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amplitude back-scattered associated with roughness topography, which obscure reflectors from deeper

layers. To remove this back-scattered noise, filters have been applied getting satisfactory results for
smooth topography and short offsets, but in general conventional methods yield unsatisfactory results. We
applied an approach based in prediction and subtraction of the unwanted noise to attenuate it.

T he seismic records of Colombian foothills are usually noisy and contaminated by coherent and high

The extracted source signature of each record and the shallow velocity model were input to the finite element
software to model the acoustic wave equation, obtaining the back-scattered noise in each record. Each output
was subtracted from its corresponding record, attenuating noticeably the noise. The procedure was applied
in the shots records of a foothill seismic line providing an improved image of the stacked section after time
processing. The software had been previously tested on synthetic data giving promising results.
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os registros del drea del piedemonte colombiano estédn generalmente contaminados con ruido de

gran amplitud asociado a la topografia, que oscurecen los reflectores de interés. Este ruido se intenta

eliminar mediante filtros, lo cual funciona para topografia suave y offsets mdés cercanos, pero en
general los métodos convencionales suministran resultados desalentadores. Hemos aplicado un método
basado en la prediccion y sustraccion de este ruido con el fin de atenuarlo.

La ondicula extraida de cada registro y el modelo de la capa somera, son alimentados a un programa
hecho en elementos finitos que modela el comportamiento de la onda acustica y suministra la respuesta
de la capa somera. Cada salida se sustrae de su correspondiente registro de donde se extrajo la ondicula,
logrando un registro y una atenuacién notable en él.

Este procedimiento se aplicé a una linea sismica de piedemonte, obteniéndose una mejor imagen de la
seccién apilada. El programa habia sido previamente probado en datos sintéticos suministrando resultados
promisorios.

Palabras claves: ruido, piedemonte, atenuacién, modelamiento, topografia rugosa, capa meteorizada.
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REMOVAL OF TOPOGRAPHY-SCATTERED NOISE

INTRODUCTION

Colombia has largely focused its oil exploration
in foothill areas, which are characterized by complex
geology, rough topography, large variations in surface
elevation and variable near-surface velocity. Com-
pared with areas of milder topography changes, the
foothill seismic images are usually poor, pointing the
influence of topography and near-surface conditions in
image quality. These noise distortions affect phase and
amplitude content of the signal, causing severe stack
attenuation and making poststack recovery difficult.
The waves reflected in the surface behave as multiples
in the weathering layer, behaving like a high amplitude
and coherent noise in seismic records. Since velocity
contrast is usually large at the near surface, acoustic
impedance contrast is large as well, what accounts
for the noisy events to be large-amplitude and to be-
come trapped in a guided-wave fashion. Due to their
large amplitude and time extent, this noise overlay
the information from deep reflectors. To remove this
unwanted events procedures like frequency filtering
and multi-channel (f-k or t-p) filtering or predictive
deconvolution, are often used. However, the non-re-
petitive character of the back-scattered noise arisen
from the complexities in its generation and wave be-
havior in near surface layers, make those techniques
got poor results.

Recent approaches have been considered to tackle
this problem (Ernst et al., 2002; Guan et al., 2000;
Fu et al., 1999; Campman et al., 2003), a strategy
in the same direction was presented before, getting
appreciable noise attenuation on shots (Montes et
al., 2003). The main goal is to predict and subtract
the noise from contaminated data, the back-scattered
noise prediction is accomplished in a wave theoreti-
cal fashion by finite-element, acoustic wave-equation
modeling. Irregular and rapid variations in surface
elevation are involved in the generation of the wave
phenomena we want to study, so those variations
should be accurately included in our implementation;
a finite-element formulation is particularly suited to
the representation of irregular model features and is
therefore a very convenient choice for our purposes.
Due to its deterministic nature, this procedure is
founded on the assumed knowledge of:
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- A velocity model for the surface and shallow
earth.

- The source signature; furthermore, the scalar wave
equation is used, so that density information is
not needed.

We also assume that the coherent noise events of in-
terest are generated only from wave propagation in the
shallow near surface, so that those can be isolated from
other events in the data, and in particular information
from deeper layers need not to be included in the ve-
locity model. Also from that assumption, simulation of
wave propagation in such a model provides a prediction
of the coherent noise which could then be subtracted
from the data to obtain a noise-free record.

The algorithm had been tested and validated in
a controlled experiment on synthetic and field data
from a foothill area in Colombia (Montes et al., 2003).
The shallow earth model was obtained by first-arrival
tomography and the source signature was estimated by
wavelet extraction from each field record. In both cases
noise was noticeably reduced.

In the seismic data line, the image of deep reflectors
was improved in the stacked section, after application
of the method.

