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Summary

Near-surface scattering can contaminate the arrival of
energy from target reflectors. = We describe a 3D
imaging method, as a multi-channel alternative for
short-wavelength static corrections, that is tested on
laboratory data, excited and monitored with a computer
controlled, non-contacting system. Application of the
algorithm improves the continuity of arrivals that have
been disturbed by a cavity in the surface of the models.

Introduction

When a wave front travels through a complex overbur-
den, it is disturbed by scattering from heterogeneities.
For a detailed structural image of the deeper subsurface
it is important to minimize these disturbances in arrival
time and amplitude of upcoming reflections. Currently,
residual static correction methods correct for rapid
variations in arrival times of a reflector, but these
techniques are based on a model that assigns the same
uniform time shift to each trace from a distinct surface
location (Wiggins et al., 1976, e.g.), assuming vertical
ray paths through the overburden. Such corrections are
usually referred to as time- and surface-consistent cor-
rections (Taner et al., 1974). Although statics techniques
are based on this simple (transmission) model of the
subsurface, they can be effective in many cases, but in
a strongly heterogeneous shallow subsurface, this statics
model breaks down (Combee, 1994, e.g.). Neglecting
(multiply) scattered waves, like in the static assumption,
can degrade the high-frequency content of the data,
due to destructive interference of rapidly varying traces
during stacking. We estimate a surface impedance distri-
bution of the region directly under the receivers from one
particular event and subsequently predict and subtract
the scattered energy for the entire record, improving
resolution of the target reflectors. This method is based
on an integral-equation formulation of the scattering
process near the surface. We present examples based on
laboratory models, where we excite and measure wave
fields that are scattered at the near surface. With our
non-contacting data acquisition, receiver intervals are
less than the dominant wavelength, allowing us to filter
in the wavenumber domain, like the dense receiver arrays
that are currently being tested in exploration geophysics
(Baeten et al., 2000).

Scattered noise model

The objective is to obtain an estimate of the complete
wave field without scattered energy from near-surface
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heterogeneities. On account of linearity of the elastic
wave field, the wvertical velocity component wv(x,t),
measured at position x = (z,y,2) and due to a fixed
vertical point source of force type can be written as

v(x,t) = 00(x,t) + v’ (x,t). (1)

Here, v is the measured field, v° is the field that would
have been measured if the overburden were homogeneous
and v' is the part of the wave field that accounts for scat-
tering from heterogeneities close to the acquisition sur-
face. Thus, we want an estimate of v°. Our approach is to
find the scattered noise, v', and then subtract it from the
data as in Equation (1). From the elastic wave-equation
for particle displacement, we can derive an approximate
integral representation for the scattered noise in terms of
the vertical component of particle velocity, measured at
the surface zo:

Ul(En Z0,0J) =

[ = Anw)ol s 20, (@)
X ex

where u€ is the vertical component of the Green’s dis-
placement tensor, due to a vertical point force. Horizon-
tal position is denoted by x; = (,y), z1 is the scattering
depth and Az = 29 — z1. The impedance distribution is
denoted by o; w is angular frequency. The surface X is
the area occupied by the receivers (i.e. the acquisition
surface). If the scattering takes place close to the surface
(21 = 20), we can approximate the field at z; by the field
recorded field at depth zo. We can calculate the scattered
field v' once we know 0. Note that the integral is over
a surface and we thus express scattering by a scattering
volume in terms of a surface impedance distribution. The
validity of this assumption for scattering of surface waves
close to the surface is investigated in (Blonk and Herman,
1994). To account for variations in the actual depth of the
scatterers we allow the impedance distribution to depend
on frequency.

Inverse scattering

Suppose the data contain many reflections from deeper
layers. All these events excite surface waves at the same
heterogeneities close to the acquisition surface. This
implies that we can use the scattered energy from a single
event to estimate the impedance distribution and use it
to predict the scattered energy on every reflection using
Equation (2). In fact, this is comparable to residual stat-
ics methods, where one selects a strong reflection event
from the data, to derive the time-shifts for each trace
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separately. Instead of this single-channel operation, we
now select one event to derive an impedance distribution
to estimate the scattered energy (i.e. a multi-channel
operation).

