The direction vector of the major axis of the ellipse is ¢} = (cos 6, sin 8) , so the

second filter factor is:
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G, =[u(i}er] i = glcos 6, sin 0 ), @2.21)
where, g = |u1(i)cos 0 + uy(j)sin 6'.

_ Because ¢; is the direction vector of the major axis of the polarization ellipse,
which is the same as the normalized eigenvector associated with the major eigenvalue of
the covariance matrix, G, here plays the same role as that in the equation (2.14).

The output of the filter is:
- prond . T
u =G1G;y=(1-Ay/A1) g (cos 6, sin B) . (2.22)

Of course, some smoothing function, like equation (2.12), can be applied to the

filter factors before they go to equation (2.22).

For 3-D data, we can follow the similar procedures as 2-D. We can project the
seismic data to a line and sum up the squares of the projection. The line with the
maximum value of the sum of the projection is the major axis of the polarization
ellipsoid. Another way we can do is to find a plane with the maximum sum of the

projection and then work on that plane.
2.7 Application of polarization filter to field data with ground roll

Although this is not a successful case, I would like to share the experience with
people who are interested in this topic. The CREWES project of The University of
Calgary conducted a low-frequency survey at the Blackfoot Field, Alberta in 1995. The 4
km line has 2(X) stations at 20 m interval. At each station, there are a number of types of
geophones, from 2 Hz to 10) Hz, 3-component and single-component. A shot record is
shown in Figure 2.6 (vertical component) and Figure 2.7 (radial component) recorded by
10 Hz 3-C geophones (Litton 1033). On the record, we can see strong ground roll at near
offsets. The polarization filter was applied to the data. The output is shown in Figure 2.8
(vertical component) and Figure 2.9 (radial component). On the filtered record, the
coherent signals are improved a little bit at farther offsets. However, the ground roll at
the near offsets still remains on the filtered record. The polarization filter did not help
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reduce ground roll very much in this case. The reason is that the ground roll is stronger

than the signal in this record. If the S/N ratio of a dataset is too low, the polarization and
the rectilinearity of the data are effected to a high degree by the noise. Therefore, it is
difficult to separate signal and noise by the polarization filter. We will discuss this issue
in Chapter 3 in detail. In our previous discussion of synthetic ground roll removal, the
polarization filter did a good job in that case. Polarization filtering worked in that
situation because the signal is stronger than the noise (refer to Figure 2.4).
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FIGURE 2.8 The vertical component of the output of the polarization filter. The
S/N ratio is improved a little bit at the far offsets, but the ground roll is still on the
record. The polarization filter does not perform well on the low S/N ratio data.
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FIGURE 2.9 The radial component of the output of the polarization filter. The
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Chapter 3: The effect of noise on polarization direction

3.1 Introduction

"As mentioned in the previous chapter, when a rectilinear polarized signal is
contaminated by noise, the polarization direction of the observed data is usually not the
same as the polarization direction of the rectilinear signal. This is the case even if the
noise is another rectilinear polarized wave with a different direction. People may think
that the polarization direction won’t be changed if the noise is circularly polarized.

However, the fact is different.
3.2 Direction perturbation of noise

Generally, when a rectilinearly polarized signal is contaminated by noise,
regardless of what polarization property the noise has, its polarization direction will be

changed. Let’s discuss this in two-dimensions.

At first, let us reiterate some words from Gal’perin’s (1984). “-- in the case of
interference of two linearly-polarized oscillations with an identical period, but with
arbitrary phases, amplitudes and directions of arrival we may always find two mutually-
perpendicular directions in which oscillations take place with a phase difference of
90°.” Now let us derive the formula for searching for the mutually-perpendicular

directions.

After Gal'perin (1984) , if we have a rectilinear signal X where

<z X Asinmt
X=X ): , 3.1
X2 Bsinwt ) G-I

and noise Y given by

(3.2)

7= (%)

Csin(wt+p)
=ly, ,

Dsin(mt+y)
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FIGURE 3.1. Projection of data to the coordinate correspondent to the axes of the ellipse
of the particle motion trajectory. X-Y are the original coordinate of the data. X and Y
are the axes of the ellipse. Z=X+Y.
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the observed data 2 will be:

. . Asinwt + Csin(wt+f3)
Z=X+Y =

= . . . (3.3)
Bsinwt + Dsin(wt+Y)

- The trajectory of Z will be an ellipse. Supposing X and Y are the axes of the
ellipse (Figure 3.1). The projection of ZonX and Y are:

Cpsin(wt+n) = AcosBsinwt + CcosBsin(wt+f) +
+ BsinBsinwt + DsinBsin(wt+y),

Césin((ol+§) = -AsinBsinwt - CsinBsin(wt+p) +
(3.4
+ BcosBsinmt + DcosBsin(wt+Y),

where, C;, is the amplitude of the component of Z on the axis of X/,

Ce is the amplitude of the component of Z on the axis of Y,

0 is the angle between the axes of X and X/,
1 and & are the phase change when we project Z from the original coordinates

X-Y to new coordinates X-Y'.

when ot = ();

Cysinn = CcosBsinf + DsinBsiny,

. (3.5)
Cgsin = -Csin6sinf} + Dcosbsiny ,
_I.
when wt = >
Cycosn = AcosB + CcosBcosfl + Bsin + DsinBcosy ,
(3.6)

Cecosg = -Asin® - CsinBcosf + Bcosd + Dcosbeosy .



So we get:
_ CcosBsinf + Dsin6siny
A'cos6 + B'sin®
cotf = A’sin® - B'cos

CsinBsinf - Dcosesin'y,
where, A" = A + Ccosp,

B =B + Dcosy.

3.7
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Because X and Y are on the axes of the trajectory ellipsoid, so the phase

difference of the two components on X and Y’ is %, that is:

tann =-cot§ .
Combining and simplifying equations 3.7 and 3.8, we get:

A'B’ + CDsinpsiny

tén29 =2 > . ,
A" - B” + CZ%in2p - D%sin2y

which gives us the direction of the axes of the ellipse has been found.

The direction of the trajectory for signal X is:

‘_B
t =L
an@
or

tanZB' =2 AB .
A2 _ B2

Usually, 6 # 6.

Let's discuss two specific cases.

(3.8)

(3.9)

(3.10)
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CASE I: when f =y =0, the noise Y is another rectilinear wave.

2B+D
tan20 =2 AYO (B+D) __ “AyC  __ tanf 3.11)

(A+C)? - (B+D)? 1- (%{%)2 1 - tan20

. _B+D
So: tanf = AtC

When either A or B>> C and D, or %: % Q= 9'. This means, when the S/N

ratio is high or the noise has the same direction as the signal, we can get an accurate
direction of signal X from the observed data Z. Otherwise the calculated direction will

not be the accurate direction of signal X.

