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Suddenly a thought would wander across his face with the freedom of a bird,
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Chapter 1

Introduction

1.1 Influence of near-surface conditions on land seismic
data

The seismic reflection method has long been used as one of the most effective tools in the
search for oil and gas. The interpretation of a seismogram is therefore primarily directed
to structural or stratigraphic features of the subsurface, and for the more subtle interpre-
tation of what occupies the pore space of potential subsurface reservoirs. However, since
most seismic data are acquired at or close to the Earth’s surface, the interpreter must be
aware of the influence of near-surface conditions on the acquired seismic data.

This is especially important when near-surface conditions change within a given sur-
vey. This situation is characteristic for land seismic settings, where the near-surface
weathered layer is usually characterized by low and highly variable velocities and high
attenuation levels (Cox, 1999), and where the coupling of neighbouring seismic sources
or receivers can vary greatly even across similar ground or near-surface conditions. These
changing near-surface conditions bias the information which is obtained on the subsur-
face.

We divide the influence of the near-surface into two categories: (i) near-surface wave
propagation, and (ii) wavefield acquisition (see Figure 1.1). Acquisition effects depend
on the material properties close to the sources and receivers which influence the wavefield
excitation and measurements, and on variability in the techniques used to couple sources
and receivers to the ground; near-surface wave propagation on the other hand comprises
the delaying and distorting effects of the near-surface on the wavefield. A fundamental
difference between acquisition and near-surface effects is that variations due to acquisi-
tion effects can influence wavefield measurements on a sub-wavelength scale, whereas
wavefield propagation variations due to near-surface effects are usually only significant
over length scales of the order of a wavelength.

It is important to realize that the near-surface effects influence both processing and
interpretation of the wavefield. In conventionalP -wave imaging for example, the aim is

1
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Wavefield acquisition

Wavefield excitation

Near-surface effects

Wave propagation

Wavefield measurement

Figure 1.1: Categorization for near-surface effects on land seismic data. We distinguish
near-surface wave propagation from acquisition effects. Wavefield acquisition comprises
both wavefield excitation and wavefield measurement.

to create a zero-offset section consisting of primary compressional reflections only. In
order to create such a section, ground roll, multiples, and converted waves have to be sup-
pressed. Since the performance of multichannel filter operations, which are commonly
used to remove ground roll and multiples, deteriorate in the presence of source and re-
ceiver perturbations, it is important to compensate appropriately for such variations early
in the processing sequence (Kelamis and Verschuur, 2000). Furthermore, the near-surface
effects could potentially lead to misinterpretations, e.g. amplitude-versus-offset (AVO)
trends can be altered by these changes in near-surface conditions (Castagna and Backus,
1993). We now introduce the two main near-surface effects in turn.

1.2 Near-surface wave propagation

Near-surface wave propagation is important because strong near-surface velocity con-
trasts are commonly encountered in land seismic surveys. BothP - andS-wave velocities
may change by nearly an order of magnitude across the interface defining the top of the
bedrock, andP -velocities change up to 100 % across the top depth of total water satu-
ration, i.e. the water table (Stümpel et al., 1984; Goforth and Hayward, 1992). Conse-
quently, the near-surface low velocity layer may act as a waveguide in which energy may
propagate over long distances with little loss due to geometrical spreading. This could
mask reflections from a deeper target (Hunter et al., 1984; Robertsson et al., 1996). Fur-
thermore, the near-surface is often very heterogeneous, resulting in scattering of seismic
energy. Thus, near-surface wave propagation is usually very complex, and variations in
this structure often cause data perturbations of a similar magnitude to the target signal
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Figure 1.2: Traces of the horizontal componentvx (a) and vertical componetvz (b) of
the particle velocity acquired in a land seismic experiment at different depths. The traces
labelled (1) and (2) are acquired at the free surface, 0.30 m apart, trace (3) was acquired at
0.50 m depth, and trace (4) at approximately 1.0 m depth, between the horizontal locations
of (1) and (2).

(e.g. Goupillaud, 1961).
The complexity of near-surface wave propagation is illustrated with a field data exam-

ple. Figure 1.2 shows traces of horizontal and vertical component recordings which are
acquired at the free-surface, at 0.50 m depth, and at approximately 1.0 m depth, respec-
tively. The large differences between the recordings are caused by interfering waves in
the shallow near-surface. These cannot be caused by acquisition-related effects because
the measurements obtained at the surface can be related to the measurements obtained at
1.0 m depth using the Haskell-Thomson propagator formalism (Thomson, 1950; Haskell,
1953; Gilbert and Backus, 1965). This formalism describes the propagation of plane
waves through a horizontally layered medium. Thus, we can explain the observed rapid
variations in the wavefield with a relatively simple model for plane wave propagation pro-
vided we know the near-surface material properties that control how the waves propagate.
As indicated by Goupillaud (1961), accurate knowledge of these near-surface material
properties is essential to compensate recorded data for effects of near-surface stratifica-
tion.

1.3 Acquisition effects

Acquisition effects comprise differences in source repeatability and in both source and
receiver coupling. The source strength and signature depend on the deformation in the
near-source field, and therefore depend on the (an)elastic properties of the soil (Kähler and
Meissner, 1983; Aritman, 2001). Consequently, for identical sources located in soft soil
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Figure 1.3: Example of raw field data. (a) Common source gather and (b) common re-
ceiver gather with identical trace scaling. The traces have been scaled with a ramp in offset
to ensure that the traces are more balanced in amplitudes (data courtesy of WesternGeco).
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Figure 1.4: Example of a common source (a) and common receiver (b) gather.

and hard rock, respectively, the source strength and signature will differ significantly. This
effect is referred to as source coupling. Therefore, marine seismic data are generally of
better quality than land seismic data, since uniform elastic properties of seawater provide
consistent source coupling. For land data on the other hand, the near-surface is often
characterized as a zone with low velocities and highly variable elastic material properties,
resulting in differences in source strength and signature.

Receiver coupling is the difference between the ground motion measured by the geo-
phone and the motion of the ground without the geophone. This includes effects of the
weight and shape of the geophone, and of the contact of the geophone to the ground (Drij-
koningen, 2000). Coupling differences between geophones can be mainly attributed to the
geophone-ground contact, i.e. differences between a well-planted geophone and a badly
planted geophone, and this is inherently related to the firmness of the soil (Krohn, 1984).

We illustrate the influence of acquisition effects with traces recorded in a common
shot and a common receiver gather (Figure 1.3). Figure 1.4 schematically shows the
traces which are collected in these gathers. A common shot gather contains recordings
of one physical experiment, i.e. one source and an array of geophones, whereas a com-
mon receiver gather contains records of multiple shots collected at one single receiver.
The traces in the considered common receiver gather are reciprocal to the traces in the
corresponding common source gather: that is, these traces are obtained with source and
receiver positions interchanged.

If we assume that reciprocal conditions (Knopoff and Gangi, 1959; White, 1960) are
satisfied, we can attribute the differences between the normal and reciprocal recordings to
the acquisition effects. In that case, the medium response is identical for both the normal
and reciprocal recordings.

However, several differences can be observed between the traces in the common shot
and common receiver gather (Figure 1.3). First, in the common receiver domain the am-
plitudes of the recorded traces are dramatically reduced for surface locationsx beyond
600 m. Figure 1.5 shows that these changes are correlated to differences in near-surface
material properties. At surface locationx = 600 m, the near-surface material proper-
ties change from moist-to-wet sediment to dry sand. This alters the source strength and
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Figure 1.5: Surface topography and indication of near-surface material properties (Cour-
tesy of WesternGeco).

signature of the explosive source used for generating these data. At the receiver side,
the recordings do not show a pattern which is correlated to the changes in near-surface
conditions.

Second, for the first 50 traces, the trace-to-trace consistency is better in the common
receiver domain, indicating that the receiver terms vary more rapidly laterally. As a result,
the reflection hyperbolas between 0.20 and 0.30 s and 0.60 and 0.80 s can be identified
more easily in the common-receiver domain than in the common shot domain.

1.4 Outline of the thesis

The examples for the near-surface wave propagation and acquisition effects indicate that
both effects have to be taken into account during the data processing, and that their influ-
ence on the processed data have to be understood by the interpreter.

In order to better understand the effects of near-surface heterogeneities on the recorded
data, we first aim to obtain estimates for near-surfaceP - andS-wave velocities. How-
ever, sensitivity for these material properties is usually poor within the seismic frequency
band when only geophones are deployed at the free surface. Therefore, we used a three-
dimensional geophone configuration. In addition to measurements at the free-surface, we
also used data acquired at shallow depth. In Chapter 2, we discuss three different methods
for estimating near-surfaceP - andS-wave velocities which are based on inversion of the
wave equation.

In Chapter 3, we continue with a field data application of one of these methods, which
is based on the Haskell-Thomson propagator formalism (Thomson, 1950; Haskell, 1953;
Gilbert and Backus, 1965). We refer to this method as propagator inversion. Results
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indicated that near-surface material properties vary rapidly with depth close to the free-
surface: we observed subsonic near-surfaceP -velocities in the top meter of the near-
surface, whereas the average velocity for the near-surface low velocity layer is well above
the sonicP -wave velocity.

In Chapter 4, we introduce a new method for correcting recorded data for source and
receiver amplitude perturbations. The method is based on reciprocity, and is applicable to
both single and multicomponent data. Furthermore, the corrections can be calculated with
either a part of, or the whole seismogram, and therefore, it can be implemented purely as a
data preprocessing step. This is an important characteristic of this method, because exist-
ing surface-consistent deconvolution techniques (Taner and Koehler, 1981; Levin, 1989;
Cambois and Stoffa, 1992; Cary and Lorentz, 1993) are applicable to primary reflections
only, and hence require other preprocessing to isolate these arrivals.

In Chapter 5, we apply this new method to a field data set acquired in Manistee
County, Michigan. This is an excellent test case for this method because changing near-
surface conditions degrade the quality of the recorded data (see Figures 1.3 and 1.5). Ap-
plication of the source and receiver equalization resulted in a significant improvement of
the signal-to-noise ratio, both on prestack and poststack data. Furthermore, the obtained
source corrections are correlated to changing near-surface conditions.
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Chapter 2

Propagator and wave-equation
inversion for near-receiver
material properties

Abstract

Near-receiver material properties are required for the separation of the recorded wavefield
into upgoing and downgoingP andS waves, and are also important for static time-shift
corrections. However, it is difficult, especially in land seismics, to obtain reliable esti-
mates for these local material properties using conventional techniques. We compare three
methods for estimating these material properties using a 3D geophone configuration. The
first two methods are based on inversion of the wave equation and can be used on almost
all of the recorded wavefield. However, they require that the wavefield is recorded by a
dense 3D receiver group to allow the computation of either spatial wavefield derivatives or
interpolants. The third approach is based on the inversion of the vertical wavefield prop-
agator. We present a procedure for estimating this propagator using only two multicom-
ponent geophones, one buried and one positioned at the surface. Propagator estimation
and inversion avoids the explicit computation of wavefield derivatives, and is therefore
less sensitive to measurement errors than both wave-equation inversion schemes. How-
ever, in the form presented it requires the identification of arrivals of incoming waves
that are isolated in time, and can only be applied to such data. Noise tests demonstrate
that the propagator inversion provides accurate estimates forP - andS-wave velocities
of a near-surface low velocity layer, and is robust with respect to signal-generated near-
surface reverberations. In case of a near-surface velocity gradient, velocities are obtained
which are consistent with effective medium velocities.

This chapter has been published as: Van Vossen, R., Trampert, J. and Curtis, A., Propagator and wave-
equation inversion for near-receiver material properties,Geophysical Journal International, 157, 796-812, 2004.

9
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2.1 Introduction

Most observations of seismic waves are made either at, or very near to the Earth’s surface.
Before reliable subsurface information can be retrieved from these recordings, corrections
are required for local near-receiver structure, since variations in this structure often cause
data perturbations of a similar magnitude to the target signal (e.g. Goupillaud, 1961). The
variability of the elastic properties close to the measurement surface is due to a variety
of geological processes and petrophysical properties, among them porosity, permeabil-
ity, fractures, the presence of fluids in pores, compaction, diagenesis and metamorphism
(Toks̈oz et al., 1976).

Variations in near-receiver elastic properties cause the following complications. First,
receiver static variations in the data are receiver-to-receiver traveltime anomalies which
occur due to the propagation of most of the seismic energy through the heterogeneous
shallow structure. Secondly, poor repeatability of the source signature and changes in the
source radiation pattern are also attributed to lateral changes in near-surface material prop-
erties (Aritman, 2001). Thirdly, lateral variations in free-surface reflectivity cause differ-
ences in the amount of reflected and converted energy. This results in amplitude pertur-
bations, especially on horizontal recordings (Kähler and Meissner, 1983). Decomposing
the recorded wavefield into upgoing and downgoingP andS waves allows an analysis of
these wavefields without the effects of any free-surface interaction (e.g. Dankbaar, 1985;
Wapenaar et al., 1990). However, to perform wavefield decomposition the free-surface
reflectivity, and hence local sub-receiver properties, need to be known.

Since conventional seismic data are acquired only at the surface, the problem of deter-
mining seismic subsurface properties is ill-posed. Curtis and Robertsson (2002) therefore
proposed to use dense 3D recording patterns to better constrain land seismic near-surface
velocities. The pattern consists of a single buried three-component geophone and several
surface geophones. The receivers are sufficiently close that spatial wavefield derivatives
can be computed. These derivatives are required to invert the equation of motion for local
material parameters. Robertsson and Muyzert (1999) originally introduced this recording
geometry to accomplishP /S separation by explicitly computing the divergence and the
curl of the wavefield.

In other research fields, e.g. medical imaging, several concepts to estimate local ma-
terial properties have been developed. Medical practitioners aim to estimate local mate-
rial properties since variations in mechanical properties of tissue often reflect early stage
pathology (Gao et al., 1996). Unlike in conventional seismic surveys, the displacement
field is measured throughout a tissue using ultrasound or magnetic resonance imaging
(MRI) based measurement techniques (Muthupillai et al., 1995). Quantitative elasticity
reconstruction is achieved either by comparing modeled stress to measured strain (Gao
et al., 1996; Van Houten et al., 1999) or by direct inversion of the observed displacement
field. For example, Romano et. al. (1998) and Oliphant et al. (1999;2001) have shown
that elastic properties can be estimated by localized inversion of the equation of motion.

We propose an alternative method to estimate local near-surfaceP - andS-wave ve-
locities. This method was originally proposed by Trampert et al. (1993) to estimate the
S-wave velocity structure and the quality factor in a borehole. This was achieved by esti-
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mating and inverting the verticalSH wavefield propagator derived from the spectral ratio
of a downhole data record over a surface data record. We formulate this approach for the
elasticP -SV case, and a strategy for inverting the propagator for near-surfaceP - and
S-wave velocities is developed.

Before discussing propagator estimation and inversion, we briefly review techniques
based on direct inversion of the wave equation, including those from medical fields. For
purpose of comparison, we illustrate the importance of two of the methods and our prop-
agator inversion method using signals perturbed by noise.

2.2 Wave-equation inversion

Oliphant et al. (1999; 2001) and Curtis and Robertsson (2002) proposed to constrain local
material properties by algebraic inversion of the wave equation. A Cartesian coordinate
system (x1 = x,x2 = y,x3 = z) is used with positive vertical directionx3 oriented
downwards. The particle velocity is regarded as a function of space and timet, and is
written asv = v(x, t). Overdots are used to indicate time derivatives (e.g.v̇ = ∂v/∂t
andv̈ = ∂2v/∂t2). The wave equation forv in a homogeneous, isotropic medium is then
given by (Aki and Richards, 2002):

v̈ = α2∇ (∇ · v)− β2∇× (∇× v) , (2.1)

whereα = [(λ+ 2µ)/ρ]1/2 is theP -wave velocity,β = (µ/ρ)1/2 is theS-wave velocity,
andλ andµ are the Laḿe parameters. Derivative conditions can be derived from the
constitutive equation and the free-surface boundary conditions. The constitutive equation
for a homogeneous, elastic medium reads:

σ̇ij = λ∂kvkδij + µ (∂ivj + ∂jvi) , (2.2)

whereδij is the Kronecker delta and∂k denotes the spatial derivative with respect to
coordinatexk. The summation convention applies to repeated subscripts. Boundary con-
ditions state that the tractionσi3 vanishes at the free surface fori = 1, 2, 3, although
in practice this is only an approximation, as air waves can exist. By settingσi3 = 0
at the free surface, we can substitute for vertical wavefield derivatives expressions with
horizontal derivatives:

∂3v1 = −∂1v3, (2.3)

∂3v2 = −∂2v3, (2.4)

∂3v3 = −
(
α2 − 2β2

α2

)
(∂1v1 + ∂2v2) . (2.5)

Curtis and Robertsson (2002) showed that the following system of equations is obtained
after substitution of the free-surface derivative conditions into the wave equation:

v̈1 = β2A1(t)− α−2β4B1(t), (2.6)

v̈2 = β2A2(t)− α−2β4B2(t), (2.7)

v̈3 = α2A3(t)− β2B3(t). (2.8)
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Figure 2.1: Geophone configuration for near-surface velocity estimation. The volumeΩ
bounded by surfaceΓ = Γb ∪ Γfs with outward pointing normal vectorn is used in the
variational formulation. Wavefield interpolation is performed along the dashed lines.

Expressions for the measurable coefficientsAi andBi are given in Appendix A.1. These
coefficients require the evaluation of spatial wavefield derivatives. A receiver group as
illustrated in Figure 2.1 allows the computation of these spatial and temporal derivatives
using finite-difference operators (assuming thatv2 = 0 and∂2v = ∂22v = 0). The
spatial derivatives can only be obtained accurately if the horizontal and vertical geophone
spacings∆x and∆z satisfy the following criteria:∆z ∼ λminz /6 and∆x ∼ λminx /6,
whereλminx andλminz are the minimum effective wavelengths in thex or z direction,
respectively (Levander, 1988; Muijs et al., 2002). Assuming that these spatial derivatives
can be calculated, equations (2.6)–(2.8) can be inverted forα andβ. The attractiveness
of this method is that it can deal with the complete wavefield (Curtis and Robertsson,
2002). On the other hand, it requires the computation of second-order derivatives which
are likely to be affected by noise and measurement errors (Muijs et al., 2002).