WAVE EQUATION AND FINITE ELEMENTS

The Finite Element method (FE) is widely used and
accepted for the numerical solution of differential equa-
tions of the mathematical-physics. As noted above, a
finite-element algorithm was chosen for our implemen-
tation for the convenience of accurately representing the
irregular variations of the surface topography that it is
essential to our purpose of modeling wave phenomena
associated to the presence of those irregularities.

The FE method first discretizes the model intro-
ducing a grid in space formed by a set of related ele-
ments.

The well known Helmholtz's wave equation, that
governs the behavior of compressive waves, is trans-
formed using the Galerkin’s matrix formulation in space
and second order derivative in time, into a system of
equations calculating the contribution of each element
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to the whole system and placing the value into their
correct positions within the final system of equations
(a more detailed explanation can be found in specific
textbooks, i.e. Zienkiewicz, 1992):

Mit+ K{up={f} (1)

Here M and K are called the mass and stiffness
matrices respectively, {f} is the source vector, {u} is
the unknown field vector, which in our case is acoustic
pressure differential and {ii} denotes its second time-
derivative. The mass matrix initially was not diagonal,
but it was convenient to use the lumped mass matrix
to increase the efficiency. Equation 1 contains one
row for each element of the model. A grid in time
with points ¢,=nAt is introduced representing {u/n
the value of the field at n time sample. We assumed
in the topography surface a free surface boundary
condition {u}! = 0 and initial conditions u(x,0)=f{x)
and Ou/0t=0.

On an element with m nodes the field is expressed
by {u} = ZZI N.u;, u; is the field value on i-node and
N; the corresponding shape function.

The contribution from e-element to the coupling of
node local i and j to the global system mass matrix is

M; = J’ N,N,dQ and the similar contribution to the global
system stiffness matrix is given by K = chVN,. -VN ,d,
where Q) denotes the e-element in physical coordinates
(Zienkiewicz, 1992).

According the implicit forward Euler scheme, Equa-
tion 2 can be written as:

ol =200 ey 2

o Ar?

K= {7y
(2)
Manipulating Equation 2, it can be transformed on
a more computationally attractive form and the set of
linear equations now can be solved at each time step

providing the following discrete solution (Langtangen,
1996):
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3

n

With a lumped M, the extreme right term of Equa-
tion 3 becomes trivially computed.

Equation 3 expresses {u} in terms of the known
fields one and two time steps earlier, representing a re-
cursive procedure for n > (. When n=0 we need to take
the established initial conditions into account, which
results in {u}-! = {u}0. Using this result to eliminate
{u}-1 gives the following formula that must be used for
the first time step:

Wl =wo-osal Mk )

To simulate equation, the algorithm must set the
initial conditions (4) and compute the field at each time
level using Equation 4 recursively.

The algorithm was implemented in a C++ code
under Diffpack 1.4, which is a public-domain version
of the Diffpack package, from the University of Oslo
(Langtangen, 1999). A prototype code by Langtangen
(1996) was used and modified to fit our purposes. The
code simulates waves in a variable-velocity medium
with a velocity model and a source signature as input.
To minimize run time and computer memory usage,
the program only keeps and stores in external output
the field values in those nodes defined as receiver
positions.

METHODOLOGY

Because backscattered noise is generated by a
specific mechanism associated to topography and
shallow layers it is possible to model the noise present
in the data set. Thus the removal of noise approach
becomes a two step process: modeling and then
subtraction of the modeled noise events from the input
gather. The proposed method and the algorithm were
applied to field data from a 2D seismic line acquired on
a foothill area in Colombia. The acquisition parameters
for this line includes a 15 m group interval, 45 m
shot interval, 7,5 m shortest offset, split spread, 2 ms
sampling rate and a 5 s total record length. Due to
limitations in the available computational capabilities,
the data included in the experiment was limited to 24
shots, 66 receivers and 1 s trace length.
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The first methodological step intends to estimate the
shallow velocity model from surveyed data; the model
may include the most top layers, but in this particular
research just one stratum was considered, representing
the weathering layer. A former model was obtained
from conventional refraction statics flows provided
with ProMAX, which considers uphole-time data for
the estimation of velocity in the weathering layer, later
this shallow velocity model was refined by first-arrival
tomography using GLI3D software.

With the anterior information a finite-element
velocity model was built as shown in Figure 1, it
represents the surveyed surface elevation and the
estimated weathering layer thickness obtained before,
placed over a semi-infinite homogeneous media with a
constant velocity value equal to replacement velocity.
The build model is represented by a grid with 27322
nodes and 36787 rectangular elements, each one with
sides Ax = Ay =17,5 m, this value together with velocity
values satisfied Courant condition needed to guarantee
the stability in algorithm performance.

om 500m 1000 m
[ 1500m/s  [] 2000 m/s

Figure 1. The model with rough surface topography measured and
the weathering layer estimated by tomography on top of a semi-
infinite medium

The second step tries to estimate source signature for
each shot considered as a minimum-phase wavelet and
being extracted from a subset data of the corresponding
common shot gather. Since the field records were heavily
contaminated with ground-roll, for this procedure the
data was preconditioned by application of a zero-phase
bandpass filter in the 15-60 Hz frequency range.

