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ABSTRACT

Polarization filters are an alternative tool to attenuate ground roll when multicomponent
seismic data are available. These filters can separate surface and body waves by discrim-
inating elliptical from linear motions. Existing polarization filters work in single-station.
Thus, they can filter seismic data with irregular spatial sampling. However, in most cases,
polarization filters do not get results similar to f — k filters because they do not operate in
multitrace, and there is no velocity discrimination. We present a new polarization filter to
extract surface waves from multitrace 3C seismic data. The filter works in the frequency-
slowness domain as a mask on elliptic elements obtained from the linear Radon model of
the seismic data in the frequency domain. We applied this filter on a 3C real shot gather
from land seismic data acquired in the Middle Magdalena Valley in Colombia. The results
show that this polarization filter can accurately extract the surface waves, preserving more
low-frequency energy than the f — k filter.

INTRODUCTION

Surface wave extraction is a crucial stage in the signal processing workflow in seismic
exploration. Surface waves, also named ground roll, are considered coherent noise that
masks the information of body wave reflections from deeper structures. Predominantly,
surface waves are composed of Rayleigh waves, which are elliptically polarized waves that
propagate with lower frequency and velocity than reflected waves. Therefore, filter design
should use all these characteristics to extract surface waves in seismic shot gathers.

Filters in the f — k& domain are commonly used to separate surface waves and body
wave reflections by exploiting their differences in frequency and wavenumber (Yilmaz,
2001). However, f — k filters require regularly sampled data in time and space. But, this
is rarely sometimes the case for land seismic exploration. One alternative to address this
limitation is the linear Radon transform (LRT) in the frequency domain, which maps a
model from the frequency-slowness into the data space in the frequency-offset. LRT filters
can accurately extract surface waves (Luo et al. 2009; Hu et al. 2016).

Nevertheless, f — k and LRT filters fail when the energy of surface and body waves
overlap in frequency and velocity. In the case of multicomponent data, another alterna-
tive is using polarization filters to extract surface waves (Kendall et al. 2005; Pinnegar
2006; Sanchez-Galvis et al. 2016). These filters can separate elliptically and linearly po-
larized events in a single-station. However, multitrace information (such as velocity) is not
used. We present a new polarization filter that extracts elliptically polarized events in the
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frequency-slowness domain. The filter works as a mask over elliptic elements obtained
from the linear Radon model of the seismic data in the frequency domain. We applied
the filter on a 3C shot gather from field data acquired in the Middle Magdalena Valley in
Colombia. The results show that the filter can accurately extract surface waves, including
backscattering.

ELLIPTICAL ELEMENTS OF 3C SEISMIC DATA

3C seismic traces can be represented by d(t) = {z(t), y(t), z(t) }, where z(t), y(t) and
z(t) are the radial, transverse and vertical data components, respectively. The 3C seismic
trace can also be represented in the frequency domain by d(f) = {z(f),y(f), z(f)} via
the Fourier transform of every single component. For any particular frequency f, the 3C
seismic trace can be decomposed by elliptical elements in the three-dimensional space:

where a is the semi-major axis of the ellipse, b is the semi-minor axis of the ellipse, [ is
the inclination angle, €2 is the longitude of ascending node, w is the argument of pericentre,
and ¢ the phase respect to the time of maximum displacement. Figure 1 shows the geometry
of a 3D elliptical motion described by the elliptical elements. The operator () is the forward
expression to get the spectra of the 3C seismic signal in terms of the spectra of elliptical
elements. Likewise, the spectra of elliptical elements are obtained in terms of the spectra
of 3C seismic signal by using the inversion expression:

{a(f),0(f), I1(f), ), w(f), ()} = Q7 {d(f)} 2)

The derivation of the forward and inversion expressions are found in (Pinnegar 2006).

ricentre
apocentre / ¢ pericentre
bl \\/

a

pericentre

reference
plane

ascending
node

FIG. 1. Geometry of the 3D elliptical motion of a particle wih semi-major axis a, semi-minor axis b,
inclination angle I, longitude of ascending node 2 , argument of pericentre w, and phase ¢.