Romano et al. (1998; 2000) suggested to transform the wave equation (2.1) into an
integral equation to avoid the computation of spatial wavefield derivatives. This approach
is referred to as the variational formulation, and we present it for estimating local near-
surface material properties using the geophone configuration shown in Figure 2.1. Con-
sider a vector-valued functionw and a volumeΩ bounded by a surfaceΓ with outward
pointing normal vectorn (Figure 2.1). In Appendix A.2, we demonstrate that equation
(2.1) is equivalent to∫

Ω

dΩ w · v̈ =
∫

Ω

dΩ v ·wΩ +
∫

Γ

dΓ n ·wΓ, (2.9)

where

wΩ = α2∇ (∇ ·w)− β2∇× (∇×w) , (2.10)

wΓ =
(
α2 − β2

) [
w (∇ · v)− v (∇ ·w)

]
− β2

[
v · (∇w)T −w · (∇v)T

]
.

(2.11)



2.2 Wave-equation inversion 13

The surfaceΓ = Γb ∪ Γfs, whereΓfs is the surface ofΩ which coincides with the free
surface (see Figure 2.1). Because the vector-valued functionw can be chosen arbitrarily,
boundary conditions can be imposed onw to aid the computation of the integrals in
equation (2.9). If we assume that

w = 0 on Γb (2.12)

and

(∇w)T · n = 0 on Γb, (2.13)

the contribution of the surface integral alongΓb vanishes. The evaluation of the surface
integral alongΓfs requires the computation of first-order spatial wavefield derivatives at
the free surface. These are also needed for accurate wavefield interpolation throughoutΩ:
firstly, the wavefield and its horizontal derivative are interpolated along the free surface
using B-splines (Unser, 1999). Secondly, the vector gradient of the wavefield is obtained
using the free-surface conditions [equations (2.3)–(2.5)]. Next, the wavefield inΩ is in-
terpolated along lines from the surface to the buried geophone (the dashed lines in Figure
2.1). The interpolated wavefield is parameterized by second-order polynomials, which
are uniquely determined by the interpolated wavefield at the free surface, the directional
derivative at the free surface, and the wavefield at depth∆z. For sufficiently accurate
wavefield interpolation within volumeΩ, we found that, similar to the previous method,
∆z ∼ λminz /6 and∆x ∼ λminx /6. Finally, the surface and volume integrals are evaluated
using the trapezium rule.

Consider the following independent vector-valued functions:

w1 = (fw, 0, 0)T , (2.14)

w2 = (0, 0, fw)T , (2.15)

with

fw(xl, zl) =
(
x4
l − 2x2

l + 1
)

(zl − 1)2
. (2.16)

The local coordinatesxl andzl are related tox andz according to:

xl = 2x/∆xΩ, (2.17)

zl = (2z −∆zΩ) /∆zΩ, (2.18)

with ∆xΩ and ∆zΩ the lengths of the sides of volumeΩ. The local coordinates are
defined on the domainxl ∈ [−1, 1] andzl ∈ [−1, 1]. The functionsw1 andw2 satisfy
the boundary conditions [equations (2.12) and (2.13)].

We illustrate both methods with a 2D example. Synthetic data for a half-space model
are computed using the Cagniard-de Hoop method (de Hoop and Van der Hijden, 1983).
An explosive line source oriented in thex2 direction is located at 200 m depth and emits a
Ricker wavelet with a dominant frequency of 40 Hz. TheP -wave velocity is 600 m/s, the
S-wave velocity is 200 m/s, and the density is 1600 kg/m3. Multicomponent geophones
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Figure 2.2: Synthetic data traces for (a)vx at the surface, (b)vx at depth∆z, (c) vz at the
surface, and (d)vz at depth∆z.

are centered around 50 m offset. The horizontal geophone spacing∆x = 1.0 m and the
buried geophone is located at 0.50 m depth. For a Ricker wavelet with a 40 Hz domi-
nant frequency, the maximum frequencyfmax with significant energy is 80 Hz. Then,
the minimum wavelengthλmin = cmin/fmax = 2.5 m, with cmin the minimum phase
velocity. The geophone configuration satisfies the wavelength condition for the compu-
tation of derivatives and interpolants. The lengths of the sides ofΩ are∆xΩ = ∆x and
∆zΩ = ∆z/2 (Figure 2.1). Recorded data are shown in Figure 2.2.

The constraints of direct wave-equation inversion onα andβ are illustrated in Figure
2.3. For the given model valuesα andβ, there is a good match between the left and
right side of equations (2.6) and (2.8). For noise-free data, derivative operators are ob-
tained sufficiently accurately with the geophone configuration of Figure 2.1. Perturbing
α or β results in amplitude changes in the waveforms of the right side terms in equa-
tions (2.6)–(2.8). We compare the sensitivity to perturbations inα andβ to the effect
of measurement errors in the particle velocity recordings. To study these effects, 25 dB
uncorrelated Gaussian noise [peak-peak energy signal-to-noise (S/N) ratio] was added to
the velocity recordings. A bandpass filter (20 Hz< f < 100 Hz) was applied to these
recordings before computing the wavefield derivatives. As a result, the effect of noise on
temporal wavefield derivatives is reduced. However, spatial wavefield derivatives are still
severely distorted by the added noise. Estimates forα are especially affected, since the
wavelength forP waves is larger than forS waves. Consequently, the S/N ratio for spatial
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Figure 2.3: Sensitivity analysis for direct wave-equation inversion. (a) shows the wave-
forms of the left (dashed) and right side (solid line) of equation (2.6), and the gray area
illustrates the region for± 20% perturbations inβ. The dotted line shows the effect of
Gaussian noise (25 dB S/N ratio) added to the velocity recordings on the right side of
equation (2.6). Similarly, (b) shows the waveforms of equation (2.8) and illustrates the
region for± 20% perturbations inα. The dotted line shows the effect of Gaussian noise
(25 dB S/N ratio) added to the velocity recordings.

P -wave derivatives is lower than forS-wave derivatives.
Figure 2.4 shows a similar analysis for the variational approach. There is a good

agreement between the left and right side of equation (2.9) for the given model values
α andβ. In principle, the interpolation and integration steps are sufficiently accurately
using the geophone configuration shown in Figure 2.1. Perturbingα or β results in am-
plitude changes in the waveforms of the right side terms in equation (2.9). A comparison
between the sensitivity toα andβ and the effects of noise (25 dB S/N ratio) shows that
this approach is also very sensitive to effects of noise, and again mostly forα.

These sensitivity tests demonstrate that it may only be possible to constrainβ using
these methods. There is not a clear difference between the derivative and variational
formulation. However, for a geophone configuration with more than one buried geophone,
an interpolation scheme can be developed which is less sensitive to random errors.

Muijs et al. (2002) studied the effect of deployment related errors, such as misori-
entation and mislocation of geophones in a 3D recording geometry, on the computation
of divergence and curl. These are particularly sensitive to misorientations of geophones,
requiring that the orientations of all geophones be accurate within2◦.

Instead of using the full wave-equation, the free-surface condition given in equation
(2.5) can be used to determine a velocity ratio betweenα andβ (Curtis and Robertsson,
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Figure 2.4: Sensitivity analysis for the variational formulation. The waveforms of the left
(dashed) and right side (solid line) of equation (2.9) are shown forw1 (a) andw2 (b). The
gray area in (a) illustrates the region for± 20% perturbations inβ, whereas (b) shows this
region for± 20% perturbations inα. The dotted curves show the effect of Gaussian noise
(25 dB S/N ratio) added to the velocity recordings.

2002). This only requires the computation of first-order spatial wavefield derivatives,
and is therefore expected to be more robust than wave-equation inversion. Both the free-
surface conditions and wave-equation inversion are applicable to the complete wavefield,
except the airwave.

As an alternative, we propose a new method which avoids the explicit computation
of spatial wavefield derivatives and imposes no requirements on the maximum depth sep-
aration of geophones. This is achieved by assuming that the incident wavefield can be
described by a single plane wave.

2.3 Propagator estimation

Our alternative approach to wave-equation inversion is based on propagator inversion.
Trampert et al. (1993) proposed to estimate theS-wave velocity structure and the qual-
ity factor by analyzing the verticalSH propagator in the time domain. The propagator
contains all information on the material properties between the free surface and the depth
of a buried geophone, and can be estimated directly from recorded data. TheS velocity
can be constrained by determining the time lag between the peaks in theSH propagator.
This time difference represents the two-way traveltime of anSH wave to depth∆z. The
amplitude difference between the peaks can be used to infer the quality factor: downward
continuation of upgoing waves result in increasing amplitudes, whereas the amplitudes of
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downgoing waves decrease with depth.
We generalize this procedure to estimate the elasticP -SV propagator and illustrate a

scheme to constrain near-surfaceP - andS-wave velocities based on waveform inversion
of thisP -SV propagator.

Assuming a plane wave solution for the wave equation, the plane wave at depth∆z
can be written in the form

v(t, x,∆z) = P(t, x) ∗ v(t, x, 0), (2.19)

where

P =

 P11 P12 P13

P21 P22 P23

P31 P32 P33

 . (2.20)

and the asterisk (∗) denotes a temporal convolution. For a homogeneous, isotropic, and
elastic medium between the free surface and depth∆z, the propagatorP is a function of
theP -wave velocityα, theS-wave velocityβ, and the horizontal slownessp. For a free-
surface incident plane wave with slownessp propagating in thexz-plane, the theoretical
propagator coefficients read (Aki and Richards, 2002):

P̂11 = β2p2GP1 +
[
(1− 2β2p2)/2

]
GS1 , (2.21)

P̂22 = GS1 , (2.22)

P̂33 =
[
(1− 2β2p2)/2

]
GP1 + β2p2GS1 , (2.23)

P̂13 =
[
p(1− 2β2p2)/(2qP )

]
GP2 − β2pqSG

S
2 , (2.24)

P̂31 = β2pqPG
P
2 −

[
p(1− 2β2p2)/(2qS)

]
GS2 , (2.25)

P̂12 = P̂21 = P̂23 = P̂32 = 0, (2.26)

where

GP1 (t, p) = [δ(t+ qP∆z) + δ(t− qP∆z)] , (2.27)

GP2 (t, p) = [δ(t+ qP∆z)− δ(t− qP∆z)] , (2.28)

GS1 (t, p) = [δ(t+ qS∆z) + δ(t− qS∆z)] , (2.29)

GS2 (t, p) = [δ(t+ qS∆z)− δ(t− qS∆z)] . (2.30)

The vertical slownessesqP andqS are given by:

qP =
(
α−2 − p2

)1/2
, (2.31)

qS =
(
β−2 − p2

)1/2
. (2.32)

Equations (2.27)–(2.30) contain the phase shifts for two-way extrapolation of the wave-
field towards depth∆z. Positive phase shifts describe the propagation of downgoing
waves to∆z, whereas negative phase shifts indicate propagation of upgoing waves to this
depth.
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The coefficients of the propagator matrix [equations (2.21)–(2.26)] can be interpreted
as follows. Extrapolation ofP -SV waves is described byP11, P13, P31 andP33, whereas
for SH waves it is given byP22. The amplitude terms beforeGP1 , GS1 , GP2 andGS2 are
wavefield decomposition filters: the wavefield is separated intoP , SV andSH waves be-
fore extrapolating the recordings to depth∆z, which is given by the phase terms. Finally,
summation of the extrapolated decomposed wavefield renders the total wavefield at depth
∆z (Osen et al., 1999; Aki and Richards, 2002).

In the case of a non-attenuating medium, the extrapolation filters for elasticP -SV
wave propagation can be obtained directly from the data exploiting symmetry properties
of the filters: the theoretical expressions for the extrapolation filters show thatP11, P22,
andP33 are even functions aroundt = 0 andP13 andP31 are odd functions. Hence,
the spectra ofP11, P22, andP33 are entirely real, whereas the spectra ofP13 andP31 are
purely imaginary. These properties are used to estimate the extrapolation filters without
prior information onα, β, andp. Equating real and imaginary parts of equation (2.19) in
the frequency domain shows that the propagator coefficients are given by:

P11 = {<[v3(ω, x, 0)]<[v1(ω, x,∆z)] + =[v3(ω, x, 0)]=[v1(ω, x,∆z)]} /D(ω),
(2.33)

P33 = {<[v1(ω, x, 0)]<[v3(ω, x,∆z)] + =[v1(ω, x, 0)]=[v3(ω, x,∆z)]} /D(ω),
(2.34)

P13 = i {<[v1(ω, x, 0)]=[v1(ω, x,∆z)]−=[v1(ω, x, 0)]<[v1(ω, x,∆z)]} /D(ω),
(2.35)

P31 = i {<[v3(ω, x, 0)]=[v3(ω, x,∆z)]−=[v3(ω, x, 0)]<[v3(ω, x,∆z)]} /D(ω),
(2.36)

where

D(ω) = <[v3(ω, x, 0)]<[v1(ω, x, 0)] + =[v3(ω, x, 0)]=[v1(ω, x, 0)]. (2.37)

In these equations,<[v(ω, x, z)] denotes the real part ofv(ω, x, z) and=[v(ω, x, z)] is
the imaginary part ofv(ω, x, z). Expressions forP(t, x) are found by taking the inverse
Fourier transform of equations (2.33)–(2.36). Note that these symmetry properties break
down for theP -SV case in the presence of attenuation. Then, only theSH case can be
treated correctly (Trampert et al., 1993). The propagator estimation procedure remains
valid in a vertically inhomogeneous medium.

The following procedure is used to stabilize the spectral divisions in equations (2.33)–
(2.37). For arbitrary signalsF (ω) andD(ω), the spectral division ofF (ω) by D(ω) is
given by:

G(ω) =
F (ω)
D(ω)

. (2.38)

Unfortunately, spectral division is numerically unstable both because signals are band-
limited and due to the existence of low-amplitude notches in the spectrum. In practice,
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the spectral ratio is estimated using the following technique (Helmberger and Wiggins,
1971; Langston, 1979):

G′(ω) =
F (ω)D∗(ω)

ΦDD(ω)
W (ω), (2.39)

where

ΦDD = max {D(ω)D∗(ω), cmax [D(ω)D∗(ω)]} , (2.40)

andW (ω) is a frequency window to limit the final frequency band in the estimated de-
convolution. The complex conjugate ofD is denoted byD∗. The functionΦDD can be
thought of as simply being the autocorrelation ofD(ω) with any spectral notches filled
to a level depending on the parameterc. The frequency windowing functionW (ω) is a
tapered window with cut-off frequencies set to the minimum and maximum frequencies
for which

D(ω)D∗(ω) > cmax [D(ω)D∗(ω)] . (2.41)

This criterion implies that the parameterc also controls the bandwidth of the spectral ratio
G′(ω).

2.4 Propagator inversion

2.4.1 Half-space example

We shall first illustrate the inversion scheme for near-surface velocities with a half-space
example. Synthetic data are computed using the Cagniard-de Hoop method (de Hoop and
Van der Hijden, 1983). We restrict ourselves to theP -SV case sinceSH was fully treated
by Trampert et al. (1993). TheP -wave velocity is 600 m/s, theS-wave velocity is 200
m/s, and the density is 1600 kg/m3. An explosive line source is located at 200 m depth
and emits a 120 Hz Ricker wavelet. Multicomponent geophones are positioned at 50 m
offset, one is located at the free surface and the second geophone is located at 1.0 m depth
(Figure 2.5). Figure 2.6 shows traces recorded by these receivers.

The propagatorsP11, P13, P31 andP33 may be estimated from these data. Theoreti-
cal solutions for propagator filters are functions ofα, β, andp. Figure 2.7(a) shows these
filters for the given model parameters. Before comparing these propagator coefficients to
the data-estimated propagator filters, it is necessary to limit the frequency band of these
theoretical expressions to the same frequency band as used for the data-estimated propa-
gator filters. The time domain expressions of the frequency windowing functionsWij(ω)
[equation (2.39)], whereWij are the frequency windowing functions for propagator com-
ponentsPij , are shown in Figure 2.7(b). Figure 2.7(c) illustrates the data-estimated and
band-limited theoretical propagators.

We choose to invert the propagator for near-surface velocities in the time domain. In
this domain, the propagators can be interpreted as follows. The time delay between the
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Figure 2.6: Synthetic traces of the particle velocity recorded by the surface and buried
geophone shown in Fig. 2.5; (a) shows traces ofvx and (b) ofvz.

peaks inP11 andP33 gives the two-way vertical traveltime forSV andP waves, and the
amplitudes of the propagator filters are controlled by the velocity structure between the
free surface and depth∆z and the signal bandwidth. To constrainα, β, andp from the
propagator waveforms, we define the following objective function:

E = E11 + E33 + E13 + E31, (2.42)

with

Eij =

{
t2∑
t=t1

[
Pij(t, x)− P̂ij(t, x, α, β, p)

]2}1/2

. (2.43)

The theoretical solution for the propagator filter componentij is denoted bŷPij(t, x, α, β, p)
andPij(t, x) is the data-estimated propagator filter componentij. The objective function
E is a function in a three-dimensional model space. Cross-sections of the objective func-
tion (Figure 2.8) show that perturbations inp have a relatively small influence on estimates
of α andβ.
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Figure 2.7: Propagator fitting procedure for the data displayed in Fig. 2.6. Given estimates
for α, β, andp, theoretical solutions for the wavefield extrapolation filters can be com-
puted (a). In practice, data are band-limited, and therefore this theoretical solution cannot
be compared directly to the estimated filters. (b) shows the time-domain expressions of
frequency filters which limit the solution to the frequency band in which the spectral divi-
sion was performed. A convolution of the theoretical solution in (a) with the filter shown
in (b) allows a comparison to the data-estimated propagator. (c) shows that there is a good
agreement between the theoretical (thin lines) and data-estimated propagator filters (thick
lines). The stabilization factorc = 1 · 10−3.

Figure 2.8: Cross-sections intersecting the minimum of the objective functionE. Con-
tours are drawn forE = 0.10 andE = 0.20.
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Figure 2.9: Effect of the stabilization factorc on noise-perturbed propagator filters. The
S/N ratio is 25 dB. The propagator filters are computed forc = 10−4 (left), c = 10−3

(center) andc = 10−2 (right). The thin lines are the band-limited theoretical solutions
and the thick lines the data-estimated propagators. The amplitudes of each filter are nor-
malized to the solution forc = 10−4. For increasing values ofc, the noise is effectively
reduced.

So far, we considered noise-free data. The data-estimated propagator filters for recorded
data perturbed by 25 dB uncorrelated Gaussian noise are shown in Figure 2.9. These are
compared to the theoretical filters for different values of the stabilization factorc [equa-
tion (2.40)], namelyc = 10−4, c = 10−3 andc = 10−2. For an increasing value ofc,
the effect of noise is reduced in the propagator filters. Furthermore, the frequency band is
more limited for a higherc−value. The filters are smoothed and contain less energy.