In the third step the extracted source wavelet and
the constructed finite element model, including velocity
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field, are input to the mentioned program simulating
the acoustic wave propagation in the zone, furnishing
a register of the shallow model response.

Finally, in the fourth step the register of the shallow
model response is numerically subtracted trace by trace
from the raw shot, providing a shot free of weathering
layer response, one of this kind of shot obtained is seen
in Figure 2.

Figure 2. A shot record from a seismic line in a rough-topography area
showing contamination with strong back-scattered noise

Only 24 shot records with the same acquisition ge-
ometry of seismic line were generated using the finite
element modeling code, with the sources located 7,5 m
below the topographic surface. Each generated record
was subtracted, as mentioned above, from the corre-
sponding field record, furnishing a clean shots set.

At the end, the data set with the 24 original records
and the output data set containing the 24 correspond-
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ing clean records were processed separately applying
the same conventional ProMAX flows obtaining two
stacked sections. Figure 4 shows the stacked section ob-
tained by conventional process flows, otherwise Figure
5 display the new contrasting stacked section provided
by the same process but feed with the cleaned data set.

DISCUSSION

An anterior work showed promissory results clean-
ing Colombian foothills records contaminated with high
amplitude noise (Montes et al., 2003).

Recalling those mentioned results, Figure 2 shows
a field records strongly contaminated with coherent
noise. There, the back-scattered noise is not prevalent
over the whole record since other noise events like

ground-roll are also observed; no clear reflections can
0 10 20 30 40 50 &0

Figure 3. The same shot displayed in Figure 2 after the generated
shallow layer signal was subtracted, a better definition of continuous
events is observed
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be seen in the data. The same record after the modeled
response from the near surface and the topography has
been subtracted is displayed in Figure 3. It looks dif-
ferent from the original data: since the back-scattered
noise has been attenuated the ground roll is now domi-
nant, and the first arrivals are more clearly observed,
but also no clear reflection events can be seen. Here,
similar results were obtained on the others records of
the original data set.

A further comparison is presented between the
stacked section obtained from the original data in Fig-
ure 4, and that obtained using the data after application
of the subtraction procedure in Figure 5. At 920 ms a
continuous reflector crossing the section from left to
right is enhanced in Figure 5, not visible in the Figure 4.
It limits an upper layer not clearly seen before. Besides
that, the whole stacked section now looks clean with
sharper reflector appearance.
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Figure 4. Stack section before application of the noise-elimination
method, showing no continuity reflectors and on top low frequency
signals
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Figure 5. Stack after applied the method, looks clean of noise with
better continuity of reflectors

A second layer below the anterior, based at 1230
ms, shows a pack of parallel reflectors, showing the
recovering of overlapped information not evident in
Figure 4.
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Because the predictive and subtract nature of the
approach, it does not modify the phase and amplitude
spectra of overlapped information, increasing the con-
tent of information available in each seismic record.

The methods used in conventional processing
routines usually diminish the procurated signals and
modify its spectra contents, trying to eliminate the
phenomena analyzed here. The main reason for those
methods failure, is the non-repetitive character of the
back-scattered noise events.

It can be seen that the method has worked to improve
the quality of the stacked section. The image of the sub-
surface is cleaner when the shot records are processed
with the approach analyzed here. First, in the definition
of reflections not present in the original section, second,
in the improved continuity and character of several of
the reflections and finally, in the attenuation of the noise
observed in the shallow part of the original section.

CONCLUSIONS

Coherent and high amplitude noise generated from
back-scattering in the surface topography is often
present in land seismic data from rough-topography
areas. The presence of those events commonly ob-
scures the information of most interest from deeper
layers, deteriorating the quality of the seismic im-
ages.

To attenuate this noise in data acquired in such a
hostile area for seismic activities, a method founded
in the solution of the acoustic wave equation by a
finite-element approach is suggested. Application
of the method indeed results in elimination of noise
and improvement of the quality of the seismic im-
ages in rough-topography areas, as demonstrated on
field data from Colombian foothills. Extension of
the method to elastic and 3D cases is envisaged; in
the elastic case, hopefully ground-roll can also be
accounted for and hence attenuation of this kind of
noise can be attempted.

The method presented and the algorithm used here
result in correct phase alignment, enhanced stacking
fidelity and broadened signal bandwidth; making
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plausible to interpret and map subtle stratigraphic
plays in Colombian foothill zones.

Some noise residuals can remain due to the non
perfect matched model. However, according stacked
section obtained, these residuals are smaller than
those provided by methods already available.
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