CASE II: when C=D=1, B-y:ﬂz—, the noise Y is a circularly polarized wave with an

amplitude of 1.

AB - Asinp + Bcosp

, (3.12)
A? - B? + 2Acosp + 2Bsinp

tan20 =2

The direction varies with the phase difference B. For a more specific case, when

the rectilinear signal is a normal incident wave, B = (0. Equation (3.12) becomes:

sinf3

—_— (3.13)
A + 2cosP

tan20 = -2

Figure 3.2 and Figure 3.3 show the direction perturbation variation with S/N ratio
A (we have supposed the amplitude of the noise is 1) and the phase difference between
the vertical components of the signal and noise. Only when B is O or &, can we get the
exact direction of the rectilinear signal X from the observed data. The perturbations due
to a circularly polarized signal are significant. The maximum perturbation is 20° for the
S/N ratio of 3, and 12° for 5.
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In summary, if the observed data contains noise, the polarization direction is not

the same as the polarization direction of the rectilinear signal in the data, unless the S/N
ratio is so high that the noise is negligible.

Synthetic data are used to verify the above results. In Figure 3.4, we can see
when there are two rectilinear waves from different directions with no phase difference
between them, the superposition of these two waves is still a rectilinearly polarized wave,
but the polarization direction is changed. When there are two rectilinear waves from
different directions with a phase difference, then generally the superposition of these two
waves is an elliptically polarized wave (Figure 3.5 and 3.6). The phase difference is 30°
in Figure 3.5 and 210° in Figure 3.6. In Figure 3.7 the signal and noise have the same
dominant frequency of 30 Hz. The S/N ratio is 2. The signal is a normally incident P
wave. The noise is a circularly polarized with the phase difference (B) of 45" from the
signal on the vertical component. The trajectory of the combined data of the signal and
noise is an ellipse. There is an angle of 10° between the major axis of the ellipse and the

direction of the signal.
3.3 Limitation of single station polarization processing

The direction perturbation caused by noise makes the detection of the polarization
direction difficult. Generally speaking, we cannot get the exact polarization direction
from the observed data. If the S/N ratio of the data is sufficiently high, satisfactory
results can still be achieved. A lot of data does not have sufficient signal quality, but
there are some techniques that can increase the S/N ratio without changing the
polarization properties of the wave. Such processes can be applied before polarization

analysis.
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FIGURE 3.2 This figure shows how the S/N ratio effects the polarization direction of a
rectilinearly polarized signal contaminated by a circularly polarized noise. The ‘phase
difference’ in the figure is the P in the equation 3.13. When the S/N ratio is large

enough, the error of detecting polarization direction could be neglected.
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Phase difference in degree

FIGURE 3.3 This plot shows how circularly polarized noise effects the polarization
direction of a rectilinearly polarized signal. The numbers in the figure indicate the S/N
ratio for different curves. The ‘phase difference’ in the figure is B from Equation 3.13.
When the S/N ratio is 3, the maximum direction perturbation is about 20°. If the S/N
ratio is greater than 5, the direction error will be less than 10°. When B equals 0° or 180°,

the direction perturbation is (), regardless of the S/N ratio.
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FIGURE 3.4 When there are two rectilinear harmonic waves from different directions,
the summation of these two waves could be a rectilinear wave, if the phases of the two
individual waves are the same. Here wave a = 2.0 cos(2rnft), b = cos(2nft), f=30 Hz.
Wave a comes vertically up, while wave b comes with an angle of 30° with the vertical
direction. The summation of these two waves is wave ¢c. We can see wave c is still a

rectilinearly polarized wave.
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FIGURE 3.5 When two rectilinear waves come from different directions and there is a
phase difference between these two waves, the summation of these two waves is an
elliptically polarized wave, in general. Here wave a = 2.0 cos(2rft) in vertical
direction, and wave b = cos (2nft - ®/6) coming with an angle of 30° between the
vertical direction, f=3(0 Hz. The summation of these two waves is wave ¢. It is an

elliptically polarized wave.
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FIGURE 3.6 When two rectilinear waves come from different directions and there is a
phase difference between these two waves, the summation of these two waves is an
elliptically polarized wave. Here wave a = 2.0 cos(2nft) and wave b = cos(2nft - 7n/6).
Here the phase difference is 210° rather than 30° in Figure 3.5. We can see the
superposition of these two waves is an elliptically polarized wave and the major axis of
the ellipse is not between the directions of wave a and b.
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FIGURE 3.7. When a rectilinear wave is contaminated by circularly polarized noise, the
direction of the major axis of the trajectory is usually not the same as the direction of
rectilinear wave. Here, a is a normal incident, rectilinear polarized signal, b is a
circularly polarized noise, the S/N ratio is 2 in terms of amplitude. The hodogram (solid
ellipse) of the combination ¢ of signal a and noise b shows c has the different
polarization direction from the signal a and the difference is around 10°.
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Chapter 4: Directional filtering

4.1 Introduction

~ Off-line energy may lead to the misinterpretation of conventional processed
seismic data. We expect to develop an algorithm to determine the direction of the
incoming waves and to pass the waves from a specific direction using 3-component
seismic data. This may improve the quality of the conventional section by rejecting off-
line energy. Furthermore, we would like to take advantage of the recorded off-line
energy to get the image of the off-line reflectors (Ebrom et al, 1989; Stewart and
Marchisio, 1991) to build a partial 3-D image from a 2-D seismic line.

4.2 The method

As mentioned in Chapter 2, we can get the polarization direction from 3-C
seismic data with a reasonably high S/N ratio. For low S/N ratio data, some processes
can be used to enhance S/N ratio before polarization filtering. For the corflmonly used P
wave in petroleum exploration, its polarization direction is the same as its propagation
direction. Therefore, for a certain type of waves, we can design a directional filter when
we measure the polanization direction of the seismic waves. If we want to pass the waves
within a certain range of directions, the directional filter factor is defined as following:

1, 1f Bg-¢ £ 0 < Bp+@

0,if 0 <6p-¢ or 6 2 0p+¢ ’ 4.1)

Gy = {
where, 69 is the midpoint of the direction window. ¢ is the half-length of the window.
Of course some tapering functions, such as cosine function, can be applied on the
direction window. Combined with the factors of polarization filter described in Chapter
2, the output of the filter for passing the waves of the direction within the window of
00-¢ <0 < Bp+0 is:

¥ = G,G3Gs = (1-Ag/A)) £ G (cos 8, sin 8)" @.2.1)

For rejecting the waves of the direction within the window, the output of the filter is:
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it

= G1G5(1-G3) = (1-Ay/A}) g (1-G3) (cos 0, sin 0) . 4.2.2)
For the definitions of G, (—}; , Ay and A, please see Chapter 2.