We estimated the relative variations inα, β, andp for different noise levels andc-
values. To quantify the effect of noise, we define the relative root-mean-square error
RMS in α by:

RMS(α) =
1
α0

[∑N
i=1 (αi − α0)2

N

]1/2

, (2.44)

with α0 the modelP -wave velocity andαi the estimatedP -wave velocities, which are
found by minimizingE in equation (2.43). Similar expressions are defined for the relative
RMS error inβ andp. For each noise level, experiments were conducted 1000 times (N =
1000) with different manifestations of Gaussian noise. The minimum of the objective
functionE was determined using a forward search method. Figure 2.10 shows that the
estimates ofα, β, andp are most robust forc = 10−2: c clearly stabilizes noise very
systematically. Furthermore,α andβ are better constrained thanp, which implies that
relative errors in estimates ofp have less influence on estimates of the other parameters
than do relative errors of similar magnitude in eitherα or β.

In addition to random errors, the effect of position and orientation errors of the geo-
phones within the recording pattern is investigated. We only consider misorientation in
thexz-plane, described by rotation angleθ (positive for rotation in clockwise direction).
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Figure 2.10: Uncertainties in estimates forα, β and p for different S/N ratios and
c−values.

The effects of misorientation and mislocation are quantified with a relative errore. The
relative error inα is given by:

e(α) = (α− α0)/α0. (2.45)

Similar expressions are used for relative errors inβ and p. Figure 2.11(a) shows the
relative error in estimates forα, β, andp due to misorientation of the geophone located at
the free surface. The errors inα andβ are small compared to relative errors inp. Large
errors are found forθ close to the angle of incidence. In this example, there are only free-
surface incidentP -waves. This rotation causes the energy on the horizontal recording
and thus on the denominatorD(ω) [equation (2.37)] to be minimized. As a consequence,
the spectral divisions [equations (2.33)–(2.36)] become unstable. In case of near-surface
structure, we do not expect such a rapidly increasing error, because in that case bothP
andS waves will be recorded.

The errors caused by misorientation of the buried geophone is shown in Figure 2.11(b).
Here,e(α) ande(β) remain small, becausev(ω,∆z) does not contribute to the denomi-
natorD(ω). Finally, the effect of vertical mislocation of the buried geophone is illustrated
in Figure 2.11(c). To do so, the values for∆z are changed in the inversion procedure; The
relative change in the depth for the buried geophone∆zr = (∆z−∆z0)/∆z0, with ∆z0

the true depth of the buried geophone. There is a linear relationship between errors in∆z
and estimated velocities. This implies that the phase contains most information on the
velocities.

It is difficult to make a fair comparison between wave-equation inversion techniques
and propagator inversion. Wave-equation inversion uses theamplitudesin the wave-
equation [equation (2.1)] to constrainα andβ. This requires measurement of spatial and
temporal wavefield derivatives by a dense 3D geophone configuration, with a spatial sep-
aration on a sub-wavelength scale. Propagator inversion, on the other hand, uses mainly
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Figure 2.11: Errors in velocity estimates due to mislocation and misoriention. (a) misori-
entation inxz-plane of surface geophone, (b) misorientation inxz-plane of buried geo-
phone, and (c) vertical mislocation of buried geophone. The stabilization factorc = 10−3.

phaseinformation. To estimate time differences reliably, the depth separation between
geophones needs to be larger than those used for wave-equation inversion. Therefore, we
used different depths for the buried geophone and different dominant frequencies for the
source wavelet.

The obtained results suggest that propagator inversion is less sensitive to both random
and deployment related data perturbations. For a S/N ratio of 25 dB, propagator inversion
gives no error inα andβ, whereas for the wave-equation inversion techniques Figures
2.3 and 2.4 indicate more than 20% deviations in estimates forα, while β is still well
resolved. Furthermore, Figure 2.11 demonstrated that propagator inversion is tolerant to
at least 5◦ misorientations and 5% vertical mislocations of individual geophones. Deriva-
tive operators on the other hand are particularly sensitive to random misorientations of
geophones. Muijs et al. (2002) showed that computation of divergence and curl with
dense 3D recording geometries requires that the orientations of all geophones are accu-
rate within2◦. This criterion needs to be satisfied as well for wave-equation inversion
techniques.

Although propagator inversion is tolerant to measurement errors, it is questionable
whether this is the dominant source of errors for this method, since a single slowness
assumption is implicit in propagator estimation and inversion. Wave-equation inversion
techniques do not have this assumption and are applicable to the complete wavefield. In
the following experiments, we investigate if propagator inversion is accurate in a model
with near-surface structure.
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2.4.2 Low velocity layer example

The second experiment is performed in a model with a near-surface low velocity layer.
Reverberations in this layer result in multiple arrivals. The near-surface layer is 5 m thick
with α = 600 m/s,β = 200 m/s, andρ = 1600 kg/m3. The parameters of the underlying
half-space are:α = 1500 m/s, β = 400 m/s, andρ = 1800 kg/m3. TheP source
is located at 100 m depth and emits a 120 Hz Ricker wavelet (see Figure 2.12). The
receiver group is similar to the previous experiment. Synthetic data are computed with a
reflectivity method (Kennett, 1983). The recorded synthetic traces are shown in Figure
2.13. These clearly show the multiple arrivals due to interfering waves in the near-surface
low velocity layer.

The data-estimated propagators are again compared to the theoretical propagators
(Figure 2.14). The latter were computed for the horizontal slowness of the first break,
which is 3.1 · 10−4 s/m. Due to the multiple arrivals (multiple horizontal slownesses),
there is not an exact match between the theoretical and data-estimated propagators. The
energy in the propagator filters decays for higher values ofc. For too high ac-value, the fit
between the theoretical and data-estimated propagator deteriorates. This can be attributed
to the stabilization of internal notches inD(ω), whereas the theoretical propagator is not
compensated for the energy decay inP due to this stabilization.

Cross-sections of misfit functions usingc = 10−3 are shown in Figure 2.15. The
minimum is located close to the model velocities, whereas the estimatedp tends to be
smaller than that of the first break, namely around2.8 · 10−4 s/m. Waves reverberating
in the low-velocity layer arrive at smaller angles of incidence, thus the estimatedp can be
regarded as some averaged value over all these arrivals.

Figure 2.16 illustrates the effects of added noise on velocity and slowness estimation.

β =200 m/s;
3

α =600 m/s;
ρ =1600 kg/m

β =400 m/s;
3

α
ρ

=1500 m/s;
=1800 kg/m

∆ z = 1.0 m
z = 5.0 m

*
P-source: 100 m depth

50 m offset

Figure 2.12: Model and geophone configuration for experiment with near-surface low
velocity layer.
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Figure 2.13: Synthetic traces recorded by the geophone configuration displayed in Fig.
2.12. Shown are recordings ofvx (a) andvz (b).
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Figure 2.14: Effect of the stabilization factorc on estimated propagators:c = 10−4 (left),
c = 10−3 (center), andc = 10−2 (right). The thin lines are the theoretical solutions
computed with the horizontal slowness of the first break and the thick solid lines are the
propagators estimated from the data. Traces are normalized with respect to thec = 10−4

curves.
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Figure 2.15: Cross-sections intersecting the minimum of the objective functionE for
the low-velocity layer model. Contours are drawn forE = 0.10 andE = 0.20, and
c = 10−3.
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Figure 2.16: Uncertainty in estimates forα, β, andp for differentc−values as a function
of S/N ratio. The estimated horizontal slowness is compared to the slowness of the direct
arrival.
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For high S/N ratios, the estimates forα andβ do not exactly converge forc = 5 · 10−3

andc = 10−2, as was suggested by Figure 2.15 as well. The estimated horizontal slow-
ness differs from that of the direct arrival and varies for different values ofc. As in the
half-space example,c stabilizes the effects of noise. Reliable estimates forα andβ are
obtained for S/N ratios down to approximately 18 dB.

2.4.3 Structure between surface and buried geophone

A critical assumption in the propagator inversion scheme is that the medium between
the surface and buried geophones is homogeneous. However, according to the classical
Hertz-Mindlin model (Mindlin, 1949), velocities increase with confining pressure and
thus with depth, especially in the top few meters. This also has been observed in field
experiments (e.g. Bachrach et al., 2000). Here, we consider a model with a large velocity
gradient close to the free surface. The velocity gradient decreases with depth (Figure
2.17). The gradient model is parameterized by 0.02 m thick layers. Synthetic data are
computed using a reflectivity method (Kennett, 1983). The explosive line source is located
at 100 m depth and 50 m offset, and emits a 120 Hz Ricker wavelet. The buried geophone
is located at 1.0 m depth. Figure 2.18 shows the synthetic traces for both the surface
and buried multicomponent geophones. Data-estimated propagators are shown in Figure
2.19. These are compared to theoretical solutions with effective medium velocities, which
lower and upper bounds are given by the Reuss and Voigt average velocities (Wang and
Nur, 1992). For the top 1.0 m, the Reuss velocities areα− = 259 m/s andβ− = 101 m/s,
and the Voigt velocities areα+ = 284 m/s andβ+ = 105 m/s, respectively. The average
value of the Voigt and Reuss velocities is used to compute the theoretical propagator.
Although the propagator waveforms do not exactly match, the time lags of the peaks are
similar. Figure 2.20 shows cross-sections of the misfit function. Bothα andβ are well
constrained, whereasp cannot be resolved. The estimated velocities areα = 272± 8 m/s
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Figure 2.17: Gradient velocity model and source location
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Figure 2.18: Synthetic data recorded in the gradient model at 50 m offset. The buried
geophone is located at 1.0 m depth and theP source at 100 m depth. Shown are recordings
of vx (a) andvz (b).

−0.01 0 0.01
Time (s)

P
11

P
13

P
31

P
33

Figure 2.19: Data-estimated and theoretical propagators in the gradient model. The the-
oretical propagator is computed using the average value of the Voigt and Reuss effective
medium velocities:α = 272 m/s andβ = 103 m/s,p = 8.75 · 10−4 (s/m) andc = 10−3.
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Figure 2.20: Cross-sections through the minimum of the objective functionE for the
gradient model. A contour is drawn forE = 0.20, andc = 10−3.

andβ = 102.8± 0.6 m/s. These values are obtained by performing repeated experiments
(N = 1000) with different manifestions of random noise (S/N = 25 dB), determining
the minimum of the objective functionE with a forward search method, and using the
average and standard deviation of all these estimates. The obtained velocities fall within
the Voigt and Reuss bounds for effective medium velocities.

2.5 Discussion

Three methods to estimate near-surface properties were evaluated in this paper. The first
two methods are based on inversion of the wave equation, whereas the third method in-
verts wavefield propagator filters for near-surface velocities. A fundamental difference
between the methods is that wave-equation inversion schemes use amplitude information
to constrainα andβ. By changingα andβ, the amplitudes in the wave-equation change,
not the phase. On the other hand, propagator inversion uses predominantly phase infor-
mation to constrainα andβ, i.e., the time lags of the peaks in the propagator coefficients
are controlled by the wave velocities.

These sensitivities for either predominantly amplitude information or phase informa-
tion result in a different optimum experimental setup. Wave-equation inversion techniques
require the measurement of spatial wavefield derivatives, with a spatial geophone spacing
on a sub-wavelength scale. Propagator inversion on the other hand uses mainly phase
information. To estimate time differences accurately, both the depth separation of the
surface and the buried geophone and the bandwidth of the recorded signal have to be
larger. For this reason, we used different configurations, different frequencies and a dif-
ferent depth of the buried geopone, to compare wave-equation inversion techniques to
propagator inversion.

Before fitting the waveforms in the wave-equation inversion schemes, either spatial
wavefield derivatives or interpolants need to be evaluated. For an accurate implementa-
tion of these methods, the spacing between geophones must be sufficiently close, approx-
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imately 1/6 of the effective wavelength. Since the wavelength depends on the material
properties, some prior knowledge has to be available to design the receiver group.

Propagator inversion on the other hand has no wavelength constraints on the maximum
allowed separation of geophones. Therefore, the method may be applicable to borehole
recordings. This has been demonstrated for theSH case by Trampert et al. (1993).
However, in theP -SV case we only treated the elastic situation, whereas attenuation has
to be included in the formulation for borehole applications. The near-surface velocity
estimates presented in this paper are not affected by attenuation, because the geophone
separation∆z � λ.

However, for a geophone buried at too shallow a depth, propagator inversion cannot
resolve the wave velocities. Then, small errors in the phase will cause large uncertainties
in the estimated velocities, especially forα. These uncertainties are reduced by increasing
the depth of the buried geophone (Van den Berg et al., 2003). The minimum depth for the
buried geophone depends on the frequency band, the angle of incidence, onα, and on the
time sampling rate.

The wave-equation inversion schemes use the complete wavefield as input signal. Any
event which satisfies the wave equation provides constraints on the near-surface proper-
ties. The main sources of error which need to be dealt with are deployment related errors.
Muijs et al. (2002) demonstrated that errors such as misorientation and mislocation of in-
dividual geophones significantly affect estimates of spatial wavefield derivatives. Correc-
tion schemes need to be developed to compensate for these effects. Propagator inversion
on the other hand avoids the explicit computation of spatial wavefield derivatives. As a
consequence, this method is less sensitive to these types of errors.

In contrast to wave-equation inversion techniques, a single slowness assumption is
required to construct and invert the propagator filters. As a consequence, a part of the
data containing arrivals that are isolated in time needs to be selected before this method
can be applied. We demonstrated, however, that in a medium with a near-surface low
velocity layer, estimates forα andβ are not significantly affected by signal-generated
reverberations, and that in a model with a strong velocity gradient, effective medium
parameters are obtained.

The following strategies for propagator inversion can be developed combining data
of different shots. First, if the horizontal slownesses in selected data show little variation
for different shot points, it is possible to reduce effects of noise by stacking the estimated
propagator filters.

Second, propagator inversion can be formulated without requiring the isolation of an
event which can be approximated by a single plane wave. When using a dense source
array, the frequency-wavenumber spectra can be computed for common receiver gathers
of both the surface geophone and the geophone at depth. Consequently, propagator filters
can be determined for each wavenumber or horizontal slowness individually by a spectral
division of these two spectra, Thus, propagator inversion is potentially applicable to the
complete wavefield. However, difficulties might arise due to lateral variations in near-
surface material parameters and poor repeatability of the source.

Synthetic tests have been performed in two dimensions, whereas three-dimensional
wave propagation has to be considered in the field. Applications in the field require a dif-
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ferent acquisition geometry for wave-equation inversion. Wave-equation inversion tech-
niques require a 2D patch of4 × 4 receivers at the surface and a buried geophone in the
center at this geophone group. Then, all spatial and temporal derivatives or interpolants
can be computed. Propagator inversion requires the separation ofP -SV waves from
SH waves, hence rotation of the recordings in the inline/crossline direction is required.
Furthermore, propagator inversion is aided by an estimate for the horizontal slowness in
the inline direction, and therefore a cross pattern of receivers at the surface is recom-
mended for field applications. The general characteristics of the considered methods do
not change in three-dimensions, and therefore the presented two-dimensional synthetic
results will apply to the three-dimensional situation.

2.6 Conclusions

We evaluated three methods to estimate local near-receiver material properties. A funda-
mental difference between the methods is that the wave-equation inversion schemes con-
strain theP -wave andS-wave velocities by matching amplitudes in the wave-equation,
whereas propagator inversion constrains the wave velocities using predominantly phase
information, i.e., with the traveltime from the free surface to the depth of the buried geo-
phone. As a consequence, wave-equation and propagator inversion have different opti-
mum receiver configurations. For wave-equation inversion, the configuration needs to
be designed to allow the measurement of spatial wavefield derivatives or interpolants,
whereas the configuration in propagator inversion must allow a reliable measurement of
a phase difference.

Both the derivative and the integral formulation for wave-equation inversion are al-
most equally sensitive to the effects of measurement errors. If a configuration with more
than one buried geophone would have been allowed, an interpolation scheme may be de-
veloped which is less sensitive to these type of errors. However, these configurations are
not convenient for practical applications, and therefore were not considered.

Propagator inversion has two advantages and one disadvantage over wave-equation
inversion schemes. First, instead of a 3D receiver configuration, only two geophones are
required, one positioned at the surface and one buried. Second, this scheme avoids the
explicit evaluation of spatial wavefield derivatives or interpolants and therefore it is less
sensitive to deployment related errors. On the other hand, this technique implicitly as-
sumes that a data window containing arrivals with a similar horizontal slowness can be
isolated in the recorded data, whereas wave-equation inversion schemes are applicable
to nearly the complete recordings. Synthetic experiments were performed to assess the
consequences of the single slowness assumption in propagator inversion. These experi-
ments demonstrated that the method is robust with respect to signal-generated reverber-
ations, and in case of a near-surface velocity gradient, results are consistent with effec-
tive medium velocities, which upper and lower bounds are given by the Voigt and Reuss
averaged velocities. Moreover, when using a shot array, propagator inversion could be
formulated without the plane wave assumption, and therefore, it is potentially applicable
to the complete wavefield.
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Subsonic near-surfaceP-velocity
and low S-velocity observations
using propagator inversion

Abstract

Detailed knowledge of near-surfaceP - andS-wave velocities is important for process-
ing and interpreting multicomponent land seismic data, because (i) the entire wavefield
passes through, and is influenced by the near-surface soil conditions, (ii) both source re-
peatability and receiver coupling also depend on these conditions, and (iii) near-surface
P andS velocities are required for wavefield decomposition and demultiple methods.
However, it is often difficult to measure these velocities with conventional techniques be-
cause sensitivity to shallow wave velocities is low, and because of the presence of sharp
velocity contrasts or gradients close to the Earth’s free surface. We demonstrate that these
near-surfaceP - andS-wave velocities can be obtained using a propagator inversion. This
approach requires data recorded by at least one multicomponent geophone at the surface
and an additional multicomponent geophone at depth. The propagator between them then
contains all information on the medium parameters governing wave propagation between
the geophones at the surface and at depth. Hence, inverting the propagator gives local
estimates for these parameters. This technique has been applied to data acquired in Zeist,
the Netherlands. The near-surface sediments at this site are unconsolidated sands with a
thin vegetation soil on top, and the sediments considered are located above the ground-
water table. A buried geophone was positioned 1.05 m beneath receivers on the surface.
Propagator inversion yielded low near-surface velocities, namely 270± 15 m/s for the
compressional wave velocity, which is well below the sound velocity in air, and 150±

This chapter has been published as: Van Vossen, R., Curtis, A. and Trampert, J., Subsonic near-surface
P -velocity and lowS-velocity observations using propagator inversion,Geophysics, in press.
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9 m/s for the shear velocity. HigherP -wave velocity estimates were obtained with dis-
persion analysis for guided waves. This apparent discrepancy can be explained by the
different depth sensitivities of the methods, indicating that velocities increase with depth
in the near-surface low velocity layer. As a result, the wave velocities at the measure-
ment interface can only be obtained using either a 3D geophone configuration or with an
additional high-frequency experiment. We suspect that this is the reason that subsonic
near-surfaceP -wave velocities are not commonly observed.