For each shot gather, the 3C seismic data can be represented as a vectorial field d(¢, h)
in the time-offset domain. After a temporal Fourier transformation, every single component
of the 3C data can be mapped from the linear Radon model m/(f,p) in the frequency-
slowness domain by using the forward LRT in the frequency domain as follows:
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Pmax

d(f,h) = m(f,p)e* " (3)

P=Pmin
where p is the slowness.

The Radon model that best fits the data can be found by using an inversion scheme with
sparsity constraint (Trad et al. 2003 Luo et al. 2009). The Radon model for 3C data can
be represented by m( f, p) = {m.(f,p), m,(f,p), m.(f,p)} where m,, m, and m, are the
Radon models for the radial, transverse and vertical data components, respectively. The
elliptical elements can now be obtained in the frequency-slowness domain by substituting
m( f, p) in place of d(f) in equation 2:

{a(f,p),b(f,p), I(f,p),Qf, p),w(fp), ¢(f,p)} = Q" {m(f,p)} 4)

POLARIZATION FILTER

The 3C seismic data d(¢, h) can be expressed as a sum of surface waves d5¥ (¢, h) and
body waves d®V (¢, h)

d(t,h) = d®V(t,h) + d*V (t, h) 5)
By applying frequency domain adjoint LRT on both sides, the equation 5 becomes:

m(f,p) = m"V(f,p) + m*¥(f,p) (6)

where m®Y (f, p) and m®¥(f, p) are the Radon models of the surface waves and body
waves in the 3C seismic data, respectively.

The 3C surface waves radon model m*" (f, p) is estimated by applying a filter mask in
the semi-major and semi-minor of the decomposition of the elliptical elements. By omitting
the arguments (f, p), we have:

m®" = Q(CLF7 bF, ]797w7¢) (7

where [ is the filter mask in the frequency-slowness domain. This filter mask is con-
structed by the activations functions F, [}, and Fy, as follows:

F(f,p) = Fy(f)F,(p) Fy(b(f,p)) (8)

The definitions of the activation functions are:
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Ff(f):%+%tanh(af(f_fref))a (9)
1 1

Fy(p) = 2 9 tanh (ay(|p| — prer)) (10)

Fy(b(f, p)) = tanh (ab”(bf ’. p>) (an

where by, is the maximum value of b(f, p), the parameters p,r and f.¢ are reference
values to limit the operation zone of the filter in the slowness and frequency axis, respec-
tively. The reference slowness value can be set by using the relation pref = 1/Uax, Where
Umax 18 the maximum surface waves velocity. Finally, o, o, and o, are positive parameters
that control the width of the transition zone of the activation functions. Figure 2 shows the

behaviour of each activation function.
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FIG. 2. Activation functions used to construct the polarization filter mask. a) Activation function for
frequency. b) Activation function for slowness. ¢) Activation function for normalized simi-minor axis.

The extracted 3C surface waves d°" (¢, h) are obtained by the forward LRT of tas" ( f, p)
and, subsequently applying the temporal inverse Fourier transform. Finally, the 3C body
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waves aBW(t, h) are obtained by the difference between the raw data and the extracted
surface waves.

d®W (¢, h) = d(t, h) — AV (¢, h) (12)

RESULTS

We tested the proposed polarization filter on a 3C shot gather from seismic data ac-
quired in the Middle Magdalena Valley in Colombia. The shot gather for the vertical,
radial, and transverse components after a gain correction of t2 are displayed in Figure 5a.
We observed that ground roll is considerably more complex for short offset than long off-
set. We interpret that the low-velocity and heterogeneous near-surface close to the source
location produces backscattering and reverberations that mask the body wave reflections
from deeper structures.

Figure 3 show the Radon panel of each elliptical element obtained from the raw data.
In Figures 3a and 3b, which correspond to semi-major a( f, p) and semi-minor axis b(f, p),
respectively; we can identify the fundamental mode of the Rayleigh wave around p = 0.005
(s/m). Higher modes of Rayleigh waves are present even since approximately p = 0.001
(s/m). We also observe that most Radon model energy is scattered and bounded below 11
Hz. The information in the negative values of p correspond to linear events of the shot
gather with negative slopes, which can be related to backscattered waves.