As discussed in Chapter 3, noise can change the polarization direction of seismic
waves. When S/N ratio of the raw data is low, the change could be significant. In this
case, the polarization direction we get from the methods described in Chapter 2 may be
useless. Some techniques of enhancing S/N ratio should be applied before polarization
processing. The critical point for these enhancement is that any processing before
polarization filtering should not change the property of the signal's polarization direction.

Common-mid-point (CMP) stacking is a typical method to enhance signal-to-
noise (S/N) ratio in seismic data processing. The CMP recording technique uses
redundant recording to improve the S/N ratio. Theoretically, the data are improved by a
factor of YN, where N is the stacking fold. CMP stacking also attenuates coherent noise
such as multiples, guided waves and ground roll. This is because primary reflections and
coherent noise usually have different stacking velocities (Mayne, 1962; Yilmaz, 1987).

S 132 eismic line Surface
y 01
R »
M NJAKT
' Interfac

reef

FIGURE 4.1 Stacking diagram: the reef is S away from the seismic line laterally. The
receivers can record the reflections both from the flat interface and the reef.

Referring to Figure 4.1, there are two shot-receiver pairs (S;-R; and S2-Rj).
They have same CMP location M. There is an off-line scatterer (reef) at the depth of D
and lateral distance of S away from the seismic line. The medium velocity is V. After
NMO correction, the reflection from the reef will be coherent. The stacking velocity is
somewhat different from the medium velocity in this case. Generally speaking, the
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stacking velocity for off-line reflection is different from that for flat interfaces, but the

difference is small if the offset S of the reef is small. Therefore, we can use the velocity
of the flat interface at the depth of the reef to stack the reef reflection. The vertical
component V| of the amplitude of the reef reflection P on the first pair of shot-receiver

1s:
7 V= Plcostplcosﬂl , 4.3)

where, 0, is the angle between the vertical plane through the seismic line and the plane
through the ray-path from the reef. ¢; is the angle between the vertical plane

perpendicular to the seismic line and the ray-path from the reef (see Figure 4.1).
The transverse component T, of the first pair shot-receiver is:
T; = Picos@;sinb; , 4.4)

For a second pair of shot and receivers, the vertical component V; and transverse

component T are:

V3 = Pcos@,c0s8, , 4.5)
T, = Pocos@,sind; , (4.6)

where,. P, is the reef reflection on the second pair of shot-receiver. 0, is the angle
between the vertical plane through the seismic line and the ray-path from the reef. @; is

the angle between the vertical plane perpendicular to the seismic line and the ray-path

from the reef.
It 1s clear that:
8, = 6,. 4.7
Theretore, on the stacked section, the vertical component V is:

V =V +V; =P cos@,c0s0;+P,c0s9,c080; ,
= (P1cos@+P,cos@;)cos0; . 4.8)
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The transverse component T is:

T = T|+T; = Picos@,5in8,+Pcos@,sin6; ,
= (P|COS(p1+P2COS(p2)Sin91 . (49)

-The direction of the reflection from the reef measured on the stacked section, 0,

will be:

_ (P1cos@+Pyc0s¢;)sind;

tan9 =tanB,. 4.10)

(Picos@+P3cos@;)cos0;

The direction of the reflection from the reef measured on the stacked section
remains unchanged with respect to the unstacked data. It is very important that we can
use the CMP stacking techniqué to enhance the S/N ratio for determining the direction of
seismic waves. As we mentioned in the previous chapter, we may be unable to get the
correct directions of seismic waves if the data have a high noise level. Some S/N ratio
enhancement must be applied without changing the wave direction information before we
do polarization analysis. From the above, we can say that it is safe to apply polarization
filtering post stack, because stacking does not affect the directional angles of the wave
propagation direction. Here we did not consider the NMO stretch effect. As a result of
NMO correction, traces are stretched in a time varying manner, which causes their
frequency content to shift toward to low end of the spectrum. Frequency distortion
increases at shallow times and large offsets (Yilmaz, 1987). To eliminate NMO stretch
smearing, we can apply a proper mute before stacking. For deeper times and small
oftsets, NMO stretch is usually negligible.

The free surface effect is another factor that can change the polarization direction
of seismic waves. The net particle motion at surface is the vector sum of the motions
associated with the incident P-wave, reflected P-wave and reflected S-wave, and in
general is neither vertical nor parallel to the direction of the incident wave (Eaton, 1989).
In physical modeling data, the free surface effect is complicated and perhaps lessened
because the receiver sensor is relatively big. The diameter of the sensor is almost 1 cm.
It the scale factor is 10,(XX), it will be equivalent to 100 m in field. Thus the receiver may
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be have somewhat like an elastic interface. However future research should investigate

this problem further.
4.3 Application to a simple synthetic example

~ A numerical model is used to test the directional filter and to compare the pre- and
post stack directional filtering (Figure 4.2). This model is composed of a layer of 500 m
thick and a half space. The P wave velocity is 2000 m/s for the top layer and 2700 m/s
for the half space. There is a fault with 45° dip angle. We laid out a seismic line in the
strike direction of the fault. The lateral distance from the seismic line to the hanging wall
is 150 m. The line is 1000) m long. There are total 51 stations with 20 m spacing. A total
of 11 shots are recorded by all stations except the station on the shot point. The shot
interval is 100 m (Figure 4.3). The synthetic dataset is generated by the SIERRA seismic
package using ray tracing method.

MIMIC DEPTH MODEL

FIGURE 4.2 The model used for generating numerical modeling data. The ray-paths show
the reflections from the flat layer beneath the seismic line and from the fault plane at the

right side of the seismic line.

A shot record of the synthetic data is shown in Figures 4.6 and 4.7. On the
vertical component, we can see two reflection events. One is from the flat layer and
another is from the fault plane. The reflection from the flat layer comes later than that
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from the fault plane, because the distance from the seismic line to the flat layer is further

than the distance from the seismic line to the fault plane. The distance from the seismic
line to the flat layer is 500 m. The distance from the seismic line to the fault plane is
about 460 m (Figure 4.4). Only the reflection from the fault plane is on the transverse
component. Here we only generated P waves at the shot points. For the vertical
reflection the displacement of the surface is exactly vertical. Therefore, the projection on

the horizontal direction is zero.

Geometry of the Seismic Line

1

6
11
16
21

6
31
36
41
46
51

X Shot Point

e Station

FIGURE 4.3 The geometry of the numerical modeling. 51 geophones were laid out on the
line with the spacing of 10 m. There are totally 11 shots and the shot interval is 50 m.