3.1 Introduction

Strong near-surface velocity contrasts are often encountered in land seismic surveys. Both
P - and S-wave velocities may increase by nearly an order of magnitude at the interface
defining the top of the bedrock, andP -velocities increase up to 100 % across the top depth
of total water saturation (Stümpel et al., 1984; Goforth and Hayward, 1992).

Detailed knowledge of near-surface velocities is essential for engineering applica-
tions, groundwater and environmental projects (Ward, 1990). Furthermore, this is re-
quired for correctly processing and interpreting (multicomponent) land data. For instance,
the near-surface soil conditions have a significant influence on the source wavelet and ra-
diation pattern (K̈ahler and Meissner, 1983; Aritman, 2001). Also, wavefield decompo-
sition, which enables independent interpretation of up- and downgoingP andS waves,
requires the free-surface reflectivity to be known accurately (e.g. Dankbaar, 1985; Wape-
naar et al., 1990; Robertsson and Curtis, 2002). Wavefield decomposition is a prerequisite
for demultiple (Verschuur et al., 1992). Demultiple is especially important in media with a
near-surface low velocity layer which may act as a waveguide in which energy may prop-
agate over long distances with little loss due to geometrical spreading. This could mask
reflections from a deeper target (Hunter et al., 1984; Robertsson et al., 1996). Demultiple
methods remove these guided waves.

While shallow material properties are especially important for processing and inter-
pretation of multicomponent seismic data, near-surface wave velocities usually cannot be
resolved with an acquisition geometry designed for imaging deeper structure. Detailed
information can, however, be obtained with shallow, high-resolution, reflection and re-
fraction experiments (Doornenbal and Helbig, 1983; Hunter et al., 1984; Steeples and
Miller, 1990). These techniques use arrays of closely spaced geophones and high fre-
quencies to obtain detailed images of the shallow subsurface.

SubsonicP -wave velocities have been observed with these shallow high resolution
seismic experiments by analyzing moveout velocities close to source (Birkelo et al., 1987;
Bachrach and Nur, 1998; Bachrach et al., 1998; Baker et al., 1999), whereas they are not
commonly observed using conventional seismic techniques. This is a consequence of dif-
ferent depth sensitivities of these methods, combined with a near-surface velocity gradient
due to increasing confining pressure. A drawback of estimating near-source moveout ve-
locities is that the complexity of the near-source field requires careful processing and in-
terpretation of these types of data to avoid misinterpretation of recorded events (Michaels,
2002).
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Recently, Curtis and Robertsson (2002) introduced a technique for estimating local
near-surface velocities using a 3D geophone configuration. Geophones are not only de-
ployed at the surface, but also at shallow depths to enhance the imaging of the near-
surface, without having to perform an additional high-resolution experiment. With the
proposed 3D geophone configuration, spatial wavefield derivatives can be approximated,
allowing inversion of the wave equation for near-surfaceP - andS-wave velocities (Cur-
tis and Robertsson, 2002). An advantage of this method is that it is applicable to the
complete wavefield. However, a drawback is the sensitivity to deployment related errors
(Muijs et al., 2002).

We present results from a technique referred to as propagator inversion (Trampert et
al., 1993; Van Vossen et al., 2004c). This technique also uses a 3D geophone configuration
to determine near-surfaceP - andS-wave velocities, but avoids the explicit computation of
spatial wavefield derivatives, and is therefore less sensitive to deployment related errors.
Moreover, it does not require the measurement and interpretation of moveout velocities in
the near-source region, and it can be incorporated in a seismic survey for imaging deeper
structure without having to perform an additional high-resolution experiment.

3.2 Propagator estimation from data

Propagator matrices were introduced in seismology by Thomson (1950) and Haskell
(1953) and generalized by Gilbert and Backus (1965). These describe the propagation
of plane waves through a horizontally layered medium. Throughout this paper, the free-
surface is used as a reference level. The propagator can then be interpreted as a wavefield
extrapolation filter. Application of the propagator to the recorded wavefield at the free
surface gives the wavefield at depth∆z.

Trampert et al. (1993) introducedSH propagator inversion to obtain theSH velocity
structure and the quality factor in a borehole. This propagator can be obtained from the
recorded data by taking the spectral ratio of a downhole record over a surface record.
It is completely determined by the medium parameters governing wavefield propagation
between these two records. Recently, Van Vossen et al. (2004c) formulated propagator
estimation for the elasticP -SV case. We briefly review this concept before we discuss
the inversion scheme for near-surface material parameters.

In an isotropic medium, the propagator naturally decomposes intoSH and coupled
P -SV waves. The anelasticSH case is fully treated by Trampert et al. (1993). We only
review the elasticP -SV case here. We denote the inline particle velocity component
by v1 and the vertical component byv3. The full propagator is a4 × 4 matrix, and the
boundary conditions state that the free-surface is stress-free, so that the wavefield at depth
∆z is related to the wavefield recorded at the free surface (z = 0) by:(

v1(ω, x,∆z)
v3(ω, x,∆z)

)
=
(
P11 P13

P31 P33

)(
v1(ω, x, 0)
v3(ω, x, 0)

)
. (3.1)

For an elastic, homogeneous medium, withP velocityα andS velocityβ, the propagator
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coefficients read in the time domain (Aki and Richards, 2002; Van Vossen et al., 2004c):

P11 = β2p2GP1 +
[(

1− 2β2p2
)
/2
]
GS1 , (3.2)

P33 =
[(

1− 2β2p2
)
/2
]
GP1 + β2p2GS1 , (3.3)

P13 =
[
p
(
1− 2β2p2

)
/(2qP )

]
GP2 − β2pqSG

S
2 , (3.4)

P31 = β2pqPG
P
2 −

[
p
(
1− 2β2p2

)
/(2qs)

]
GS2 , (3.5)

where

GP1 = δ(t+ qP∆z) + δ(t− qP∆z), (3.6)

GP2 = δ(t+ qP∆z)− δ(t− qP∆z), (3.7)

GS1 = δ(t+ qS∆z) + δ(t− qS∆z), (3.8)

GS2 = δ(t+ qS∆z)− δ(t− qS∆z). (3.9)

The horizontal slowness is denoted byp, and the vertical slownessesqP andqS are:

qP =
(
α−2 − p2

)1/2
, (3.10)

qS =
(
β−2 − p2

)1/2
. (3.11)

These theoretical expressions show thatP11 andP33 are symmetric aroundt = 0, whereas
P13 andP31 are antisymmetric aroundt = 0. Thus, in the frequency domainP11 and
P33 are entirely real, andP13 andP31 are purely imaginary. As a result, we can directly
estimate the components ofPij(ω) by equating real and imaginary parts in equation (3.1).
In the following, we denote the propagator coefficients estimated from the data withP̃(ω).
The explicit expressions for estimating̃P(ω) are:

P̃11 = {<[v3(ω, 0)]<[v1(ω,∆z)] + =[v3(ω, 0)]=[v1(ω,∆z)]} /D(ω), (3.12)

P̃33 = {<[v1(ω, 0)]<[v3(ω,∆z)] + =[v1(ω, 0)]=[v3(ω,∆z)]} /D(ω), (3.13)

P̃13 = i {<[v1(ω, 0)]=[v1(ω,∆z)]−=[v1(ω, 0)]<[v1(ω,∆z)]} /D(ω), (3.14)

P̃31 = i {<[v3(ω, 0)]=[v3(ω,∆z)]−=[v3(ω, 0)]<[v3(ω,∆z)]} /D(ω), (3.15)

with the denominatorD(ω) given by:

D(ω) = <[v3(ω, 0)]<[v1(ω, 0)] + =[v3(ω, 0)]=[v1(ω, 0)]. (3.16)

In these equations<[v1(ω,∆z)] is the real part ofv1(ω,∆z), =[v1(ω,∆z)] is the imagi-
nary part, andi denotes the imaginary unit

√
−1. Note that the symmetry properties used

to obtain explicit expressions for the propagator filters break down in the visco-elastic
case. Then, only theSH propagator can be directly obtained from the data (Trampert et
al., 1993).

Van Vossen et al. (2004c) computed̃P with a stabilized spectral division using the
so-called water level method (Helmberger and Wiggins, 1971). Stabilization is required
due to a limited bandwidth ofD(ω), and also interfering waves may introduce internal
notches inD(ω). However, a problem associated with this method is that the amount of
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stabilization can influence the estimates for the propagator (Ammon, 1991). This may
affect the inversion results as well (Van Vossen et al., 2004c). To avoid these problems,
we decided to implement the spectral divisions in the time domain instead using a Wiener
deconvolution scheme. Either symmetric (P̃11 and P̃33) or antisymmetric filters (̃P13

andP̃31) aroundt = 0 are constructed withN independent coefficients. Details on the
implementation of the acausal Wiener deconvolution can be found in Appendix B.

3.3 Propagator inversion

In the previous section we showed thatP̃ can be obtained from data recorded by one
surface geophone and one at depth. In this section, we outline the inverse procedure for
estimating the near-surface velocitiesα andβ from P̃.

A flow diagram for the inverse problem is shown in Figure 3.1. The 3D receiver
configuration used for the Zeist field experiment, conducted to test propagator estimation
and inversion, is shown in Figure 3.2. We discuss this experiment in detail in the next
section. The configuration has multicomponent geophones positioned in a cross-shape
at the surface. Two geophones are buried at the center of the receiving group. Strictly
speaking, propagator estimation only requires one multicomponent geophone positioned
at the surface and a second geophone at depth. Then, the horizontal slowness also needs
to be constrained by the inverse procedure. However, we do not have to incorporate the
horizontal slowness in the inverse procedure when a short array of geophones is deployed
at the surface, since it can be measured directly.

Waveform Fitting

Frequency Filtering

α,β

Data-estimated 
Propagator

Theoretical 
Propagator

Data Selection

p

Grid Search

Figure 3.1: Propagator inversion scheme forα andβ.
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Figure 3.2: 3D receiver configuration for the Zeist field experiment, (a) top view and
(b) front view. All geophones were multicomponent geophones, and the source positions
were located on thex−axis.

Propagator inversion consists of the following steps. First, a data window is selected
to isolate an arrival. The window is tapered at its edges by a cosine taper. Second, the
selected data are used as input for propagator estimation. The horizontal slownessp of
the dominant arrival in this time window can be determined using the array of geophones
in the inline directionx. This is accomplished by estimating the time shifts for which the
stack power is optimized. The remaining unknown parameters in the theoretical propa-
gator for a homogeneous isotropic medium areα andβ [equations (3.2)–(3.11)]. Values
for α andβ are selected using a grid search technique. A physical bound is imposed such
thatβ < α/

√
2, i.e. the Poisson’s ratio has to be positive. Given values forα, β and

p, the theoretical propagator can be evaluated. Before comparing the waveforms of the
theoretical propagatorP to the data estimated propagatorP̃, frequency filtering is nec-
essary, sincẽP is band-limited, whereasP has an infinite bandwidth. After bandwidth
equalization, the propagator waveforms can be compared to each other. The L2 norm was
used as objective function:

Eij =

{
N∆t∑

t=−N∆t

[
P̃ij(t)− Pij(t, α, β, p)

]2}1/2

, . (3.17)

with i, j = 1, 3. The objective function for the joint inverse of all propagator coefficients
is given by the sum of all individual misfit functions,

Etot = E11 + E13 + E31 + E33.. (3.18)

Estimates forα andβ can be obtained by minimizingEtot.
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3.4 Application on Zeist field data

We illustrate propagator inversion on a field data set acquired in Zeist, the Netherlands.
On this site, the near-surface material mainly consists of unconsolidated sands, with on
top a thin layer of vegetation soil.

3.4.1 Data acquisition

A walkaway noise test was performed with 3C 4.5 Hz geophones at offsets between 0.75
and 84 m, with 0.75 m geophone spacing. These data (Figure 3.3) show that groundroll
and guided waves are dominant in the recordings. In addition, measurements were made
with a dense 3D 3C receiving configuration that will be used for propagator inversion
(see Figure 3.2). Geophones were positioned in a cross-shape at the surface. In the
x−direction, receivers were located at 0.50, 1.00 and 2.00 m distance to the center of the
configuration, in they−direction the distances were 0.15, 0.50, 1.00 and 2.00 m. The
buried geophones were positioned at 0.45 and 1.05 m depth, respectively. Geophones can
be buried efficiently in unconsolidated sediments using a hand ground drill. This approach
minimizes the medium perturbations caused by burial of geophones. For the dense 3D
3C group, data were acquired using 11 different source positions located between 35
and 85 m offset. The shot spacing was 5.0 m, and all shot points were located on the
x−axis. The experiment was repeated four times for every shot position. During the
whole experiment, a weight drop source was used. A steel ball of about 37 kg was dropped
from approximately 3.5 m height on a steel plate resting on the ground. The recording
instrument was a Bison Spectra with 48 channels, and the time sampling interval was
0.25 ms.
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Figure 3.3: Walkaway noise survey for (a)vx and (b)vz. The panels are displayed with
trace normalization.



40 Chapter 3

3.4.2 Data selection and estimation of horizontal slowness

In theory, the propagator method is valid for a single slowness, i.e. isolating an arrival
as uncontaminated as possible by other arrivals. On the other hand, considering only
very short time windows results in a poor signal-to-noise ratio. Synthetic experiments
demonstrated that propagator inversion is insensitive to small slowness variations in the
selected data (Van Vossen et al., 2004c). Therefore, we selected data windows including
all events arriving before the ground roll. For each shot position, time windows which
contain the selected data are listed in Table 3.1. A cosine taper with 0.01 s length was
applied to both edges of the window. An example of data selected for slowness estimation
is shown in Figure 3.4. A bandpass filter with cut-off frequencies between 40 and 140 Hz
was applied to these recordings. The events shown may be interpreted as trapped waves
above the groundwater table. Because there are significant differences in the recorded
amplitudes on the inline component, we decided to estimatep using only the vertical
component of the recorded particle velocity. These slowness estimates are given for each
shot position in Table 3.1. The differences between the estimated horizontal slownesses
for the different source positions are small.

3.4.3 Propagator estimation and inversion

Contrary to horizontal slowness estimation, no frequency filtering was applied to the se-
lected data prior to propagator estimation. An example of the data used for propagator
estimation is shown in Figure 3.5. It shows that recordings rapidly change with depth,
especially on the vertical component. At 0.45 m depth, high frequencies are strongly at-
tenuated compared to the recordings obtained at the free surface and at 1.05 m depth. On
the other hand, the low-frequency content of the signal decays with depth. This charac-

shot number offset (m) t1 (s) t2 (s) p (ms/m) σ(p) (ms/m)
1 85 0.19 0.26 2.10 0.11
2 80 0.18 0.25 2.12 0.07
3 75 0.17 0.24 2.23 0.03
4 70 0.16 0.23 2.18 0.06
5 65 0.15 0.22 2.20 0.06
6 60 0.14 0.21 2.15 0.06
7 55 0.13 0.20 2.12 0.04
8 50 0.11 0.18 2.11 0.03
9 45 0.09 0.17 2.23 0.05
10 40 0.08 0.16 2.19 0.05
11 35 0.07 0.14 2.21 0.03

mean 2.17 0.05

Table 3.1: Horizontal slowness estimates for each shot position. Data are selected in time
windows witht betweent1 andt2.
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Figure 3.4: (a) Inline and (b) vertical component recordings with the source located at
35 m distance to the center of the receiver group.

teristic behavior is caused by interference between free-surface incident and its reflected
and converted waves.

The interpretation of the data recorded on the horizontal component is difficult. The
two surface geophones show that there are significant amplitude differences in the high-
frequency part of the spectrum. For lower frequencies on the other hand, there is an
excellent agreement between these recordings. This observation could indicate coupling
differences between these two surface geophones (Krohn, 1984). Another interesting
observation is that the amount of energy recorded in the 50 to 60 Hz frequency band is
small, whereas we did not apply a notch filter to the data.

We demonstrate propagator inversion first using surface geophone (1) and the buried
geophone at 1.05 m depth. Then, we consider the data recorded by surface geophone
(2). Given the frequency content of the signal and the time sampling interval of 0.25 ms,
accurate velocity estimation with the geophone buried at 0.45 m depth is in our opinion
not feasible.

Figure 3.6 shows the data-estimated propagator for each shot position. The frequency
passband is between 40 and 140 Hz. The theoretical propagatorP is shown withα and
β for whichEtot is minimized. There is a good agreement betweenP̃ andP for most
individual shots. Since the changes in the estimated horizontal slowness are small (Table
3.1), stacking of the data-estimated propagator components over all source positions is not
in conflict with the single slowness assumption. This process enhances the signal-to-noise
ratio of the data-estimated propagator. Figure 3.6 shows that an excellent fit is obtained
between the averaged propagator components and the best fitting theoretical propagator.

The constraints offered by each individual propagator component are shown in Fig-
ures 3.7a–d. Misfit functions are shown for the stacked propagator, and the minima of the
prestack propagators illustrate the uncertainty. No computations are performed with com-
binations forα andβ for which the Poisson ratio becomes negative. The misfit functions
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Figure 3.5: Traces and amplitude spectra forvx (a,b) and forvz (c,d) for different depths,
recorded at 35 m offset. The black and blue traces are the recordings acquired at the free
surface by the geophones labelled (1) and (2) (Fig. 3.2), the red traces were acquired at
0.45 m depth, and the green traces at 1.05 m depth.

show thatP11 andP31 are dominantly sensitive to variations inβ, whereasP33 is more
sensitive to variations inα. P13 contains information on bothα andβ. BecauseP33 is
dominantly sensitive to variations inα, (βp)2 � 1 [equation (3.3)]. This is confirmed by
Table 3.1. Thus, for near-vertical incident waves, the propagator inversion is dominantly
sensitive to phase differences rather than amplitude effects as a result of interaction of the
incident wavefield with the free surface. However, close to the critical angle for incident
S-waves, the amplitude coefficient ofP13 changes rapidly, which results in sensitivity for
bothα andβ.