First, we select an event:

v(x,t) =d(x,t) +r(x 1), 3)
where v are the data, d is the selected event and r denotes
the rest of the data. Selecting d can be done by time
windowing. The window should be long enough to include
scattering tails but it should not include other events.
Next, we decompose the strong event d(x, t), in a similar
way as in Equation (1):

d(x,t) = d°(x,t) + d' (x, 1). (4)

Here, d° is the field in the near surface that would exist
without scattering and d” is the scattered field, excited by
the incident field being scattered from heterogeneities in
the near surface. The scattered energy can be obtained
via spatial filtering. This is discussed in more detail in
the following examples. The impedance model is obtained
from back-propagating the near-surface scattered energy
with the Green’s function. The impedance distribution is
determined by minimizing an L?-norm, using conjugate
gradient. To set up the minimization scheme, we write
Equation (2) for a single event, in the form

d' =Ko, (5)

where o is the surface impedance distribution and the
operator K is defined as

{KU}(XM 20, UJ) =

[ A )0, 1, w)d( 3, 0)dx. (0)
X'es

We then minimize the squared difference between the

observed scattered field and the reconstructed scattered

field, regularized by the norm of the distribution of scat-

terers:

|ld* — Kol|?
[l []?

where the size of A determines the penalty on the norm of
the distribution of scatterers. By assumption, the scat-
terers are close to the surface so that in Equation (6),
we can substitute the field at depth z; with the field at
20, leaving o the only unknown. In contrast to Born-
type imaging methods, this method accounts for multiply
scattered waves.

F= + X, (7)

Description of experiment I

In the Physical Acoustics Laboratory at CSM we measure
the wave field on the surface of an aluminum block,
excited by a pulsed infrared laser. We focused the laser
beam on a line to create a line surface wave source. This

SEG International Exposition and Seventy-Third Annual Meeting

NS oo
dimensions in mm Seattore
s

'm Wﬁ%

ﬂ?ﬂ’uﬂ"

n
3

auil eep |

,,,,,,

o0
005

8 h

3 g
Soar
o0e-

- o

B

# - T

cavity

N\
—

Fig. 1: (left) Top view of the aluminum block with cavity. The
light shaded area is the area covered by the receivers. The
source width (dark shade) is 0.5 mm. (right) In-line panel of
the data. Events have been identified.

wave front is scattered by a cylindrical cavity with a
diameter of 2 mm and a depth of 3 mm, which is also
roughly the size of the dominant wavelength. The wave
field is detected using a scanning laser interferometer
that measures the vertical component of the particle
velocity on the surface of the model via the Doppler
shift (Scales and van Wijk, 1999). Traces are recorded
at 0.25 mm intervals, which implies about 10 samples
per wavelength. The left panel of Figure 1 is the top
view of the experimental configuration, while the right
panel is an in-line panel of the 3D data set, with several
surface-wave events and a body wave (P-wave) identified.
The quality of these data is such, that no pre-processing
is required.
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Fig. 2: (left) Part of the direct Rayleigh wave (event d in the
text). This event is used to derive the scattered energy dl.
(right) Separated scattered energy, d!, using a wavenumber-
frequency domain filter.

Results of Experiment I

We use data from Experiment 1 to validate the algorithm.
First, we select an event by time windowing; in this case
the direct Rayleigh wave with the energy scattered by
the cavity, plotted in the left panel of Figure 2. We
separate the incoming (d°) from the energy scattered by
the cavity (d'). To do so, we exploit the near-planar
character of the incoming wave. Since a two-dimensional
spatial Fourier transformation maps a plane wave to a
point in the wavenumber-frequency domain, we can use
this to separate the incoming plane wave from its local
perturbations. These perturbations are attributed to the
presence of the cavity. The separated scattered field d*
is shown in the right panel of Figure 2.
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Fig. 3: (left) The ghost Rayleigh wave. (middle) The predicted scattered field, excited by the ghost. (right) The ghost Rayleigh

wave, after removing near-surface scattering.