First of all, we use conventional processing techniques (refraction statics,
deconvolution, velocity analysis and NMO correction, automatic statics, stacking) to
process both vertical and transverse component separately. The stacked section of the
vertical component i1s shown in Figure 4.8. From the section, we can see two events at
the time of 0.46 s and (.5 s, respectively. The top one is from the fault plane and it is
expected for us to see this reflection on the transverse stack. The second event is from
the flat layer and it should not show up on the stacked section of the transverse
component. Figure 4.9 is the stacked section of the transverse component. Only one
reflection is on the section. It is from the fault plane on the right side of the seismic line.

Now let us check the polarization direction for both reflections from the flat layer
underneath the seismic line and the fault plane on the right side of the seismic line and
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compare the polarization directions with the wave propagation directions. At first, we

measure the polarization direction on shot records. We take record 3 for the
measurement. The shot point is 111 (Figure 4.3). The raw record is shown in Figures 4.6
and 4.7. '

500 m

FIGURE 4.4 The distance from the source to the fault SB=SC cos45°.

Before we measure the polarization direction, we define the direction of 90° as
vertically up, (" as horizontally from left to right and 180° as horizontally from right to
left (Figure 4.5). Referring to Figure 4.4, we know that the wave propagation direction of
the reflection from the flat layer is 90° and the direction of the reflection from the fault
plane is 135°. We take trace 10 which is located at station 110. The offset is 10 m. The
width of the window we used to measure the polarization direction is 30 ms. The
hodograms of the wave taken from windows 444 - 474 ms and 484 - 514 ms are shown in
Figures 4.10 and 4.11, representing the reflections from the fault plane and the flat layer,
respectively. When the window is at 444 - 474 ms, the polarization direction is 135,
which indicates the direction of the seismic wave from the fault plane. When the window
is at 484 - 514 ms, the polarization direction is 90°, which indicates the direction of the

reflection from the flat layer.
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Additional hodograms are shown in Figures 4.12 and 4.13. The windows are 505
- 535 ms and 545 - 575 ms on trace 35 of record 3. These hodograms also indicate the
polarization direction is 135" for the reflection from the fault plane and 90° for that from

the flat layer.

" Now let us look at the polarization direction on stacked sections to see if there is
any change caused by the processing procedure. Figures 4.14 and 4.15 are the
hodograms windowed at 440 - 470 ms and 485 - 515 ms on trace 40 of the stacked
sections (Figures 4.8 and 4.9). The polarization direction does not change after
processing. However the processing did change a polarization feature - the rectilinearity
(Equation 2.7). On the shot records, the rectilinearity is 1. The hodogram of the shot
record is a straight line. On the stacked sections, the rectilinearity is slightly less than 1.
The hodograms of the stacked data are very thin ellipses. This change is caused by
deconvolution. To make the process of deconvolution stable, it is necessary to add some
white noise into the seismic data. For an ideal deconvolution, the operator is infinite. In
practice, we only can use a finite operator. The truncation of the operator can also cause
some noise. We can see these decon-added noise on the stacked sections. On the deep
part of the stacked sections (Figures 4.8 and 4.9), the traces are wavy instead of straight

lines on the shot record (Figures 4.6 and 4.7).

AN

SURFACE

—- B
0 180°

o

90
FIGURE 4.5 The detinition of direction.
We applied the directional filter before and after stacking to compare the effects

of the different sequences. Figures 4.16 to 4.23 are the stacked sections with pre-stack
directional filtering in different direction windows. While Figures 4.24 to 4.31 show the
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stacked sections with post stack directional filtering in different direction windows. For

most of the sections, the width of the window is 10°. The window scans from the central
angle of 80° to 142.5° by a 10° increment. We can see that the reflections from the flat
layer and from the fault plane are separated by the window 85° - 95° and 130° - 140°
(Figures 4.17, 4.22, 4.25 and 4.30). And the wave propagation directions are represented
by the direction of the window. On other sections, we can not see any coherence because
the windows for these sections do not cover the direction of the reflection wave

propagation.

For the different sequences, (1) directional filtering then stacking, and (2) stacking
then directional filtering, both did very good job and the results from the two sequences
are identical. This indicates that the directional filter can be applied before or after
stacking and that stacking does not change the polarization direction. Table 4.1 outlines

the results of these two sequences.

TABLE 4.1. Comparison of pre-stack and post stack polarization filtering.
DIRECTION PRE-STACK POST STACK
WINDOW | # OF EVENTS FIGURE # OF EVENTS FIGURE
75 - 85° No 4.16 No 4.24
85 -95° One at0.5s 4.17 One at 0.5 s 425
95°- 105° No 4.18 No 4.26
105°- 115° No 4.19 No 427
115°-125° No 4.20 No 4.28
125° - 130° No 4.21 No 4.29
130° - 140° One at 0.46 s 4.22 One at 0.46 s 4.30
140° - 145° No 4.23 No 431
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FIGURE 4.6 The vertical component of a shot record of the synthetic data (generated by
SIERRA). The earlier event is from the fault plane and the later is from the flat layer.

TRACE #
20 30 40 50

00 1 10
@ b 3398
w N /

0.5 ys
= 9997

(<.
: JJ<<<¢
1.0

FIGURE 4.7 The transverse component of a shot record of the synthetic data. Only the

reflection from the fault plane appears on the transverse component.
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FIGURE 4.8 The stacked section of the vertical component of the synthetic data. There
are two events at the time of (.46 s and 0.5 s. The top one is from the fault plane and the

second event is from the flat layer
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FIGURE 4.10 The hodogram of the reflection from the fault. The polarization direction is

135°. The width of the window is 30 ms from 444 to 474 ms, on trace 10 of record 3.
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FIGURE 4.11 The hodogram of the reflection from the flat layer. The polarization

direction is 90°. The window is from 484 to 514 ms on trace 10 of record 3.
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FIGURE 4.12 The hodogram from 505 to 535 ms on trace 35 of record 3, which indicates

the wave propagation direction of the reflection from the fault plane is 135°.
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FIGURE 4.13 The hodogram from 545 to 575 ms on trace 35 of record 3, indicating the

wave propagation direction of the flat layer reflection is 90°.
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FIGURE 4.14 The hodogram of the stacked sections windowed at 440 - 470 ms on trace

40. The polarization direction is 135°, but the rectilinearity is less than 1.
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FIGURE 4.15 The hodogram of the stacked sections windowed at 485 - 515 on trace 40.