Figure 3.7e illustrates the joint inversion for all propagator coefficients. Bothα and
β are well constrained. The minimum of the joint inversion is equal to the average of all
minima of the misfit functions for each individual shot. We obtain the following estimates:
α = 270±15 m/s andβ = 150±9 m/s. The uncertainties given are the standard deviations
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Figure 3.6: Prestack and poststack data-estimated propagators (solid) compared to the
best fitting theoretical propagator (dashed). Shown are (a)P11, (b) P13, (c) P31, and (d)
P33. The data-estimated propagators are computed using surface geophone (1) and the
buried geophone at 1.05 m depth. Frequency filters are applied with pass band between
40 and 140 Hz.
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Figure 3.7: Waveform misfit functions (a)E11, (b) E13, (c) E31, (d) E33 for poststack
P11, P13, P31, andP33 computed using surface geophone (1). The combined constraints
are shown in (e). The joint inverse results using surface geophone (2) are shown in (f).
Contours are drawn forEij = min(Eij) + c, with c = 0.02, 0.05 and0.10, and the
indicesi andj take the values1 or 3. The open circle denotes the minimum ofEij , and
the triangles indicate the positions of the minima ofEij for each individual shot. No
computations are performed in the non-physical regionβ > α/

√
2.
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of the variation of best estimates for the individual shots.
So far we have only discussed the data-estimated propagator obtained using surface

geophone (1). Because there are significant differences between the horizontal component
recordings (1) and (2) (Figure 3.5), it is important to assess the consequences of these data
differences on propagator estimation and inversion. This allows us to determine whether
propagator inversion is robust in the presence of realistic data errors. Figure 3.8 shows that
the match betweeñP andP is not as good compared to the results for surface geophone
(1), although the fit is good for the first three shot points and forP33. This propagator
coefficient is not significantly affected by data variations on the horizontal component: it
relates the vertical component acquired at the free-surface to the same component at depth
[equation(3.1)]. The high-cut frequency was lowered to 100 Hz to reduce the effects
of coupling errors to the velocity estimation. The misfit function for the joint inverse
of all stacked propagators is shown in Figure 3.7f. The velocities corresponding to the
minimum ofEtot areα = 230 m/s andβ = 155 m/s. Averaging all individual shots
gives:α = 244± 20 m/s andβ = 152± 14 m/s. The estimates forβ agree well with the
previously obtained velocity estimates, whereasα is less consistent. For shotpoints 1, 2
and 3, which show a good match betweenP̃ andP, we find thatα ≥ 260 m/s.

Although geophones (1) and (2) were close together (spacing 0.30 m between them),
the horizontal component data recorded by these two geophones significantly differ for
frequencies above 70 Hz. These amplitude differences are attributed to geophone-ground
coupling. This refers to the accuracy with which a geophone measures the actual ground
motion. It is especially relevant for horizontal component recordings. A well-coupled hor-
izontal geophone has coupling resonance frequency of 130 Hz, whereas poorly coupled
horizontal geophones could have significantly lower (down to 30 Hz) resonance frequen-
cies (Krohn, 1984). For frequencies much lower than the coupling resonance frequency,
the geophone accurately follows the ground motion.

The results of surface geophone (1) are not sensitive to changes in the high-cut fre-
quency from 100 up to 140 Hz. Increasing this frequency reduced the uncertainty in the
velocity estimates. For surface geophone (2) on the other hand, increasing this frequency
resulted in poor fits of the propagator coefficients and large uncertainties in the estimated
velocities. Therefore, we decided to use different frequency bands for the application of
propagator inversion to data acquired by surface geophones (1) and (2). The obtained
results are hardly influenced by the choice of the low-cut frequency. Lowering this fre-
quency to 20 Hz yielded similar velocity estimates, although the data misfit betweenP
andP̃ somewhat increased, resulting in larger uncertainties attached to these estimates.
Therefore, we selected 40 Hz as low-cut frequency.

Thus, the analysis indicates that best results are obtained with the data recorded by
surface geophone (1). For surface geophone (1), inversion results are stable up to 140
Hz, a better data fit is obtained, and the data have a better resolving power for near-
surfaceP - andS-wave velocities. Although the data quality of the recordings of surface
geophone (2) is less good, the estimate for theS-wave velocity is in agreement with the
results obtained with surface geophone (1), and the difference between the obtained P-
wave velocities is approximately 10 % of the estimated value. This indicates that the
propagator inversion is robust in the presence of measurement errors.
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Figure 3.8: Prestack and poststack data-estimated propagators (solid) compared to the
best fitting theoretical propagator (dashed). Shown are (a)P11, (b) P13, (c) P31, and (d)
P33. The data-estimated propagators are computed using surface geophone (2) and the
buried geophone at 1.05 m depth. Frequency filters are applied with pass band between
40 and 100 Hz.
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3.5 Discussion

Low near-surface velocities are obtained with propagator inversion, namelyα = 270 ±
15 m/s andβ = 150± 9 m/s using geophone (1). The Poisson ratioσ which corresponds
to these velocities is0.28 with uncertainty range between0.18 and0.34. Because the
Poisson ratio is sensitive to perturbations in the estimated velocities, it is difficult to make
a sensible lithological interpretation. Despite this uncertainty, we may argue that the
observed Poisson ratio lies between the end-member models for dry, gas-saturated sands
with σ ∈ [0.0 0.22] and water-saturated sands withσ ∈ [0.38 0.50] (Bourbíe et al.,
1987), which qualitatively makes sense because the considered sediment was partially
water-saturated.
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Figure 3.9: Near-source traces of walkaway noise survey for (a)vx,(b) vx with 0.005 s
AGC window, (c)vz and (d)vz with 0.005 s AGC window. The airwave is indicated with
the solid line, the groundwater refraction with the dashed line, and the arrows indicate the
reflectedP wave at the groundwater table.
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Figure 3.10: Amplitude spectra (horizontal phase velocity versus frequency) forvx (a)
andvz (b). Rayleigh waves are characterized by low velocities and frequencies, whereas
guided waves have higher velocities and frequencies. Theoretical curves for guided wave
modes (0,1,2) are fitted to the data. The parameters for these theoretical dispersion curves
are listed in Table 3.2.

To test the results of propagator inversion, we analyze the Zeist walkaway noisespread
with recordings between 0 and 84 m offset. Near-offset sections of these data are shown
in Figure 3.9. The receiver spacing is 0.75 m. No frequency filtering was applied to these
multicomponent recordings. The airwave is clearly visible on both the inline and vertical
components in the automatic gain control (AGC) plots. In the offset range between 0
and 10 m we do not observe coherent energy arriving before the airwave. Events with a
higher moveout velocity arrive just after the airwave. This indicates that the near-surface
velocity is low, and that velocities increase with depth close to the free surface. Between
15 and 30 m offset, the refracted wave from the water table can be observed, and also the
reflected wave from this interface can easily be identified on the vertical component.

The recordings in the complete noisespread are dominated by surface waves and
guided waves traveling above the groundwater table (Figure 3.3). Independent estimates
for the near-surfaceP velocity and depth of the water table can be obtained by dispersion
analysis of these guided waves (Brekhovskikh, 1980; Robertsson et al., 1996). This anal-
ysis assumes that the medium below the free-surface is acoustic and homogeneous. These
assumptions are reasonable since water saturation leads to a sharp increase inP velocity
while theS velocity remains very low (Stümpel et al., 1984).

For the dispersion analysis, the data shown in Figure 3.3 are transformed using a
technique proposed by Park et al. (1998). Amplitude spectra of the transformed data are
shown in Figure 3.10. The low-frequency part of the spectrum is dominated by groundroll,
whereas guided waves have higher frequencies and velocities. Different modes for guided
waves can be identified. The higher modes are more pronounced on the spectrum of
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P -wave velocity top layer 430 m/s
P -wave velocity half-space 1500 m/s
Density top layer 1700 kg/m3

Density half-space 2000 kg/m3

Thickness top layer 7.5 m

Table 3.2: Parameters of the guided wave dispersion curves.

vz. Dispersion curves for guided waves (Brekhovskikh, 1980; Robertsson et al., 1996)
are matched to these data by varying the thickness of the top layer and itsP velocity.
TheP velocity for the second layer is obtained from the groundwater refraction. The
parameters used to construct the dispersion curves are listed in Table 3.2. The densities
hardly influence the dispersion curves.

At first glance, there seems to be a discrepancy between the obtained velocities,
α ≈ 430 m/s andβ ≈ 200 m/s from dispersion analysis of guided waves and from
propagator inversion. However, the thickness of the near-surface low-velocity layer is
estimated at about 7.5 m. Dispersion analysis yields an average velocity for this layer,
whereas propagator inversion determines the velocity for the top 1.0 m of this layer. Be-
cause dispersion analysis yields observations on a different scale, we cannot compare
these observations to the velocities obtained with propagator inversion directly. It is be-
cause of these different depth sensitivities that subsonic near-surfaceP -wave velocities
are not commonly observed in this seismic frequency range. Furthermore the results sug-
gest that the velocities increase with depth in the unsaturated zone, from270 ± 15 m/s
in the top meter, with an average of around 430 m/s in the top 7.5 m, before an abrupt
change in theP velocity to around 1500 m/s occurs at the groundwater table. This obser-
vation is consistent with the results of White and Sengbush (1953), and also explains the
near-offset data shown in Figure 3.9.

We have therefore shown that information on very shallow near-surface wave veloci-
ties can be obtained with the propagator method using a 3D geophone configuration. Al-
though shallow material properties may influence the actual wave propagation, we believe
that these have most impact on themeasuredwavefield. Both the energy transmitted into
the ground and the recordings of the wavefield by geophones depend on the near-surface
soil conditions.

The repeatability of the source mostly depends on the (an)elastic properties of the soil
(Aritman, 2001). Both the amount of energy radiated into the ground and the radiation
pattern are influenced by the near-source material properties. Lateral variations in near-
surface material properties could lead to poor repeatability of the source, degrading the
quality of the seismic section. In addition, the measurements of the recording instruments
differ from the actual ground motion. The so-called receiver coupling is influenced by
the stiffness of the soil (Krohn, 1984). As a consequence, differences between recordings
of adjacent receivers can exist due to coupling differences. Coupling errors especially
affect the quality of converted wave data. Thus, correct processing and interpretation of
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seismic data acquired in a land seismic survey requires an understanding of both source
and receiver coupling effects, and such an understanding may be facilitated by the very
near-surface velocity estimates obtained using propagator inversion.

Another issue is the interaction of the wavefield with the free surface. Usually, we are
only interested in the free-surface incidentP andS waves, while receivers placed on land
measure the interaction of these incident wavefields with the free-surface. In principle,
we can obtain the free-surface incidentP andS waves using wavefield decomposition.
Wavefield decomposition requires as input the free-surface reflectivity, which depend on
theP - andS-wave velocities just below the free-surface. Because we measure the wave-
field exactly at the free surface, we should not use effective or averaged medium param-
eters for wavefield decomposition. Thus, the very shallow material properties obtained
with propagator inversion may improve wavefield decomposition and demultiple.

Although application of the propagator method would require additional effort in ac-
quiring data, we demonstrated that the technique provides additional information relevant
for a land seismic survey. The propagator method can be incorporated into a seismic
survey without having to perform an additional high-resolution experiment.

Finally, it should be mentioned that propagator estimation assumes that the medium is
elastic. Although attenuation can be significant in the weathered layer, it does not affect
the obtained results, since the dominant wavelength of the analyzed signal is not much
smaller than the distance between the surface and buried geophone.

3.6 Conclusions

The data-estimated propagator contains all information on the material parameters gov-
erning wave propagation between the free-surface and the depth of a buried geophone.
We applied propagator inversion on Zeist field data to determine the local near-surface
velocities. This inversion yielded subsonic compressional wave velocity,α = 270 ± 15
m/s, and a low shear velocity,β = 150± 9 m/s for the top meter.

Higher velocities are obtained with dispersion analysis of guided waves forα. This
difference is attributed to the different depth sensitivity of dispersion analysis. Propagator
inversion is only sensitive to the wave velocities between the free surface and the buried
geophone, whereas dispersion analysis is sensitive to velocities in the entire layer above
the water table. For this reason, these lowP andS velocities are not commonly observed
in seismic surveys with a deeper target.

Although very shallow anomalies are considered to have a small impact on the wave-
field propagation, these may significantly influence the wavefield recordings. Both the
energy transmitted into the subsurface by the source and receiver coupling depend on
very shallow material properties. Hence, lateral changes in material properties could lead
to poor repeatability of the source and receiver coupling differences. Also corrections for
the interaction of the wavefield with the free-surface require these shallow wave velocities
to be known.
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Surface-consistent amplitude
corrections for single- or
multi-component sources and
receivers using reciprocity and
waveform inversion

Abstract

In land seismics, near-surface conditions often vary within surveys, resulting in differ-
ences in source strength and signature. Furthermore, discrepancies between closely spaced
recordings are also commonly observed. Processing and interpretation of recorded data
require that data are corrected for these source and receiver perturbations in the early
stages of processing. However, existing surface-consistent deconvolution techniques are
applicable to primary reflection data only, and therefore require that ground roll and mul-
tiples are suppressed prior to the application. This is usually performed with multichannel
filter operations. The performance of these filter operations, however, rapidly deteriorates
in presence of acquisition-related amplitude and phase perturbations. We propose an al-
ternative approach to compensate for acquisition-related perturbations. It is essentially a
preprocessing step, and has the following characteristics: (i) it can be applied to complete
recordings, hence does not require the isolation of primary reflections in the data, (ii) no
assumptions are imposed on the subsurface, and (iii) it is applicable to multicomponent
data. The procedure is based on reciprocity of the medium response, so that differences

This chapter has been submitted for publication by R. Van Vossen, A. Curtis and J. Trampert toGeophysical
Journal International.

51



52 Chapter 4

between normal and reciprocal traces can be attributed to source and receiver perturba-
tions. The application of reciprocity requires symmetric data acquisition, i.e. identical
source and receiver patterns, identical locations, and the source orientations have to be
identical to the receiver components. Besides reciprocity, additional constraints are re-
quired to determine the lateral source and receiver amplitude variations fully. We use
criteria based on minimizing total energy differences between adjacent common source
and common receiver gathers, and in common offset panels of the medium response. Syn-
thetic tests demonstrate that acquisition-related amplitude differences can be significantly
reduced using this method.

4.1 Introduction

Amplitude anomalies of reflections in seismic recordings have been used for many decades.
Initially, the focus was the search for high-intensity seismic reflections, so-called bright
spots, in stacked seismic sections. These bright spots could indicate hydrocarbon accu-
mulations, particularly gas. An important development was the introduction of amplitude-
versus offset (AVO) interpretation techniques (Ostrander, 1984): observations of reflec-
tion coefficients for different angles of incidence can be used to discriminate different
lithologies. This allows the separation of gas- and non-gas- related amplitude anoma-
lies. Other applications are the detection of oil reservoirs and of porosity in carbonates
(Castagna and Backus, 1993).

However, before we can interpret amplitudes in recorded data, we have to compen-
sate for near-surface and acquisition-related effects, such as source strength and receiver
coupling variations, preferably in the early stages of the processing. These variations in-
fluence all common-midpoint (CMP) based processing, since traces with different sources
and receivers are combined in a CMP stack. This degrades the quality of the stack and
could lead to biased AVO trends, particularly when related to slowly varying near-surface
conditions.

For multicomponent data, it is important to realize that acquisition-related perturba-
tions distort the vector-wavefield characteristics, since coupling has a different effect on
horizontal and vertical source and receiver components (Krohn, 1984). This can bias the
observed polarization (Li and MacBeth, 1997; Michaud and Snieder, 2004). For example,
determining the polarization direction of the leading split shear wave involves simultane-
ous rotation of the horizontal source and receiver coordinates to conform with the princi-
pal axes of an azimuthal anisotropic medium (Alford, 1986). This can only be achieved
after separating the acquisition-related amplitude effects on the different recorded wave-
field components from the medium response effects.

Amplitude corrections can be performed using surface-consistent processing tech-
niques (Taner and Koehler, 1981; Levin, 1989; Cambois and Stoffa, 1992; Cary and
Lorentz, 1993). Surface consistency refers to the following approximations: the source
and receiver amplitude terms can be expressed as finite-impulse response filters which do
not vary throughout the recording time and are independent of the direction of propagation
of the incident wavefield. These existing techniques are applicable to primary reflections
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which have to be isolated in the data, and common-depth point (CDP) gathering is as-
sumed to be valid. The isolation of primary reflections requires the suppression of ground
roll and multiples, which is commonly performed using multichannel filter operations.
However, the performance of these multichannel filter operations rapidly deteriorates in
presence of amplitude and phase perturbations as a result of the wavefield acquisition
(Newman and Mahoney, 1973). Therefore, it is not surprising that careful preprocess-
ing is required before multiples can be successfully eliminated (Kelamis and Verschuur,
2000).

We developed an alternative approach to compensate for source and receiver pertur-
bations which is essentially a preprocessing step. It takes full seismic waveforms into
account, and does not require mid-point binning. The approach uses reciprocity of the
medium response for evaluating lateral source and receiver amplitude variations: differ-
ences between normal and reciprocal traces can be attributed to differences in source
strength and receiver coupling. Karrenbach (1994) and Luo and Li (1998) applied this
technique to determine the seismic source wavelets, assuming that there are no lateral
variations in receiver coupling. We show how the latter constraint can be relaxed. This
method is also suitable for application to multicomponent data for which the conventional
methods cited above often fail because it is more difficult to identify and isolate primary
reflections.

Application of reciprocity requires symmetric data acquisition. This includes identical
source and receiver positions and shot/receiver patterns, and identical source and receiver
components. Multicomponent recordings require thus multicomponent sources.

4.2 Background theory: convolutional model and reci-
procity

Multicomponent data (3C× 3C), excited by a source located atxj and recorded at loca-
tion xi can be represented as a matrix of traces (Tatham and McCormack, 1991):

V(t, i, j) =

 Vxx(t, i, j) Vxy(t, i, j) Vxz(t, i, j)
Vyx(t, i, j) Vyy(t, i, j) Vyz(t, i, j)
Vzx(t, i, j) Vzy(t, i, j) Vzz(t, i, j)

 , (4.1)

with the top row corresponding to the in-line (x) geophone traces from in-line (x), crossline
(y), and vertical (z) sources. The second row contains crossline geophone traces, and the
third row vertical geophone traces. We assume that the source and receiver positions are
located on a line. The indicesi andj refer to the receiver and source location numbers,
respectively.

Considering the earth as a linear system for the propagation of seismic waves, the
recorded tracesV(t, i, j) satisfy the convolutional model (Zeng and MacBeth, 1993),

V(t, i, j) = R(t, i) ∗G(t, i, j) ∗ S(t, j), (4.2)
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whereR(t, i) is the receiver response at surface locationxi, S(t, j) is the source signature
at surface positionxj , andG(t, i, j) is the corresponding medium response. The asterisk
(∗) denotes convolution in the time domain.

We assume thatR(t, i) andS(t, j) are surface consistent. This means that effects
associated with a particular source or receiver remain constant throughout the recording
time, and affect all wave types similarly, regardless of the direction of propagation. The
time dependence inR(t, i) andS(t, j) denotes the length of the finite-impulse response
filters. We also assume that sources and geophones are perfectly aligned, and that cross-
coupling between different source and receiver components can be neglected. Then, the
geophone and source responsesR(t, i) andS(t, j) are diagonal matrices of time series
with the principal components given by the scalar functions of the in-line, cross-line, and
vertical geophones and sources.