We compared the performance of the polarization filter with the f — k filter. The f — k
filter is a dip mask with four parameters (vy, vs, v3, and v,) that specify the attenuation
range. The range between v, and v3 is preserved, and the range below v; or above v, is
attenuated. Figure 4a shows the f — k filter mask that we use to attenuate ground roll with
v1 = 100 (m/s), vo = 200 (m/s), v3 = 600 (m/s), and v, = 1000 (m/s). On the other hand,
The proposed polarization filter is a mask in the frequency-slowness domain that preserves
the surface wave energy. Thus, the body wave energy is reconstructed by subtracting the
extracted surface waves. According to the analysis performed for the ground roll of these
seismic data, we set ff = 10 Hz, pr = 1/750 s/m. We tested different aggressiveness
values, and we got the best results with ay = 1, o, = 104, and oy, = 12. Figure 4b shows
the polarization filter mask used to extract the ground roll. The filtered data are obtained
by subtracting the extracted ground roll from the raw data, as we showed in equation 12.

Figure 5b and 5c¢ show the multicomponent shot gathers after f — k filtering and polar-
ization filter, respectively. We observe minor differences between the resulting shot gathers
of the f — k filter and the results of the polarization filter. Therefore, we also compared the
results of these filters in the transformed domain. Figure 6 shows the f — k spectra of the
multicomponent shot gather for the raw data, filtered data with f — k filter, and filtered data
with the proposed polarization filter. We note that the polarization filter preserves more en-
ergy than the f — k filter in the attenuation range. Finally, we compared the Fourier spectra
of the filtered data to evaluate the aggressiveness of each filter in the frequency domain.
Figure 7 shows the spectra for the vertical, radial, and transverse components. The black
line is the raw data; the filtered data is blue for the f — £ filter and red for the polarization
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FIG. 3. Radon panels of elliptical elements computed from raw data in Figure 5a. (a) Semi-major

axis a(f,p), (b) semi-minor axis b(f,p), (c) inclination I(f, p), (d) argument of pericentre w(f,p), (e)
azimuth of ascending node Q(f, p), and (f) phase ¢(f, p).

filter. We can see that the polarization filter preserves more low-frequency energy than the
f — k filter. This energy is related to low-frequency components of reflections since the

polarization filter is designed to maintain linear polarization and attenuate elliptical polar-
ization motions.

CONCLUSIONS

We have presented a polarization filter to extract surface waves from 3C seismic data.
The filter operates in the frequency-slowness domain as a mask on elliptic elements ob-
tained from the linear Radon model of the seismic data in the frequency domain. This
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FIG. 4. (a) f — k filter mask with v; = 100 (m/s), vo = 200 (m/s), v3 = 600 (m/s), and v4s = 1000
(m/s). (b) Polarization filter mask F(f,p) with fiet = 10 Hz, pres = 1/750 s/m, ay = 1, a, = 10*, and
ap = 12.

filter differs from existing polarization filters because it takes into account the three vari-
ables that model ground roll (frequency, velocity, and polarization) while existing filters
normally take into account two of them (frequency and polarization). The results obtained
with real data show that this polarization filter can extract the surface waves and clean the
body-waves reflections. Compared to f — k filter, the proposed polarization filter does al-
low to preserve low-frequency energy that is useful for the estimation of velocity models
in seismic inversion. In this work, we only used the semi-minor axis to design the filter
mask. However, additional elliptical elements can be included in tailored filters for dif-
ferent events, for instance, events with a specific incidence angle such as scattered surface
waves.
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FIG. 5. Multicomponent shot gather of (a) raw data after a gain correction of ¢2, (b) filtered data
with the f — k filter, and (c) filtered data with the 3C polarization filter based in Radon transform.
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FIG. 7. Spectra of seismic data of raw data (black), filetered data with f — k& filter (blue), and 3C
polarization filter based in Radon transform (red). (a) Vertical component, (b) Radial component ,

and (c) Transverse component.
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