The polarization direction is 90° and the rectilinearity is less than 1.
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FIGURE 4.16 Pre-stack directional filtered stacked section. The direction window is
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FIGURE 4.17 Pre-stack directional filtered stacked section. The direction window is
85°-95° There is one event at ().5 s on the section. It is from the flat layer.
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FIGURE 4.18 Pre-stack directional filtered stacked section. The direction window is

95° - 105°. There is little signal on the section.
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FIGURE 4.19 Pre-stack directional filtered stacked section. The direction window is

105° - 115°. There is little signal on the section.
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FIGURE 4.20 Pre-stack directional filtered stacked section. The direction window is
115° - 125°. There is little signal on the section.
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FIGURE 4.21 Pre-stack directional filtered stacked section. The direction window

is 125° - 130°. There is little signal on the section.
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FIGURE 4.22 Pre-stack directional filtered stacked section. The direction window is
130° - 140°. There is an event on the section at 0.46 s. It is from the fault plane.
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FIGURE 4.23 Pre-stack directional filtered stacked section. The direction window is
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140° - 145°. There is no signal on the section.
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FIGURE 4.24 Post stack directional filtered stacked section. The direction window is

75° - 85°. There is little signal on the section.
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FIGURE 4.25 Post stack directional filtered stacked section. The direction window is

85° - 95°. There is an event on the section at 0.5 s. It is from the flat layer.
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FIGURE 4.26 Post stack directional filtered stacked section. The direction window is

95° - 105°. There is little signal on the section.
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FIGURE 4.27 Post stack directional filtered stacked section. The direction window is

105° - 115°. There is little signal on the section.
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FIGURE 4.28 Post stack directional filtered stacked section. The direction window is
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FIGURE 4.29 Post stack directional filtered stacked section. The direction window is

125° - 130°. There is little signal on the section.
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Chapter 5: Off-line imaging
5.1 Introduction

> On a 2-D seismic line, we generally assume that the recorded seismic energy is
from directly beneath the seismic line. In other words, the raypaths of the seismic wave
are restricted to the vertical plane through the seismic line. In fact, in many 2-D seismic
datasets, there are not only the reflections from the geological interfaces beneath the
seismic line, but also some reflections and/or scattered energy from structures away from
the line. These off-line energies can degrade the quality of the seismic data. Moreover,
they can lead to misinterpretation of the seismic data. For example, if there is a reef
beside the seismic line, the line records both reflections from the interfaces beneath the
line and the reef beside the line. On the processed section, there may be a reef image.
One might think the reef is just beneath the seismic line. To eliminate the
misinterpretation of conventionally processed 2-D seismic sections, it is necessary to
separate the in-line and off-line energies. We can take advantage of 3-component seismic
data to: 1) enhance the S/N ratio and improve the quality of the conventionally processed
sections by rejecting the off-line energy; 2) build an image of the off-line reflection to get
a partial 3-D image from a 2-D seismic line by rejecting in-line energy (Zheng and
Stewart, 1993; 1994).

Perelberg and Hornbostel (1994) discussed some applications of polarization
analysis. One of these applications is removal of off-line energy. They built a numerical
tault and dome model and generated 3-component seismic data. The off-line reflection is
removed by the polarization filter using covariance matrix method. We would like to
extend the application of the polarization filter from synthetic data to real data in this

chapter.

In previous chapters, we discussed the polarization filter and applied it to a simple
synthetic data to separate the seismic waves from different directions. In this chapter, we
will apply the polarization filter to two more complicated synthetic models and one
physical model. In these models, the off-line energy is from a “reef” instead of a fault
plane. Therefore, the off-line energy is more like scattered waves rather than a planar
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reflection, and it is weaker than that from the fault plane. Moreover, we also tested the

polarization filter on real data to reject off-line energy in order to enhance in-line energy.
The field data we used is provided by Gulf Canada Resources Ltd. The line is in Rumsey

area, Central Alberta, which passes through a pinnacle reef.
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FIGURE 5.1. The single layer numerical model. The thickness of the layer is 500
m. The P-wave velocity is 2000 m/s. There is a dome on the bottom of the layer
and the offset from the seismic line to the dome is 150 m. The height of the dome
1s 100 m. The cross profile of the bottom of the dome is an ellipse with a long

axis of 75 m parallel to the seismic line.

5.2 Synthetic modeling data

The first synthetic model used for building the off-line image is shown in Figure
5.1. The model is composed of a layer overlying a half space. The thickness of the layer
is 500 m. There is a dome on the bottom of the layer. The bottom of the dome is an
ellipse. The long axis is 75 m (parallel to the seismic line) and the short axis is 50 m.
The height of the dome is 100 m. It is 150 m away from the seismic line laterally. The
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P-wave velocity of the medium is 2000 m/s and the P-wave velocity is 2700 m/s for the

half space. There is a seismic line on the surface. The line is 1000 m long. There are
total 51 stations on the line and the station interval is 20 m. A total of 11 shots are
recorded by all stations except the one on the shot point. The shot interval is 100 m
(Figure 4.3).

-Figures 5.2 and 5.3 show the vertical and transverse components of two shot
records. We added 10% random noise to the records. In the vertical component data, we
can see a hyperbolic shaped coherence in the time range of 0.5 - 0.6 s, which is the
reflection from the bottom of the layer. We also can see some scattered energy in the
middle part of the line at the time of 0.43 s approximately, which is the scattered wave
from the top of the dome. In the transverse component data, it is hard to see coherent

signal because of the noise.

A conventionally processed migrated section is shown in Figure 5.4. In the
section, we can see a flat horizon at the of 0.5 s. It is the bottom of the layer. Also, we
can see a very weak image in the middle of the line at time of 0.43 s. It is the image of
the dome. Figure 5.5 is the in-line energy enhanced migrated section. We enhanced the
waves from the directions of 85° - 95° to produce this section. Figure 5.6 is the off-line
energy enhanced migrated section. We enhanced the waves from the direction range
from 105° to 115°. In Figure 5.5, we still can see a little bit dome energy left in the in-
line energy enhanced section. This is because, as we discussed in Chapter 3, the noise
can somewhat effect the polarization direction of a signal. That means there is some
energy leaking. Figure 5.6 tells us a new story. It brings us a new point of view of 2-D
seismic line. The dome is not directly beneath the seismic line. It comes from a side of
the seismic line. Figure 5.6 gives a clear off-line image. From the direction window of
the polarization filter and the two-way time on the off-line enhanced section, we can
estimate the location and the depth of the dome. As we know the window is from 105° to
115°. The measured two way time from Figure 5.6 is about 0.43 s. In this simple case,
we already know that there is only one layer and the P-wave velocity is 2000 m/s.
Therefore the distance from the dome to the seismic line is about:

D=043x2000/2 =430 m 5.1

Now we can get the minimum lateral distance from the dome to the line:
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Smin =D c0s105°=-111.3m (5.2)

The maximum lateral distance is:

Smax =D cos115°=-181.7m (5.3)

The negative distance means the dome is on the right side of the seismic line,
according to the definition of the wave direction in Chapter 4 (Figure 4.9). It gives us an
approximate location of the dome that we can see from 2-D seismic line, although it is
not very accurate. Comparing with the actual offset of 150 m of the “reef” in Figure 5.1,
the polarization filter yiclds a reasonable and acceptable result. This image of the off-line
energy provides more detailed information than the conventionally processed 2-D seismic
line, and could help design future exploration programs: what data to buy or where to put

further 2-D or 3-D surveys.