The objective at this stage is to determine the medium responseG(t, i, j), or to re-
move the influence of lateral source and receiver variations from the recorded data. To
achieve this, we have to determine the individual components in the convolutional model
[equation (4.2)]. We can reduce the number of unknown parameters using reciprocity. Be-
cause the medium response is reciprocal, differences between recordings of a reciprocal
source/receiver pair can be attributed to lateral differences in source strength and receiver
coupling. Reciprocity of the medium response is expressed as (Knopoff and Gangi, 1959;
White, 1960):

G(t, i, j) = GT (t, j, i), (4.3)

whereGT is the transpose ofG. Reciprocity can only be applied to data if symmetry
conditions are satisfied during data acquisition: the source positions should be identical
to the receiver positions, and application of reciprocity to multicomponent recordings also
requires multicomponent sources.

4.3 Formulation of the inverse problem

Let us assume that we have data recorded withN identical source and receiver positions,
such thati, j = 1, . . . , N . Then, the convolutional model and reciprocity result in a
system of equations which constrain the individual terms in the convolutional model. We
can formulate a linear inverse problem in the log/Fourier domain (Taner and Koehler,
1981; Cambois and Stoffa, 1992), wherelog x denotes the natural logarithm ofx. The
log/Fourier transform of a time functionX(t) is defined as

X̃(ω) = log
[∫ ∞
−∞

X(t)e−iωtdt
]
, (4.4)

with the inverse transform

X(t) =
1

2π

∫ ∞
−∞

eX̃(ω)+iωtdω. (4.5)
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Since convolution in the time domain is equivalent to summation in the log/Fourier do-
main, the convolutional model becomes in the log/Fourier domain:

Ṽ(ω, i, j) = R̃(ω, i) + G̃(ω, i, j) + S̃(ω, j). (4.6)

The real part of equation (4.6) describes the decomposition of the natural logarithm of the
Fourier amplitude spectra into the source, receiver, and medium response terms, whereas
the imaginary part of equation (4.6) gives the decomposition of the phase. In the follow-
ing, we only consider the amplitude component of the problem.

For the analysis of the system of equations, it is convenient to recast equation (4.6) in
a matrix-vector form:

Am(ω) = d(ω), (4.7)

whereA is the coefficient matrix,m(ω) contains the unknown parameters in the log/Fourier
domain, and the data-vectord(ω) contains the measurements of the wavefieldṼ(ω, i, j).
The “model” vectorm(ω) is partitioned into the individual components:

m(ω) =

 mG(ω)
mR(ω)
mS(ω)

 , (4.8)

wheremG(ω) contains the medium response,mR(ω) the receiver terms, andmS(ω) the
source wavelets. The coefficient matrixA is frequency independent. It only contains ones
and zeros.

We treat reciprocity of the medium response as an exact relationship. Instead of insert-
ing the reciprocal equations (4.3) in the coefficient matrixA, we directly reduce the num-
ber of unknown parameters inmG(ω) by explicitly substituting the reciprocal medium
response terms using equation (4.3). Since the number of unknowns is reduced, this ap-
proach is computationally favourable.

Furthermore, we can only solve for relative source and receiver differences. Conse-
quently, we can impose a zero-mean constraint on the source and receiver terms without
loss of generality. We also treat this as an exact relationship and implement it in a similar
fashion as the reciprocity constraints.

4.4 Analysis of reciprocity constraints on single compo-
nent data

Consider single component data with forty-one (N = 41) identical source/receiver po-
sitions. ForN > 5, there are more dataND = N2 than unknown parametersNU =
(N + 1)N/2 + 2(N − 1): mG has(N + 1)N/2 unknown coefficients, and bothmR and
mS containN − 1 unknown terms. In this example, there are941 unknown parameters.
We use singular value decomposition (Lanczos, 1961) to analyze the constraints on the
model parameters. The singular values are shown in Figure 4.1. There areN − 1 zero
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Figure 4.1: Normalized singular values ofA using 41 sources and receivers. The total
number of degrees of freedom is then 941.

singular values, thusN − 1 undetermined model parameters. This number corresponds
to the number of model parameters in the source or receiver terms. The nonuniqueness is
a result of the absence ofN reciprocity constraints on zero-offset data. Thus, despite the
fact that there are more equations than unknown parameters, the number of independent
equations is insufficient to give a unique solution. Combining the constraints for different
frequencies does not provide any additional information to reduce the model null-space,
since the coefficient matrixA is frequency independent.

4.5 Regularization criteria

Additional information is required to obtain a unique solution to the inverse problem. We
investigated regularization using both energy criteria and minimum variation in common-
offset sections of the medium response. Energy criteria give prior information on the
source and receiver terms, and the variation criterion provides information about the
medium response. Prior information and a reference modelm0 are included in the in-
verse problem defining a cost function:

Y = (Am− d)T C−1
d (Am− d) +

(
m−m0

)T
C−1
m

(
m−m0

)
, (4.9)

whereC−1
d is the inverse of the data covariance matrix which we take to be diagonal, and

C−1
m is the inverse of the prior model covariance matrix. It is a block-diagonal matrix and

can be written in partitioned form:

C−1
m =

 C−1
mG 0 0
0 C−1

mR 0
0 0 C−1

mS

 , (4.10)
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whereCmG , CmR andCmS are the covariance matrices describing prior information on
the medium response, receiver, and source terms, respectively. The least squares solution
of equation (4.9) is found by setting the derivatives with respect to the model parameters
equal to zero, and is given by (e.g. Tarantola, 1987):

m̃ =
(
ATC−1

d A + C−1
m

)−1 (
ATC−1

d d + C−1
m m0

)
. (4.11)

The model resolution matrix is then:

R =
(
ATC−1

d A + C−1
m

)−1
ATC−1

d A. (4.12)

The resolution operator tells us to what extend we can retrieve the chosen model parame-
ters independently from the inverse operator. The total number of independent parameters
used to construct the estimated model is given by the trace of the resolution matrix.

An alternative approach is to add information only to the null-space of the unregular-
ized inversion. The procedure of adding null-space information while retaining the data
fit was originally proposed by Deal and Nolet (1996) for tomographic inverse problems.
We consider this approach less flexible in dealing with data contaminated by noise, and
therefore we only show results for the conventional implementation using regularization
criteria shown in equation (4.11).

In the following sections we show that prior information given by a minimum varia-
tion criterion and energy criteria can be incorporated in the conventional formalism, i.e.
we derive expressions for the prior model and for the prior model covariances for the pro-
posed regularization criteria. The derivations are given for single component data, but are
readily generalized for multicomponent data.

4.5.1 Minimum variation in common-offset domain

Prior information on the medium response can be obtained by requiring that variation in
common-offset sections of the medium response is small. The underlying idea is that
lateral source and receiver variations result in amplitude variations in common-offset sec-
tions. If we correctly retrieve these lateral source and receiver variations and correct
the recorded data for these source and receiver effects, the amplitude variations in these
common-offset sections of the medium response are reduced to the minimum required by
the data. We define variation in the common-offset medium response using a measure of
length (Menke, 1984):

L(xo) = [mG(xo)− µG(xo)]
T [mG(xo)− µG(xo)]

= [Al(xo)mG(xo)]
T [Al(xo)mG(xo)] , (4.13)

wheremG(xo) denotes the partition ofmG with offsetxo, and the elements ofµG(xo)
are the average ofmG(xo):

[µG(xo)]j =
∑N(xo)
i=1 [mG(xo)]i

N(x0)
, j = 1, . . . , N(xo), (4.14)
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with N(xo) the number of traces with offsetxo. The matrixAl(xo) is the coefficient
matrix, and is defined such thatAl(xo)mG(x0) = mG(xo)− µG(xo).

We define the minimum variation cost functionL by combining all common-offset
sections, using the number of traces in each common-offset section as weights, i.e. this
criterion provides more reliable information using common-offset sections with many
traces, since the mean and variation with respect to this mean value can be determined
more accurately. The cost function is given by:

L =
∑
xo

N(xo)L(xo) = [AlmG]T Wm [AlmG(ω)] . (4.15)

The coefficient matrixAl comprises all individual matricesAl(xo), and the diagonal
matrixWm contains the corresponding weighting factorsN(x0) and is normalized such
that the maximum value of

max
[
AT
l WmAl

]
=

2
N + 1

. (4.16)

This maximum is set equal to the ratio of the number of unknowns inmR ormS overmG.
This normalization has been chosen to reduce the dependency of the damping parameters
on the number of sources/receivers.

The minimum variation criterion can be included in the inverse problem [equations
(4.9)], with the inverse of the medium-response model covariance given by:

C−1
mG = θAT

l WmAl, (4.17)

whereθ is the overall damping parameter. We set the prior medium response

m0
G = 0. (4.18)

The choice of the prior medium response does not influence the inversion results when
these are set to a constant value. This criterion minimizes differences with respect to the
average value in common offset panels.

4.5.2 Energy criteria

Consider a common source gather for a source positioned atxj with N receivers. The
energy for frequencyω in this gather is proportional to the squared sum of all traces:

E(ω, j) =
N∑
i=1

|v(ω, i, j)|2 . (4.19)

Inserting the convolutional model [equation (4.2)] into equation (4.19) yields:

E(ω, j) = |S(ω, j)|2
(

N∑
i=1

|R(ω, i)|2 |G(ω, i, j)|2
)
. (4.20)
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The energy in the common-source gather for the adjacent source position, with geophones
positioned at similar offsets, is given by:

E(ω, j + 1) = |S(ω, j + 1)|2
(

N∑
i=1

|R(ω, i+ 1)|2 |G(ω, i+ 1, j + 1)|2
)
. (4.21)

For closely spaced sources, we may assume that differences in the medium response only
occur close to these sources. This implies that energy differences between two adja-
cent common source gathers are then primarily attributed to differences at the source.
This leads to the following approximation for the energy difference between two adjacent
common source gathers:

E(ω, j + 1)− E(ω, j) ≈
[
|S(ω, j + 1)|2 − |S(ω, j)|2

]
×

1
2

{
N∑
i=1

|R(ω, i)|2|G(ω, i, j)|2 + |R(ω, i+ 1)|2|G(ω, i+ 1, j + 1)|2
}
. (4.22)

The last term in equation (4.22) is the average of the medium response and the receiver
terms of the two adjacent common source gathers [equations (4.20) and (4.21)]. It is as-
sumed that this accurately represents the medium and receiver responses for both sources.

Using a similar approximation forE(ω, j + 1) + E(ω, j), we obtain for the division
of the energy difference by its sum:

E(ω, j + 1)− E(ω, j)
E(ω, j + 1) + E(ω, j)

≈ |S(ω, j + 1)|2 − |S(ω, j)|2

|S(ω, j + 1)|2 + |S(ω, j)|2
. (4.23)

Equation (4.23) is equivalent to

|S(ω, j + 1)|2 − E(ω, j + 1)
E(ω, j)

|S(ω, j)|2 = 0. (4.24)

We obtain expressions in the log/Fourier domain by taking the natural logarithm of equa-
tion (4.24):

S̃(ω, j + 1)− S̃(ω, j) =
1
2

log
[
E(ω, j + 1)
E(ω, j)

]
, (4.25)

where the energy term on the right of equation (4.25) is calculated from the data alone.
Hence, this equation imposes additional data-derived constraints on the source terms.
Since we can only solve for relative source variations, we can impose a zero-mean con-
straint on the source terms. This imposes an artificial absolute scale on the Green’s func-
tions which is always required in seismic data processing. Equation (4.25) can be written
in matrix-vector form:

A0m0
S(ω) = d0

S(ω), (4.26)
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wherem0
S(ω) contains the prior source variations,d0

S(ω) is the data vector, andA0 is
the coefficient matrix. We obtain the prior model estimate form0

S using the least-squares
solution of equation (4.26).

A similar analysis can be performed in the common-receiver domain. This results in
the following system of equations for the prior receiver terms:

R̃(ω, i+ 1)− R̃(ω, i) =
1
2

log
[
E(ω, i+ 1)
E(ω, i)

]
. (4.27)

Equation (4.27) in matrix-vector form is written as:

A0m0
R(ω) = d0

R(ω), (4.28)

wherem0
R(ω) contains the prior receiver model parameters, andd0

R(ω) is the data vector.
We use the covariance matricesCmR andCmS to impose the energy criteria upon the

model vector. We define these as:

C−1
mR =

2θφλAT
0 A0

max
[
AT

0 A0

] , (4.29)

C−1
mS =

2θφ(1− λ) AT
0 A0

max
[
AT

0 A0

] , (4.30)

whereθ is the overall damping parameter, The smaller the value ofθ, the more the model
parameters are allowed to vary around the energy and minimum variation constraints,
and the better the data can be explained. The parameterφ determines the strength of the
energy criteria relative to the variation criterion, andλ controls the relative strength of the
energy criteria applied in the common-source domain compared to the common-receiver
domain, and may take values between0 and1. The denominator in equation (4.29) and
(4.30) is used to reduce the dependency of the damping parametersφ andλ on the number
of sources/receivers considered in the inverse problem.

4.6 Synthetic example

We illustrate the method with a synthetic example on single component data, and analyze
the influence of the selection of the damping parameters.

4.6.1 Data description

Consider the model shown in Figure 4.2 with a synclinal structure and lateral hetero-
geneity close to the free surface (z = 0 m). The model parameters are listed in Table
4.1. Synthetic data were computed with a viscoelastic finite-difference code (Robertsson
et al., 1994). The first source and receiver are positioned at 100 m, the last ones at 900 m.
The shot and receiver spacing is 20 m: there are 41 source and receiver positions. Both
sources and receivers are located at the free surface. The source mechanism is a vertical
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Figure 4.2: Synclinal model used to generate synthetic data, with layers numbered for
identification.

Layer number α (m s−1) β (m s−1) ρ (kg m−3) Qp Qs
I 1100 280 1700 100 50
II 900 250 1600 100 50
III 1500 400 2000 10000 10000
IV 2200 600 2100 10000 10000
V 2500 700 2150 10000 10000
VI 3000 800 2200 10000 10000

Table 4.1: Values for velocity, density, and attenuation for each layer in the model shown
in Fig. 4.2.
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Figure 4.3: Common-offset panels for (a) 0 m and (b) 200 m offset. The midpoint coor-
dinate is denoted byxm.

force source, which emits a Ricker wavelet with a 40 Hz central frequency. The time
sampling interval is 0.001 s, and a trace has 4000 samples.

Two common-offset panels of the data are shown in Figure 4.3. The ground-roll is
the most energetic event in the data. The near-surface lateral heterogeneity results in dif-
ferent amplitudes and traveltimes in theP -P reflected waves between 0.10 and 0.20 s,
and causes backscattering of surface waves. These are the steeply dipping events between
x = 200 and500 m in the zero-offset section. The synclinal structure is easily recognized
in the zero-offset panel. The structure is repeated due to reverberations in the near-surface
low velocity layer. The 200 m common-offset panel shows that the near-surface hetero-
geneity results in different moveout velocities for the ground roll, which are the large
amplitude events between 0.8 and 1.0 s. The signature of the synclinal structure is less
pronounced in this section.

At the receiver side, data are perturbed using a damped harmonic oscillator descrip-
tion. This represents both the response of the geophone-ground coupling, and of the
instrument response (Hoover and O’Brien, 1980; Krohn, 1984). The complex response
can be written as:

R(f) =
−
(
f
fg

)2 [
1 + i

(
f
fc

)
ηc

]
[
1−

(
f
fg

)2

+ i
(
f
fg

)
ηg

] [
1−

(
f
fc

)2

+ i
(
f
fc

)
ηc

] . (4.31)

In this model,fg andfc are the resonant frequencies, andηg andηc are the damping
factors for the geophone’s internal spring, denoted with subscriptg, and for the geophone
ground coupling, indicated with subscriptc. Critical damping occurs whenηg or ηc = 2.
In this equation,i denotes the imaginary unit

√
−1.

We also used a damped harmonic oscillator description to represent the coupling of
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fc (Hz) fg (Hz) fs (Hz) ηc ηg ηs
µ 150 4.5 150 1.0 1.0 1.0
σ 50 0.5 50 0.2 0.2 0.2

Table 4.2: Values for average resonant frequencies and damping factors of source and
receiver perturbations and the corresponding standard deviations.

the source (vertical vibrator) to the ground (Sallas, 1984)1:

S(f) =
−
[
1 + i

(
f
fs

)
ηs

]
[
1−

(
f
fs

)2

+ i
(
f
fs

)
ηs

] , (4.32)

wherefs andηs are source coupling resonant frequency and damping parameter. For
each source and geophone, the resonant frequencies and damping parameters are selected
randomly from a Gaussian distribution. The parameters which characterize these distri-
butions are listed in Table 4.2.

We only used the damped-oscillator description for the source and receiver perturba-
tions in these synthetic examples. The inversion method does not use any constraints that
follow from this model, and is thus independent from the damped-oscillator parameteri-
zation.

Since we are only able to solve for relative source and receiver perturbations in the
log/Fourier domain, we decompose the source and receiver terms into an average and a
perturbation term:

R(ω, i) = R̄(ω)
[
1 +

∆R(ω, i)
R̄(ω)

]
= R̄(ω)∆′R(ω, i), (4.33)

S(ω, j) = S̄(ω)
[
1 +

∆S(ω, j)
S̄(ω)

]
= S̄(ω)∆′S(ω, j), (4.34)

whereR̄(ω) is the geometric mean of the different receiver terms:

R̄(ω) =

[
N∏
i=1

R(ω, i)

]1/N

. (4.35)

The relative source and receiver terms (perturbations) are∆′S(ω, j) and∆′R(ω, i), respec-
tively. The geometric mean in the Fourier domain corresponds to the arithmetic mean in
the log/Fourier domain. In the inverse procedure, we only solve for the source and receiver
perturbations∆′S(ω, j) and∆′R(ω, i), and therefore we only added the perturbation terms
to the data.

1Note that we only consider the coupling of the baseplate to the ground in this example, which response is
given by a damped harmonic oscillator description. We do not consider the mechanical model of the vibrator
itself.
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4.6.2 Results

We first study inversion results for a single frequency. To gain an idea of the influence of
φ andλ on the model estimate, we minimize equation (4.9) many times, systematically
varying the parametersφ andλ. We added errors to the data drawn from a Gaussian distri-
bution with a standard deviationσd = 0.10 in the log/Fourier domain. This corresponds
to errors with a standard deviation of 10 per cent of the values of the synthetic data in the
frequency domain. The experiments are repeated with different manifestations of random
noise. We performed experiments for different resonant frequencies and damping param-
eters for the source and receiver perturbations, and plot the reducedχ2 as a function of
independent parameters in the final model. We define the reducedχ2 as:

χ2 =
1

ND −M
(Am− d)T C−1

d (Am− d) , (4.36)

whereND is the number of data andM = trace(R). Furthermore, we compare the
estimated model to the true solutionmtrue. We quantify the true-model misfit with

ξ2 =
(m̃−mtrue)

T (m̃−mtrue)
NU

, (4.37)

whereNU is the number of unknown parameters. The measureξ has been chosen such
that it can be interpreted as an average uncertainty in the estimated model parameters.