Next, we estimate the impedance distribution using
Equation (7) and an independent estimate of the
background velocity of the surface waves in aluminum.
From the data, we estimate that crk = 3000 m/s. A
top-view of the estimated impedance distribution at
t = 0, for the entire 3D data volume, is shown in the left
panel of Figure 6. The circular shape of the impedance
distribution, slightly to the left and down from center,
represents the actual shape and location of the cavity.
Anomalies in the right corners of the figure are due to
local data quality issues. Having obtained an estimate
of the spatial impedance distribution from the direct
Rayleigh wave, we calculate the scattered wave field v*
for a different event. This event has not been used for
determining the impedance distribution, and therefore
prediction of the scattered field is a good test of the
method. We select the Rayleigh wave that is reflected by
the end of the aluminum block behind the source. We
call this event the “ghost,” shown in the left panel of
Figure 3. The predicted scattered field is shown is in the
middle panel. Finally, we obtain the wave field minus the
scattered energy from Equation (1), shown in the right
panel of Figure 3. We observe that the scattering has
been effectively removed and continuity of the reflector
has increased.
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Fig. 4: (left) Side-view of the two-layered model with cavity.
(right) Seismogram through the cavity from left to right.

Description of experiment 1T

In order to simulate an upcoming reflection, Experiment
2 involves a transmission model. Body waves are ex-
cited at the bottom of a two-layered model, where an
aluminum layer is topped by a Lucite layer, in which we
drilled a 2-mm wide and 3-mm deep cavity. When the
body waves reach the surface, energy is scattered at the
cavity. We record the wave field in a 4 cm? region, at 0.1
mm intervals. Compared to Experiment 1, these data
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are further complicated by the fact that they contain
multiples from the layer boundary and reflections from
the sides of the aluminum block as depicted in the
side-view in the left panel of Figure 4. Data through the
cavity show the multiples between the layers, reflections
from the sides, all scattered by the cavity (right panel of
Figure 4). Some pre-processing was required in order to
improve the signal-to-noise ratio.
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Fig. 5: (left) The first upcoming event from the data. (event d
in the text). This event is used to derive the scattered energy
d'. (right) Separated scattered energy, d', using a narrow
wavenumber-frequency domain filter.
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Results of Experiment II

The data in Experiment 2 present a more challenging
test for the method because of the multiples and the
interfering reflections from the sides of the aluminum.
Apart from the pre-processing of these data, the algo-
rithm is applied in the same way as in Experiment 1.
Again, we start by selecting a clear event. In this case
we select the first upcoming reflection, shown in the left
panel of Figure 5.

We separate the incoming (d°) from the energy scattered
by the cavity (d'), using a narrow wavenumber- frequency
domain filter. The separated scattered field is shown in
the right panel. Using the surface-wave velocity in Lucite
(cr = 1000 m/s), we estimate the impedance distribution,
shown in the right panel. Figure 6 is a top-view of the
image at the surface for the entire 3D data volume. The
dimensions and location of the image are in agreement
with the actual cavity in the Lucite. Finally, we predict
the near-surface scattered field in the rest of the data. In
the left panel of Figure 7 we show part of a line crossing
through the cavity, minus the first event used to construct
the image. Thus, the data shown in the left panel of Fig-
ure 7 were not used to derive the impedance distribution.
Because the surface-wave velocity may not be accurately
known, the desired result may contain residual tails from
surface waves, but these can be removed by dip filtering.
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Fig. 7: (left) Part of the rest of the record. (middle) Same as in (left) but after dip-filtering to attenuate surface waves. (right)
Rest of the record after subtracting near-surface scattered energy and after dip-filtering.
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Fig. 6: (left) Top view of the image at ¢t = 0 for the surface
wave experiment, showing the right position of the cavity and
two irregularities in the aluminum, at the right corners. (right)
Same for transmission experiment.

In order to make a comparison between the data before
and after applying the algorithm, we have used a d1p filter
on the input data v as well as in the output data v°. The
filtered input data are shown in the middle panel of Fig-
ure 7. Obviously, the dip filter only removed the flanks of
the surface waves, but not the apices, which have higher
apparent velocities and were therefore unaffected by the
filter. Especially this part of the surface waves is im-
portant to remove, because it is the interference between
surface wave scattering and the incident field that dimin-
ishes the quality of the target reflector. The output v°
after applying the same dip-filter is shown in the right
panel of Figure 7. We conclude that the algorithm has
improved the continuity of the reflectors.

Conclusions

We discuss a prediction-and-removal algorithm to at-
tenuate strong near-surface scattering from seismic
data. Using data from a laboratory-scale surface wave
scattering experiment, we are able to estimate a surface
impedance distribution from the direct Rayleigh wave
and use this impedance to predict the scattered field
excited by the ghost Rayleigh wave. By subtracting the
predicted scattered field we restore the continuity of the
ghost, while it was not used to estimate the impedance
distribution. A similar test on a more challenging multi-
ple scattering experiment also gives promising results.
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