In a real situation, there is a weathering layer with low velocity on the surface.
This low velocity layer bends the seismic raypath to close to vertical direction. In other
words, this low velocity layer makes the difference of the directions of in-line reflection
and oft-line reflection smaller. It makes the direction separation difficult. To test the
polarization filter in the case of low velocity weathering layer, we built another synthetic
model. Figure 5.7 is a two-layer model. The thickness of the first layer is 20 m and the
P-wave velocity is 1300 m/s. The thickness of the second layer is 480 m and the P-wave
velocity is 20(00) m. Like the model in Figure 5.1, there is a dome 150 m away from the
seismic line. The height of the dome is 50 m. The raypaths in Figure 5.7 show there are
three events recorded in the seismic line, two reflections from the bottoms of the two flat
layers, respectively, and an oft-line scattered wave from the dome. We applied the
polarization filter with a direction window of 95° - 105° to reject the in-line energy and
enhanced the off-line energy. Figure 5.8 is the migrated section of the off-line energy
enhanced data. It shows a dome image in the centre of the line and at time of 0.47 s. To
estimate the location of the dome in multilayer case, the interval velocities and the
thicknesses of all layers above the dome should be used. Taking the low velocity layer
into account, the approximate range of the location of the dome is from 79.2 m to 235.3
m on the right side of the seismic line. This example indicates that even with the



62
existence of the low velocity weathering layer, the polarization filter still can separate the

in-line and off-line energies and build an image of the off-line energy.
5.3 Physical modeling data

~ In moving from synthetic to real data, we consider a physical modeling case. The
physical model we used to test the polarization filter is shown in Figure 5.9. The model
is made of plexiglas. We built a “reef” on the bottom of the model. The “reef” anomaly
in the plexiglas plate is a milled-out hole. The plate is supported by a jig apparatus.
Therefore, the top and bottom surfaces of the layer and the surface of the "reef" are free
surfaces. A scale factor between the actual dimension of the model and the field size
based on the ultrasonic and seismic frequency is 10, 000. The seismic line is then a
scaled distance of 200) m away from the reef. The P-wave velocity of the plexiglas is
2750 m/s. An end-on spread of geophone cable is used in the seismic survey. The near
offset is 200 m and the far offset is 1100 m. There are total 10 traces per shot. Both
station and shot intervals are 100 m. A total of 12 shots were recorded in the survey. The

maximum fold is 5.

A shot record of the physical modeling data is shown in Figure 5.10 (vertical
component) and Figure 5.11 (transverse component). In both components, we can see
some coherence. The strongest one is at time of 0.72 s approximately for trace 1. Itis the
reflection from the flat bottom of the model. The signal at time of 0.62 s for trace 1 is the
reflection from the top of the "reef”. There are also some coherent noise in the record.
They are multiples and the reflections from the interfaces between plexiglas layers.

We used the conventional technique to process both vertical and transverse
components of the physical modeling data. The stacked sections are shown in Figures
5.12 (vertical) and 5.13 (transverse). In both sections, we can see the image of the flat
bottom of the model and the reef. The flat interface is at the time of 0.72 s. The reef
image is in the middle part of the line and at the time of 0.62 s. We also can see clearly
the diffraction at the edge of the "reef". The interesting thing is the amplitude and the
phase change of the flat reflection. In the middle part of the line, the reflection is weaker
than that at the ends of the line. The wavelet is changing from zero phase on the ends to
mixed phase in the central part. It is noticed that this anomaly appears at the same
location of the "reef” reflection. It implies that there is some relationship between them.
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When we look at Figure 5.9 closely, we can find that the seismic line can not only record

the reflections from the flat bottom and the top of the "reef”, but also the reflection from
the bottom side of the “reef” (point A in Figure 5.9). After a simple calculation, we
found the distance from point A to the seismic line is about 200 m. The two-way travel
time from A to the seismic line is about 15 ms longer than the two-way travel time from
the flat bottom to the line. The dominant frequency of the seismic wave here is about 30
Hz. That means the reflection from point A is delayed about a half cycle compared with
the reflection from the flat bottom. Therefore, the energy from the flat bottom was
partially canceled by the reflection from point A, and the phase was also changed by the

reflection from A.

We applied the polarization filter to the physical modeling data. When we use a
direction window of 5(0)° - 85°, there is no signal left in the final stacked section (Figure
5.14). If we use the direction window of 85° - 93°, the "reef" reflection is successfully
removed from the stacked section (Figure 5.15). Only the reflection from the flat bottom
of the model is left in Figure 5.15. When we change the direction window to 95° - 105°,
we removed the reflection from the flat bottom (Figure 5.16). In this stacked section, the
only signal is the reflection from the top of the "reef". When we use the direction
window of 105° - 150°, almost all signals are removed from the stacked section (Figure
5.17). We also can calculate the approximate location of the "reef”. The two-way travel
time of the "reef” reflection measured from Figure 5.16 is 0.615 s. Therefore the distance

from the top of the "reef” to the seismic line is:
D=0.615x2750/2=846 m (5.4)
The minimum lateral distance from the seismic line is:
Snin = D €0895° =-74 m (5.5)
The maximum lateral distance is:

Spnax = D c0s105° =219 m (5.6)

Similar to the above calculation, the minimum depth of the “reef” is:
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Dinin = D sin105° = 817 m (5.7)

The maximum depth of the “reef” is:
Dmax =D sin95° =842 m (5.8)

-These figures are close to the figures measured from the model (Figure 5.9).
Actually, the distance from the “reef” to the seismic line is 200 m and the angle of the
raypath from the “reef” is about 103.5°. We underestimated the location of the “reef”

somewhat. It could be caused by the free surface effect.
5.4 Field data of Rumsey area