Figure 4.4 shows misfit curves for the data and model uncertainty forf = 50 Hz.
These misfit curves are computed varying the overall damping parameterθ, and conse-
quently the trace ofR using equation (4.12). If we reduce the overall dampingθ, i.e.
allowing more independent parameters in the inversion, the data are better explained, re-
sulting in small values forχ2. As we reduce the overall damping,χ2 monotonically tends
towards1, as expected.
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Figure 4.4: Misfit curves obtained for various source and receiver perturbations. The
curves are labelled showing the values of the parameters (φ,λ). (a) shows the data misfit
with the reduced chi-squared measure, and (b) shows the true model misfit.
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Figure 4.5: Inversion results for relative (a) receiver and (b) source perturbations at fre-
quencyf = 50 Hz. The inversion results are computed with the following damping
parameter values:θ = 0.001, φ = 0.01, andλ = 0.5, which results intrace(R) ≈ 901,
and are compared to the reference solution. Results are shown for unperturbed data, and
for data contaminated with Gaussian noise.

Both the data and the model misfit measures indicate that best results are obtained if
φ ≤ 1. For a fixed value of trace(R), the data are better explained forφ ≤ 1. For larger
values, both the data and model misfit increase. The explanation for this is that the source
and receiver terms are better constrained by the data than the individual medium response
terms, i.e. all equations in a common-source gather constrain the individual source term,
whereas there is only one equation for a particular Green’s function. Thus, imposing prior
information on the source and receiver terms potentially has a larger influence on data and
model misfit than prior information on the medium response terms. Sensitivity tests for
λ, the trade-off parameter between source and receiver terms, indicated that the inversion
results are not influenced by variations in this parameter.

An example of the inversion for lateral source and receiver perturbations is shown
in Figure 4.5. In Figure 4.5a, the ordinate valueRzz represents the vertical component
of the receiver correction, andSzz in Figure 4.5b represents the vertical component of
the source correction. The frequencyf = 50 Hz, and the damping parameter values are
θ = 0.001, φ = 0.01 andλ = 0.5, resulting in trace(R) ≈ 901. Inversion results are
shown for unperturbed data, and for data contaminated with Gaussian noise with standard
deviation0.10. In order to quantify the error, we use the measureξR,S for the source and
receiver amplitude terms:

ξ2
R,S =

(m̃R −mR true)
T (m̃R −mR true) + (m̃S −mS true)

T (m̃S −mS true)
2N

(4.38)

For the unperturbed data, there is a good fit to the reference solution which is the true
solution for the lateral source and receiver amplitude variations:ξR,S = 0.083. For the
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Figure 4.6: Effect of source and receiver amplitude corrections on zero offset data: focus
on ground roll. Shown are (a) perturbed data, (b) difference between perturbed data and
reference solution, (c) corrected data, and (d) difference between these corrected data and
reference solution.

data contaminated with Gaussian noise with standard deviation0.10, the fit is slightly less
good:ξR,S = 0.098.

Instead of using directly the inversion results for the medium response termsmG, we
use the lateral source and receiver terms to compensate the recorded data for these effects.
This approach is favoured since it allows the implementation of the additional requirement
that the source and receiver terms have a finite impulse response (e.g. Drijkoningen;
2000), which was not imposed explicitly in our implementation. Thus, the compensation
scheme consist of the following steps: first we estimate the filters which compensate for
lateral source and receiver variations in the log/Fourier domain. These inverse filters are
obtained by reversing the sign of the obtained source and receiver perturbations terms in
the log/Fourier domain. Then, we apply the inverse log/Fourier transform and limit the
impulse response in the time domain. This operation is performed such that the resulting
filters are zero phase, and the filter length in the presented examples is set to0.03 s.
Finally, we correct the recorded data for lateral source and receiver amplitude variations
by convolution in the time domain.

We illustrate the performance of this compensation scheme on the synthetic data de-
scribed in the previous section. We added errors drawn from a Gaussian distribution with
a standard deviation of 10 per cent of the values of the synthetic data in the time domain,
followed by a low-pass filter with 100 Hz cut-off frequency, and use the same values of
the damping parameters as in the previous example. Figures 4.6 and 4.7 show the results
on the recorded zero-offset data. Figure 4.6 shows the results of the first arrival. The
amplitudes in Figure 4.7 are blown up to focus on the reflected waves.
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Figure 4.7: Effect of source and receiver amplitude corrections on zero offset data: focus
on reflected waves. Shown are (a) perturbed data, (b) difference between perturbed data
and reference solution, (c) corrected data, and (d) difference between corrected data and
reference solution.

The results are compared to a reference solution whichincludesthe phase shifts in-
duced by the lateral source and receiver variations and the average source and receiver
terms. Thus, the reference solution is the input data which are compensated for the lat-
eral source and receiver amplitude variations, and do not contain the additional Gaussian
errors. The phase differences are included in the reference solution to be able to demon-
strate the performance of the amplitude correction scheme. Otherwise, we would obtain
differences between the compensated data and the reference solution due to the phase
differences for which we do not compensate.

Both for the first arrival and for the reflected waves, the differences of the corrected
solution with the reference solution are significantly smaller than for the perturbed data.
The large errors in the first 0.2 seconds of Figure 4.7d correspond to the residue shown in
Figure 4.6d.

Similar results are obtained for amplitude corrections for 200 m offset data. (Figures
4.8 and 4.9). Amplitude errors in both the ground roll and the reflected waves are reduced.
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Figure 4.8: Effect of source and receiver amplitude corrections on 200 m offset data:
focus on ground roll. Shown are (a) perturbed data, (b) difference between perturbed data
and the reference solution, (c) corrected data, and (d) difference between these corrected
data and the reference solution.

A comparison of the energy differences with the reference solution before and after
the amplitude corrections shows that the errors are significantly reduced. In the noise-
free case, the relative energy difference(E − Eref )/Eref , whereE is the energy of
all data traces before or after the amplitude corrections andEref is the energy of the
reference solution, decreases from0.079 to 0.0065. For data perturbed with the random
noise (Gaussian noise; standard deviation 10 per cent of the values of the synthetic data),
the relative energy differences before and after the amplitude corrections are0.086 and
0.011, respectively.

This synthetic example demonstrates that the proposed technique significantly reduces
effects of lateral source and receiver variations from the data, without having to select
primary reflections and without prior structural information.

4.7 Discussion

The correction for lateral source and receiver variations is based on the assumption that the
conditions for reciprocity are applicable to seismic data acquisition. In practice, however,
positioning of sources and receivers at identical positions is difficult to realize. More-
over, we also need to consider an explosive source in addition to a vertical force source
(vibrator), and source patterns are also commonly used in land seismics.

Fenati and Rocca (1984) conducted a field test to assess the applicability of reciprocity
in the field using both explosive and vibratory sources. They observed a good coherence
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Figure 4.9: Effect of source and receiver amplitude corrections on 200 m offset data: focus
on reflected waves. Shown are (a) perturbed data, (b) difference between perturbed data
and the reference solution, (c) corrected data, and (d) difference between these corrected
data and the reference solution.

between the direct and reciprocal traces regardless of the source, except at near-offsets
and early times with explosive sources. Furthermore, we performed sensitivity tests to
evaluate the effect of nonidentical source-receiver positions. These tests indicated that
the results are not influenced by small differences in source and receiver positions when
the distance between the reciprocal sources and receivers remains constant. For example,
this allows sources at a shallow depth, while the receivers are positioned at the surface.
We also expect that the results are not sensitive to a small displacement between parallel
source and receiver lines.

It is important to realize that, contrary to conventional surface-consistent process-
ing techniques (Taner and Koehler, 1981; Levin, 1989; Cambois and Stoffa, 1992; Cary
and Lorentz, 1993), reciprocity constrains source and receiver effects only, which do not
include wavefield propagation effects of the near surface. Thus, we assume that the am-
plitude perturbations for each source and receiver component are independent of the wave
type and the angle of incidence. Since we do not include wavefield propagation effects
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through the near-surface, surface consistency does not assume wave propagation in which
seismic energy travels through the near-surface along vertical paths, as in static correc-
tions. Therefore, the presence of ground roll in the data will not necessarily violate the
surface-consistent assumption.

Application to field data requires the computation of(ATC−1
d A+C−1

m )−1 [equation
(4.11)]. In practice, however, the matrix will be too big to invert and to retain in memory.
In such cases, the data should be decomposed into smaller sets, each of which would be
processed separately. This is common practice in conventional surface-consistent process-
ing techniques, and it is argued that this does not degrade the accuracy of the estimated
operators (Wiggins et al., 1976; Cambois and Stoffa, 1992).

It should be explicitly stated that we do not impose the damped-oscillator description
on the source and receiver terms. We only used this description in our synthetic experi-
ments to obtain realistic amplitude perturbations. Therefore, this method can potentially
be used to validate the damped-oscillator description for source and receiver coupling, and
this could improve our understanding of source and receiver coupling effects in seismic
data.

Finally, we only considered the decomposition of amplitudes into source, receiver,
and medium response terms in the log/Fourier domain. Problems associated to the phase
is that only the principal value of the original phase is known, which introduces disconti-
nuities in the phase function. We did not succeed in finding a suitable regularization for
the inverse problem to perform the decomposition of the phase in source, receiver, and
medium response terms. This is subject of future research.

4.8 Concluding Remarks

Existing surface-consistent deconvolution techniques are applicable to primary reflection
data only, and assume that common-depth point gathering is valid. Since multichannel
filter operations, which are commonly used to suppress ground roll and multiples, are
sensitive to source and receiver perturbations, corrections for these effects should be done
in the early stages of the processing sequence.

We presented a preprocessing technique to compensate for these source and receiver
perturbations which is applicable to the whole seismic trace. Furthermore, it does not
impose additional requirements on the subsurface. The approach is based on reciprocity
of the medium response, which implies that differences between normal and reciprocal
recordings can be attributed to the source and receiver perturbations.

Reciprocity does not fully constrain lateral source and receiver amplitude perturba-
tions. Additional information is required to obtain a unique solution to the inverse prob-
lem. We used a criterion based on minimizing energy total differences between adjacent
common-source and receiver gathers, and based on minimizing variation in common-
offset panels of the medium response.

We developed the theoretical framework both for single and multicomponent data.
Synthetic tests on single component data demonstrated that this method significantly re-
duces the effects of lateral source and receiver variations.



Chapter 5

Equalization of source and
receiver amplitude responses
using reciprocity and waveform
inversion – Application to land
seismic data

Abstract

Source and receiver response equalization is necessary when their behavior or coupling
changes with location within a given survey. Existing techniques which account for these
effects, such as surface-consistent deconvolution, are applicable to primary reflection data
only, thus requiring the suppression of ground roll and multiples prior to application. This
is usually performed with multichannel filters, the performance of which degrade in the
presence of source and receiver perturbations. We developed an alternative method to
compensate for source and receiver perturbations which is purely a raw data preprocessing
step: it is applicable to the whole seismic trace, hence does not require the isolation of pri-
mary reflections, and no assumptions are imposed on the subsurface. The method is based
on reciprocity of the medium response. This implies that differences between normal and
reciprocal recordings can be attributed to the source and receiver perturbations. We ap-
plied this technique to single sensor data acquired in Manistee County, Michigan. At this
site, near-surface conditions vary, and this significantly affects the data quality. The ap-
plication of the equalization procedure led to a substantial improvement in signal-to-noise
ratio, on both prestack and poststack data. Furthermore, the source corrections are cor-

This chapter has been submitted by R. Van Vossen, A. Curtis, A. Laake and J. Trampert toGeophysics.
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related to changes in near-surface conditions, in this case to changes in water-saturation
levels. We did not observe such a correlation for the receiver corrections, which vary
rapidly along the spread. Finally, the receiver response we found did not agree with the
generally accepted damped harmonic oscillator model. For frequencies below 100 Hz,
the retrieved receiver variations are larger than predicted by this model, and we cannot
explain the receiver response using a single resonant frequency for the geophone-ground
coupling.

5.1 Introduction

The variability of recordings obtained in land seismics settings cannot be fully explained
using linear wave propagation models because it partially depends on changes in source
and receiver behavior within a given survey. For example, the source strength and sig-
nature are mainly determined by nonlinear deformation of the near-source region. As
a consequence, changing near-surface conditions deteriorate the so-called repeatability
of the source (Karrenbach, 1994; Aritman, 2001). On the receiver side, several authors
have reported discrepancies between signals recorded by geophones which are only a few
meters apart (Berni and Roever, 1989; Blacquière and Ongkiehong, 2000). Some of the
causes of these perturbations are imperfect geophone coupling, localized variations of the
soil, shallow elastic property variations in consolidated rock, and variations of the ambient
or recording equipment noise.

Detection and compensation for these perturbations are necessary in the early stages
of processing, since the performance of multichannel filter operations rapidly deteriorates
in presence of amplitude or phase perturbations. This was already recognized decades ago
by Newman and Mahoney (1973), who demonstrated that the performance of the source
and receiver arrays is sensitive to source and receiver perturbations. These arrays, or more
generally multichannel or frequency-wavenumber filters, are commonly used for ground
roll and multiple attenuation. As indicated by Kelamis and Verschuur (2000), successful
multiple elimination requires careful preprocessing of the data.

Preferably, individual recordings are compensated for the source and receiver pertur-
bations before group forming. Therefore, recordings of individual receivers are recom-
mended (Ongkiehong and Askin, 1988; Ongkiehong, 1988), which in principle allow the
compensation for each individual geophone prior to digital group forming. Moreover,
digital group forming is a reversible process, maintaining flexibility during the processing
stages.

Source and receiver perturbations do not only influence processing. They also bias
amplitude interpretation techniques such as amplitude-versus-offset (AVO) (Castagna and
Backus, 1993). Furthermore, these perturbations also directly influence the signal-to noise
ratio of stacked data.

Even though compensation for acquisition effects should be done in the early stages
of processing, existing surface-consistent deconvolution techniques are applicable to pri-
mary reflection data only (Taner and Koehler, 1981; Yu, 1985; Levin, 1989; Cambois and
Stoffa, 1992; Cary and Lorentz, 1993), and thus require ground roll and multiple sup-
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pression prior to the application. Furthermore, common depth point (CDP) gathering is
assumed to be valid.

In contrast, we use an alternative approach to compensate for source and receiver
perturbations, which is essentially a preprocessing step. In principle, it can be directly
applied to the recorded wavefield because it uses the complete seismic trace instead of
primary reflection data only. Furthermore, it does not require midpoint binning, and no
assumptions are imposed on the subsurface. The approach uses reciprocity of the medium
response for evaluating lateral source and receiver amplitude variations. As a result of
reciprocity, differences between normal and reciprocal traces can be attributed to differ-
ences in source strength and receiver coupling. Karrenbach (1994) and Luo and Li (1998)
applied this technique to determine the seismic source wavelet, assuming that the receiver
perturbations can be neglected. Van Vossen et al. (2004b) demonstrated that the latter
constraint is unrealistic and can be relaxed, adapting the procedure such that both source
and receiver amplitude perturbations can be resolved.

Application of reciprocity requires symmetric data acquisition (Vermeer, 1991). This
includes identical source and receiver positions and shot/receiver patterns, and identical
source and receiver components. A field study performed by Fenati and Rocca (1984)
indicated that in practice, these reciprocal conditions do not have to be met exactly. They
observed that the fit between normal and reciprocal traces was not influenced by the
choice of a vibratory or explosive source, except at short offsets. Furthermore, in case
of a regular acquisition geometry with non-identical source and receiver positions, e.g.
when a source is located between two adjacent receivers, interpolation can be used before
determining the corrections.

In this paper, we first review the source and receiver equalization procedure proposed
and tested synthetically by Van Vossen et al. (2004b). The main part of this paper is
devoted to a field data application of this method. Data are acquired on a site in Manistee
County, Michigan, which is characterized by changing near-surface conditions. There-
fore, these data provide an excellent test case for the method. We discuss the characteris-
tics of the source and receiver corrections obtained and we show that these are correlated
to the near-surface conditions. Furthermore we show the influence of the amplitude cor-
rections on both prestack and poststack data.

5.2 Source and receiver equalization procedure

5.2.1 Convolutional model and reciprocity

We discuss the equalization procedure for single component data, and denote the vertical
component of the recorded particle velocity withv(t,xs,xr), with xs andxr the source
and receiver positions, respectively. The generalization for multicomponent data is given
by van Vossen et al. (2004).

Considering the earth as a linear system for the propagation of seismic waves, the
recorded traces satisfy the convolutional model,

v(t,xs,xr) = R(t,xr) ∗G(t,xs,xr) ∗ S(t,xs), (5.1)
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whereR(t,xr) is the receiver response for the vertical component recordings at surface
locationxr, S(t,xs) is the source signature at surface positionxs, andG(t,xs,xr) is
the corresponding medium response. The asterisk (∗) denotes convolution in the time
domain.

The equalization procedure requires data acquisition in a geometry which allows the
usage of apparently redundant recordings of reciprocal traces. Such a geometry requires
symmetric wavefield sampling, that is data recorded using identical source and receiver
sampling. This geometry was recommended by Vermeer (1991) to avoid processing arte-
facts as a result of asymmetric source and receiver sampling.

In the current application, the reciprocity theorem states that the medium response
(or Green function) is invariant when the source and receiver positions are interchanged
(Knopoff and Gangi, 1959). Reciprocity of the medium response is expressed as:

G(t,xs,xr) = G(t,xr,xs). (5.2)

This identity requires that the source orientation is similar to the recorded particle velocity
component.

Despite reciprocity of the medium response, large differences between normal and
reciprocal traces are commonly observed in the field (Fenati and Rocca, 1984; Karren-
bach, 1994). Karrenbach (1994) and Luo and Li (1998) explain these differences by
lateral variations in source behavior only, assuming that differences in receiver behavior
are small. We demonstrated that the latter constraint should be relaxed, and developed
a procedure for compensating the recordings for lateral multicomponent source and re-
ceiver amplitude variations (Van Vossen et al., 2004b). In the following section we review
the inverse procedure for estimating these corrections.

5.2.2 Formulation of the inverse problem

We assume thatR(t,xr) andS(t,xs) are surface consistent. This means that effects asso-
ciated with a particular source or receiver remain constant throughout the recording time,
and affect all wave types similarly, regardless of the direction of propagation. The time
dependence inR(t,xr) andS(t,xs) denotes the length of the finite-impulse response
filters.