In 1987, Gulf Canada Resources Ltd. shot a 3-component seismic line (87G53-01)
in Rumsey area, Central Alberta (Figure 5.18). This line goes through the Rich D3A QOil
Pool, which is a pinnacle reef in Leduc Fm. The Rich field is located in the southern part
of the east Ireton Shale basin, southwest of the Fenn-Big Valley reef comp}ex and east of
the Bashaw reef complex. The Leduc Fm reefs in the area developed as isolated
pinnacles and large atolls. Pinnacles in this area typically attain heights of 200 m and are
overlain by Ireton Fm shales (Anderson et al, 1989). The 9-36-34-21W4M well is tied
with the seismic line 87G53-01 at field station number 176. It penetrated Leduc Fm and
is an oil producer. Figure 5.19 is the Leduc structure map around the well. The major
geological interfaces around the line, including Cooking Lake, Calmar, Wabamun and
Banft, are almost flat with a slight dip to west. For the Cooking Lake, the maximum dip
angle is 14°. For Calmar, Wabamun and Banff, the dip angle is less than 5° (Anderson et
al, 1989). There is no major structure beside the line. Therefore we cannot expect to
build an off-line structure image from this line. We applied polarization filter to this line
to reject off-line scattered noise and to enhance the in-line image.

Line 87G53-01, which was acquired by Airborne Geophysical Surveys Ltd. for
Gulf Canada Resources Ltd., runs from north to south from station 101 to station 257
with station interval of 30 m. OYO 3-component geophones and Gus Bus I recording
system were used to record the seismic waves. The source is 2 kg dynamite at a depth of
18 m. All 157 stations recorded for all shots. There are a total of 38 shots. The best shot
record is shown in Figure 5.20) (vertical component) and Figure 5.21 (transverse
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component). We can see that the raw data are very noisy. There is strong ground roll at

near offsets and high frequency noise all over the record.

The sonic log and synthetic seismogram with a 20 Hz Ricker wavelet for the well
9-36-34-21W4M which ties the seismic line is shown in Figure 5.22. The conventionally
processed vertical component section is shown in Figure 5.23 and an enlarged section of
Figure 5.23 with the synthetic seismogram inserted at the proper location is shown in
Figure 5.25. In Figure 5.25, the reverse polarity of the synthetic seismogram is used,
because it ties the seismic section better. Although the frequency of the synthetic
seismogram 1s lower than the frequency of the seismic section, major features tied very
well. We can see the overlying interfaces, Wabamun, Banff and Mannville, are bumping
above the reef. We also can see the velocity pull-up on the underlying interfaces. Figure
5.24 is the stacked section the transverse component. There is little coherent signal on
the transverse component section. As we described before, the line passes over the top of
the reet and there is no off-line structure around the line so that the off-line energy on the
seismic section is scattered noise. We used the polarization filter to reject the off-line
energy to enhance the S/N ratio of the seismic section instead of building an off-line
image. One thing that should be mentioned is that based on the information we collected,
we do not know the geophone and instrument responses. Therefore the seismic signal has
not been calibrated. This means the direction we measured from the seismic data may not
the true wave direction. In the following discussion, the value of direction is the value
we measured from the seismic data. In any case we are trying to reject the off-line
energy. So we do not have to estimate the location of the off-line sources. Figures 5.26,
5.27 and 5.28 are the polarization filtered sections using different direction windows. It
appears that the 20° - 16(0)° window is best choice for this line. Comparing Figures 5.26
and 5.25, all coherent signals are preserved and the noise is reduced. Figure 5.26 is
somewhat clearer than the original section Figure 5.25. For example, at time of 1.33 s,
there is a weak and discontinuous event cross the section. In Figure 5.25, the amplitude
of this event is almost the same as the amplitude of the noise around the event. In Figure
5.26, it is easier to distinguish the event from the background noise, because the
background noise was reduced by the polarization filter. Windows 50° - 130° and 80° -
100° are too harsh. In Figures 5.27 and Figure 5.28, it is too clean on the part below 1.1 s
and also some signals were removed at 1.34 s and 1.48 s. Although Figures 5.27 and
5.28 are too clean to be true, the horizons above the Nisku were preserved. It indicates
that the horizons above Nisku are almost flat or only have a very small dip angle.
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5.5 Polarization processing procedures

From three-component seismic data, we can take the vertical and transverse
components to enhance in-line image and build an off-line image. The polarization filter
can be applied on the raw data, if the data have reasonable high S/N ratio to separate the
in-line-and off-line energy. Then we can use the filtered in-line data to create a better
stacked section and the filtered off-line data to build an off-line image using conventional
processing flow (choice I). If the data have low S/N ratio, an alternative way is to
process the vertical and transverse components using conventional processing techniques
separately, then to apply the polarization filter to the stacked sections of the vertical and
transverse components to enhance in-line image and build off-line image (choice II). The

processing flow charts are shown in Figures 5.29 and 5.30.
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FIGURE 5.2. Two shots of the vertical component data recorded on the seismic line in
Figure 5.1. There is strong reflection from the bottom of the layer and weak scattered
wave from the dome that is 150 m away from the seismic line. Ten percent of random
noise was added to the recordings.
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FIGURE 5.3. The transverse component of the same shots in Figure 5.2. Because of the

noise, it is very difficult to locate the scattered wave.
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FIGURE 5.7. The two-layer syntheti

is 1300 m/s. The second layer is 480 m thick and its velocity is 2000 m/s. There is a

dome on the bottom of the second layer with the height of 50 m. The dome is 150 m

away from the seismic line. From the raypaths of the seismic waves, we can see that

there are three events recorded in the seismic line, two reflections from the bottom of the

two layers, respectively, and the scattered wave from the dome.
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FIGURE 5.8. A polarization filter with a direction window of 95° - 105° was applied to
the data recorded by the seismic line in Figure 5.7 to reject the in-line energy and enhance
the off-line energy. This figure is a migrated section of the off-line energy enhanced
data. We can see a clear image of the dome without the interference of the reflections

from the flat layers.
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FIGURE 5.9. The physical model used for testing polarization filter. The model is made
of plexiglas. There is a milled-out hole on the bottom of the model. The P-wave velocity

of plexiglas is about 2750 m/s. (not scaled)
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FIGURE 5.10. A vertical component shot record of the physical modeling data. There are
some coherence in the record. The strongest one is at time of 0.72 s for trace 1. Itis the
reflection from the flat bottom of the model. The signal at time of 0.62 s for trace 1 is the

reflection from the top of the "reef™.
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FIGURE 5.11. A transverse component shot record of the physical modeling data. We
also can see the reflection from the flat bottom of the model and the top of the "reef".
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FIGURE 5.12. Conventional processed stacked section of the vertical component of the
physical modeling data. We can see the images of the flat bottom of the model and the
top of the "reef”. The amplitude and phase change of the flat event. We will discuss it in

the text.
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FIGURE 5.13. Conventional processed transverse component of the physical modeling
data. We also can see same two events as the vertical component. However, the flat

event is relatively weaker comparing with Figure 5.12
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FIGURE 5.14. Polarization filtered section (direction window is 50° - 85°). There is no

signal on the section.
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FIGURE 5.15. Polarization filtered section (direction window is 85° - 95°). The reflection

from the top of the "reef” is removed.
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FIGURE 5.16. Polarization filtered section (direction window is 95° - 105°). We remove
the flat retlection. There is only the reflection from the top of the "reef" and a little bit
leaked energy of the flat layer on the section.
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FIGURE 5.17. Polarization filtered section (direction window is 105° - 150°). There is

less energy on the section.
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CHOICE 1

Raw data with geometry
vertical component

Raw data with geometry
transverse component

Polarization filtering:

separation of in-line and
off-line energy

In-line signals

Off-line signals

Conventional processing:
statics, deconvolution,
velocity analysis and NMO,
stacking and migration

y

Conventional processing:
statics, deconvolution,
velocity analysis and NMO,
stacking and migration

S/N ratio improved
in-line image

y

Off-line image

FIGURE 5.29 Flow chart: pre-stack polarization filtering.
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CHOICE II

Raw data with geometry
vertical component

Conventional processing:
statics, deconvolution,
velocity analysis and NMO,

stacking

Raw data with geometry
transverse component

Conventional processing:
statics, deconvolution,
velocity analysis and NMO,

stacking

Polarization filtering:

separation of in-line and
off-line energy

S/N ratio improved
in-line image

Off-line image

FIGURE 5.30 Flow chart: post-stack polarization filtering.
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Chapter 6: Conclusions

The polarization direction of a P wave is generally in the propagation direction of
the wave. Most previous polarization analysis relies on the eigenvalue method of
analysing the covariance matrix of the observed data. This is an effective method. We use
a direct least-squares method that is similar but faster than to directly solve for eigenvalues.
This time-domain method finds the direction in which the sum of the projections of the

particle motion of the seismic data is maximum.

Polarization filtering, as discussed in the previous chapters, can be used to detect
and separate seismic waves from different directions. If we have three-component seismic
data, we can use the polarization filter to: 1) reject the in-line energy and extract the off-line
to build an off-line image; 2) reject the off-line energy to enhance the signal-to-noise (S/N)
ratio of the conventionally processed sections. Although existing noise can effect the
polarization direction, some S/N ratio enhancement techniques can be used to effectively
suppress this effect. In this thesis, numerical modeling data, physical modeling data and
field data were used to test the polarization filter and successful results are yielded.

In this thesis, the covariance method and the least-squares method of polarization
analysis are discussed and applied to synthetic and real data on the shot record bases. The
noise effect on the polarization direction is studied with analytic formulae and synthetic
data. The noise has a significant effect orn the polarization direction. Therefore, if seismic
data have low S/N ratio, some S/N ratio enhancement techniques are necessary to be
applied before the polarization filtering. CMP stacking is a typical method to improve S/N
ratio in seismic data processing. This technique does not change the polarization direction
of seismic waves, which is verified in Chapter 4. In Chapter 5, synthetic data and physical
modeling data are used to separate in-line and off-line seismic energy and build off-line
image using the polarization filter. The polarization filter is also applied to the real seismic
data of Rumsey area to enhance in-line energy. But, because that line is just over a reef and

there is little apparent off-line reflection.

Computer code for the polarization filter was developed to build an off-line image

and improve the in-line image using 3-component seismic data. The main procedures for
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making an off-line picture are: 1) apply conventional processing (statics, NMO,

deconvolution, and stacking) to both vertical and transverse components, 2) apply the
directional filter to the vertical and transverse stacked sections to separate in-line and off-
line signals and create in-line and off-line sections, 3) migration can be applied to the off-
line section and in-line proved section, if necessary. For rejecting off-line energy, we can
use similar procedures. We tested this processing flow on numerical and physical
modeling data. The physical model consists of a plexiglas plate with an embedded "reef”.
Ultrasonic transducers in vertical and horizontal directions surveyed the reef from an offset

of 200 m scaled distance. A reasonable off-line image was reconstructed.

The polarization filter is also applied to the field data from the Rumsey area of
central Alberta to reject the off-line energy to enhance S/N ratio of the conventionally
processed section. The seismic line goes through the Rich D3A Qil Pool, which is a
pinnacle reef in Leduc Fm located in the southern part of the east Ireton Shale basin,
southwest of the Fenn-Big Valley reef complex and east of Bashaw reef complex. The
major geological interfaces around the line are almost flat with a slight dip to west. There is
no major structure beside the line. The polarization filter was applied to the stacked
sections of vertical and transverse components with a direction window centered vertically
downward. The output of the polarization filter has a better S/N ratio comparing with the
original section of the vertical component. The coherent reflections remain in the filtered

section and the noise is reduced.

The polarization filter can be used to enhance the seismic wave from a certain
direction, if the data have a reasonable signal-to-noise ratio. If the data have low signal-to-
noise ratio, some techniques like CMP stacking should be used to enhance signal before
polarization filtering. We can use the polarization filter to build an off-line image and
enhance the signal-to-noise ratio of the in-line image, if a three-component seismic dataset

is available.
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Chapter 7: Future work

- The application of the polarization filter can be extended by applying it to data from
structurally complex arcas. We consider a case here from the Alberta Foothills. We can
use it to enhance the seismic waves from certain direction, in-line or off-line, to get a better
image of complicated structure. A shot record of 3-component seismic data acquired in the
Foothills area is shown in Figures 7.1, 7.2 and 7.3. The polarization filter may help to
build a clear image of steep structure and clear up in-line image by rejecting off-line noise.

In plains area, it is expected to get a better off-line image of reefs, if a seismic line
in a suitable geological area is available. This means we can build a partial 3-D image along
a 2-D line by using 3-component dataset and polarization filter.

Some quality control should be done in the acquisition phase. The amplitudes of
vertical and horizontal component should be calibrated. The geophone orientation in field
should be controlled properly, otherwise the direction of waves detected by the polarization
filter will not be correct and this eftect may be not recoverable.

In the processing phase, it is necessary to develop multi-station processing
techniques to eliminate noise and to improve the effectiveness and accuracy of the filtering.
If such pre-stack noise attenuation techniques can be created, then the polarization filter

may be applied to effectively reduce ground roll.
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FIGURE 7.1 A shot record from the Alberta Foothills area (vertical component).
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