Let us assume that we have data recorded withN identical source and receiver po-
sitions. Then, the convolutional model and reciprocity result in a system of equations
which constrain the individual terms in the convolutional model. Similar to surface-
consistent deconvolution, we can formulate a linear inverse problem in the log/Fourier
domain (Taner and Koehler, 1981; Cambois and Stoffa, 1992), where log denotes the
natural logarithm. The log/Fourier transform of a time functionX(t) is defined as

X̃(ω) = log
[∫ ∞
−∞

X(t)e−iωtdt
]
, (5.3)

with the inverse transform

X(t) =
1

2π

∫ ∞
−∞

eX̃(ω)+iωtdω. (5.4)
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Since convolution in the time domain is equivalent to summation in the log/Fourier do-
main, the convolutional model becomes in the log/Fourier domain:

Ṽ (ω,xs,xr) = R̃(ω,xr) + G̃(ω,xs,xr) + S̃(ω,xs). (5.5)

The real part of equation (5.5) describes the decomposition of the natural logarithm of the
Fourier amplitude spectra into the source, receiver, and medium response terms, whereas
the imaginary part of equation (5.5) gives the decomposition of the phase. In the follow-
ing, we only consider the amplitude component of the problem.

For the analysis of the system of equations, it is convenient to recast equation (5.5) in
a matrix-vector form:

Am(ω) = d(ω), (5.6)

whereA is the coefficient matrix,m(ω) contains the unknown parameters in the log/Fourier
domain, and the data-vectord(ω) contains the measurements of the wavefieldṼ (ω,xs,xr)
for all source and receiver positions. The “model” vectorm(ω) is partitioned into the in-
dividual components:

m(ω) =

 mG(ω)
mR(ω)
mS(ω)

 , (5.7)

wheremG(ω) contains the medium response,mR(ω) the receiver terms, andmS(ω) the
source wavelets. The coefficient matrixA is frequency independent, containing only ones
and zeros.

We treat reciprocity of the medium response as an exact relationship. Instead of insert-
ing the reciprocal equations (5.2) in the coefficient matrixA, we directly reduce the num-
ber of unknown parameters inmG(ω) by explicitly substituting the reciprocal medium
response terms using equation (5.2). Since the number of unknowns is reduced, this ap-
proach is computationally favorable.

Furthermore, we can only solve forrelativesource and receiver differences. Conse-
quently, we can impose a zero-mean constraint on the source and receiver terms without
loss of generality. We also treat this as an exact relationship and implement it in a similar
fashion to the reciprocity constraints.

5.2.3 Regularization criteria

Additional information is required to obtain a unique solution to the inverse problem.
We use a criterion which minimizes variation in common-offset sections of the medium
response (van Vossen et al. 2004). Prior information (or the reference model), denoted by
m0, is included in the inverse problem defining a cost function:

Y = (Am− d)T C−1
d (Am− d) +

(
m−m0

)T
C−1
m

(
m−m0

)
, (5.8)
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whereC−1
d is the inverse of the data covariance matrix which we take to be diagonal, and

C−1
m is the inverse of the prior model covariance matrix. It is a block-diagonal matrix and

can be written in partitioned form:

C−1
m = θ

 C−1
mG 0 0
0 C−1

mR 0
0 0 C−1

mS

 , (5.9)

whereCmG , CmR andCmS are the covariance matrices describing prior information on
the medium response, receiver, and source terms, respectively, andθ is the overall damp-
ing parameter. The least squares solution of equation (5.8) is found by setting the deriva-
tives with respect to the model parameters equal to zero, and is given by (e.g. Tarantola,
1987):

m̃ =
(
ATC−1

d A + C−1
m

)−1 (
ATC−1

d d + C−1
m m0

)
. (5.10)

Prior information on the medium response can be obtained by minimizing variation in
common-offset sections of the medium response. The underlying idea is that lateral
source and receiver variations result in amplitude variations in common-offset sections. If
we correctly retrieve these lateral source and receiver variations and correct the recorded
data for those effects, the amplitude variations in the common-offset sections of the
medium response are reduced to the minimum required by the data. We give the cor-
responding expressions form0

G and forCmG in section 4.5.1.
In order to obtain a unique solution to the inverse problem, it is not necessary to

provide prior information on the source and receiver terms, so we used

mR = 0, C−1
mR = 0, (5.11)

mS = 0, C−1
mS = 0. (5.12)

Alternatively, we could have used the energy criteria, minimizing energy differences be-
tween two adjacent common source and common receiver gathers. These criteria are
explained in detail by van Vossen et al. (2004). Our choice for the minimum variation
criterion was based on synthetic tests. On synthetic data, best results were obtained using
minimum variation as a regularization criterion.

5.2.4 Filtering procedure

Instead of using directly the inversion results found in equation (5.10) for the medium re-
sponse termsmG, we use the lateral source and receiver terms to compensate the recorded
data for these effects. This approach is favored since it allows the implementation of
the additional requirement that the source and receiver terms have a finite impulse re-
sponse (e.g. Drijkoningen; 2000), which was not imposed explicitly in our implementa-
tion. Thus, the equalization procedure consists of the following steps: first we estimate
the filters which compensate for lateral source and receiver variations in the log/Fourier
domain. These inverse filters are obtained by reversing the sign ofm̃R andm̃S in the
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log/Fourier domain. Then, we apply the inverse log/Fourier transform and limit the im-
pulse response in the time domain by tapering and truncating the obtained filter. This
operation is performed such that the resulting filters are zero phase, and the filter length
is set to0.04 s. This is a good approximation, because these filters are sharply peaked
aroundt = 0. Finally, we correct the recorded data for lateral source and receiver ampli-
tude variations by convolution in the time domain.

5.3 Application to Michigan field data

5.3.1 Data description

We illustrate the method on single sensor data acquired in Manistee County, Michigan.
The site is characterized by changing near-surface conditions along the acquisition line.
As indicated in Figure 5.1, near-surface conditions change from moist-to-wet sediments
between 0 and 600 m to dry sands beyond that point (noted at time of acquisition). The
location of the dry sands coincides with the more elevated sections along the acquisition
line. Both source and receiver spacing is 10 m. The wavefield is emitted by an array of
explosive sources which are located at approximately 5 ft depth. The receivers are 10 Hz
geophones.

The conditions for application of the source and receiver equalization method are not
exactly met. There are small differences between source and receiver locations (of the
order of a few meters), and the radiation pattern of the shot pattern will differ from the
sensitivity kernel of the vertical component recordings. We assume that we can still treat
reciprocity as an exact relationship for determining the source and receiver corrections.
Furthermore, an important aspect of the acquisition is that each geophone was deployed
at only one surface location, i.e. the location of a geophone was fixed during the whole
survey.
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Figure 5.1: Surface topography and indication of near-surface material properties along
the acquisition line.
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5.3.2 Preliminary processing

In principle, the equalization procedure can be directly applied to recorded data. We only
performed trace editing to remove void records, and muted acausal noise in a few traces.
In case of non-identical source-receiver positions, data interpolation is required. We did
not have to apply data interpolation before the equalization procedure in this application.

5.3.3 Characteristics of source and receiver corrections

As indicated by the synthetic experiments performed by van Vossen et al. (2004), best
results are obtained when the source and receiver terms are computed using a weak regu-
larization term. The examples shown here are obtained usingθ = 1 [equation (5.9)].

Figure 5.2 shows the correction terms for lateral source and receiver variations for the
frequencies 20, 40, and 60 Hz. The receiver terms vary rapidly from point-to-point along
the spread, whereas the source terms closely follow the changes in near-surface conditions
(see Figure 5.1). Values larger than one correspond to corrections which increase the rel-
ative source strength, whereas values smaller than one indicate a relative energy decrease.
Thus, we found that a source located in the dry sand is strongly attenuated compared to a
source in moist-to-wet sediments. This can be explained by high energy absorption rates
and nonlinear deformation in the near-source region for a source located in the dry sand
(Aritman, 2001). When sediments are water-saturated, the compressibility dramatically
changes, resulting in low energy absorption rates close to the source.

Figure 5.3 shows the frequency dependency of the source corrections. For frequencies
below 20 Hz, ground roll is dominant in the recordings. At these frequencies, the source
corrections do not only reflect the source coupling, but also the success or failure of
the suppression of ground roll by the source arrays. The smallest source corrections are
obtained atf = 20 Hz. For higher frequencies, the behaviour of the sources in the dry
sand (forx > 600 m) clearly differs from the sources in the moist-to wet sediments: the
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Figure 5.2: (a) Receiver and (b) source amplitude corrections along the acquisition line
for different frequencies.
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Figure 5.3: Source amplitude corrections as a function of frequency. The average cor-
rections are given for the source corrections in the intervals between 0 and 550 m and
between 600 and 1000 m, and the grey areas indicate the regions with at most one stan-
dard deviation difference with the average values.

source is strongly attenuated in the dry sand, and this pattern is found for all frequencies
higher than 25 Hz. Note that we solve only for relative source corrections, requiring that
the average source corrections is equal to zero in the log/Fourier domain. Consequently,
the shape of the average response curve in the dry sand resembles the negated average
response curve for the sources in the moist-to-wet sediments.

Figure 5.4a shows four examples of the frequency dependency of the receiver correc-
tions which are obtained in the inversion stage. The receiver corrections are smaller than
the source corrections. Furthermore, the receiver corrections do not only vary rapidly
with offset, but also with frequency. Limiting the impulse response in the time domain
corresponds to a smoothing operation in the frequency domain. Figure 5.4b shows the
effect of limiting the impulse response to 0.04 s: these filters are used to correct the data
for the receiver perturbations. The shape of the correction filters above 125 Hz are a result
of cosine tapers which are applied to avoid artefacts in the inverse log/Fourier transform.

Because we have obtained only relative receiver corrections, we cannot compare
these receiver corrections directly with the damped harmonic oscillator description, which
is commonly used to describe geophone-ground coupling (Hoover and O’Brien, 1980;
Krohn, 1984). However, we can compare ratios of the obtained corrections (differences
in the log/Fourier domain) to ratios between two damped harmonic oscillators with dif-
ferent damping factors and resonant frequencies. Examples of differences of the retrieved
receiver corrections are shown in Figure 5.4c, and the corresponding receiver locations
are listed in Table 5.1. Figure 5.4d shows differences between synthetic damped har-
monic oscillator curves (see equation (4.31) in Section 4.6.1) in the log/Fourier domain.
The resonant frequencies and damping parameters are listed in Table 5.2. The spring of a
geophone has typical resonance frequencies below 20 Hz (In this experiment, 10 Hz geo-
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Figure 5.4: (a) Examples of obtained receiver amplitude corrections at different locations,
and (b) shows the frequency response of these filters after limiting the impulse response
to 0.04 s. Plot (c) shows differences between obtained receiver correction filters. The
receiver positions corresponding to the labels are given in Table 5.1. Plot (d) shows dif-
ferences between synthetic damped-harmonic oscillator amplitude response curves. The
resonant frequencies and damping factors which correspond to these curves are listed in
Table 5.2

phones were deployed), whereas the ground coupling for a vertical geophone is thought
to resonate above 100 Hz (Hoover and O’Brien, 1980; Krohn, 1984). The curves in Fig-
ure 5.4d are dominated by ground coupling with one bounded minimum and maximum
value at high frequencies. The retrieved receiver corrections (Figure 5.4c) show differ-
ent characteristics: curves 3 and 4 have two distinct minima or maxima. On the other
hand, curves 1 and 2 have one bounded minimum and maximum, and this qualitatively
agrees with the damped-harmonic oscillator model. However, to explain curve 2 with
this model, a 60 Hz resonant frequency is required, and this is much lower than the reso-
nant frequencies which are reported for a vertical geophone Hoover and O’Brien (1980);
Krohn (1984). As a consequence, the damped-harmonic oscillator model only predicts
significant perturbations in the high-frequency range, whereas the retrieved receiver cor-
rections are large at lower frequencies as well. Thus, the retrieved receiver corrections
are inconsistent with the damped-harmonic oscillator model which is commonly used to
describe geophone-ground coupling.
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curve location 1 location 2
1 200 m 210 m
2 400 m 410 m
3 600 m 610 m
4 800 m 810 m

Table 5.1: Locations of the receivers for which the obtained response difference is plotted
in Figure 5.4c.

curve f
(1)
c η

(1)
c f

(1)
g η

(1)
g f

(2)
c η

(2)
c f

(2)
g η

(2)
g

1 80 0.3 10 1.0 90 0.1 11.0 1.0
2 80 0.3 10 1.0 90 0.2 11.0 0.8
3 80 0.3 10 1.0 90 0.3 11.0 1.2
4 80 0.3 10 1.0 90 0.5 11.0 1.0
5 80 0.3 10 1.0 90 1.0 11.0 0.8
6 80 0.3 10 1.0 120 0.2 11.0 1.0
7 80 0.3 10 1.0 120 0.3 11.0 1.0
8 80 0.3 10 1.0 120 0.5 11.0 1.0
9 80 0.3 10 1.0 120 1.0 11.0 1.0
10 120 1.1 10 1.0 180 1.5 11.0 1.0

Table 5.2: Parameters corresponding to the synthetic damped-harmonic oscillator geo-
phone response curves given in Figure 5.4d. These curves show the differences between
two response curves, where the superscript 1 refers to the numerator and 2 to the denom-
inator. The variables are explained in Section 4.6.1.

5.3.4 Results on prestack data

The effect of the equalization procedure on prestack data is illustrated in Figures 5.5 and
5.6, which show a common shot (CS) and a common receiver (CR) gather with the CS
and CR located atx = 100 m. For visualization purposes, we applied offset-scaling with
the following function:

f(xo) = 1 + ηxo (5.13)

with η = 0.10/∆x, where∆x is the source spacing (10 m). Cosine tapers are applied at
the edges of the computational domain for the computation off-k spectra.

The traces in the CS and CR gather have identical and uniform scaling. The differ-
ences between the traces in the CR and CS gather are evident. In the raw CR gather
(Figure 5.6a) the traces beyondx = 600 m generated by sources positioned in the dry
sand (see Figure 5.1) are strongly attenuated. The corresponding reciprocal traces in the
raw CS gather (Figure 5.5a) do not show such a signature of changing near-surface con-
ditions. Another difference between the traces in the CR and CS gather is that correlated
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Figure 5.5: Effect of source and receiver amplitude correction on a common shot gather
for a source located at positionx = 100 m: (a) shows the input data, and (b) shows the
filtered data. Both plots are scaled with respect to their maximum value (plotted with a
similar relative amplitude scaling).
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Figure 5.6: Effect of source and receiver amplitude correction on a common receiver
gather for a receiver located at positionx = 100 m: (a) shows the input data, and (b)
shows the filtered data. The plots are scaled similar to the common shot gather in Figure
5.5.
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Figure 5.7:f-k spectra of data shown in Figure 5.5 on dB scale (common shot gather). (a)
shows the input data, (b) shows the filtered data using only the receiver corrections, and
(c) shows the filtered data using both source and receiver corrections. Plot (d) shows the
data displayed in (c) scaled with respect to its maximum value, whereas (a), (b) and (c)
have identical scaling.

events are more pronounced in the near-offset section of the CR domain.
Figures 5.5b and 5.6b show the data after the source and receiver equalization. The

CR gather shows that reflectivity is measured beyondx = 600 m , indicating that we suc-
cessfully corrected for the source attenuation effect. Furthermore, in both the corrected
CR and CS gather, the correlated events are enhanced relative to the other energy. Thef-k
spectra corresponding to these data are shown in Figures 5.7 and 5.8. For the CS gather,
the source equalization is only a frequency filter, whereas the receiver equalization in-
fluences the complete spectrum. To assess the consequences of both source and receiver
amplitude equalization, we first applied the receiver corrections (Figure 5.7b) and conse-
quently the source equalization. We show the final results both on similar absolute (Figure
5.7c) and relative scaling (Figure 5.7d) to the original spectrum. These spectra suggest
that we have more correlated energy after the source and receiver corrections relative to
other energy, and we observe that the signal bandwidth has increased in the CR domain,
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Figure 5.8:f-k spectra of data shown in Figure 5.6 on dB scale (common receiver gather).
(a) shows the input data, (b) shows the filtered data using only the source corrections, and
(c) shows the filtered data using both source and receiver corrections. Plot (d) shows the
data displayed in (c) scaled with respect to its maximum value, whereas (a), (b) and (c)
have identical scaling.

e.g. compare the relative signal strength below 50 Hz between Figures 5.8a and d.
We also evaluated the amplitude differences between normal and reciprocal traces

before and after the equalization procedure. Therefore, we compare the amplitude of
the envelope (Taner et al., 1979) of the normal and reciprocal traces in this survey and
quantify the differences using the L2 norm as measure:

ξ =

{∑Nt∆t
t=0 [An(t)−Ar(t)]2

Nt

}1/2

, (5.14)

whereAn(t) is the amplitude of the envelope of a normal trace,Ar(t) denotes this for
the corresponding reciprocal trace, andNt is the number of time samples. We computed
ξ for all reciprocal trace combinations in the survey, and took the average value for each
offset. Killed traces are not taken into account. Figure 5.9 showsξ as a function of offset
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Figure 5.9: Envelope amplitude misfit as a function of offset before and after the ampli-
tude corrections. The misfit is computed using the first 3 s of the recorded signal.

before and after the application of the equalization method. The fit between the envelope
of normal and reciprocal traces has significantly improved (approximately by a factor 5),
except for short offsets. Several factors contribute to the residual misfit between normal
and reciprocal traces, some of which will be particularly influential at near-offsets; (i) we
assumed that reciprocity is exactly valid, whereas the source radiation pattern for a shot
array will differ from the receiver radiation pattern, (ii) there are mislocations between
sources and receivers, since the sources are located at approximately 5 ft depth whereas
the receivers are positioned at the surface, (iii) we did not apply phase corrections, (iv)
and the source and receiver correction filters are approximated by finite impulse response
filters.

5.3.5 Results on poststack data

We finally evaluated the consequences of the applied source and receiver equalization
procedure on poststack data. The basic stacking sequence comprises the following steps:
(i) trace editing, (ii) mute ground roll, air blast and refractions (performed in common
receiver domain), (iii) spherical divergence correction, (iv) normal moveout correction,
and finally (v) CDP stack. The poststack data are shown in Figure 5.10a, and the data
which has been compensated for lateral source and receiver differences between steps
(i) and (ii) are shown in Figure 5.10b. These stacks have similar scaling with respect to
their maximum amplitudes. The right part of the sections is dominated by low frequency
events, guided waves. A comparison between the poststack data shows that the source
and receiver equalization clearly improves the signal-to-noise ratio. Subsurface structure
can be more easily identified after the equalization procedure and reflectors are more
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Figure 5.10: The effect of source and receiver equalization on CDP stacked data. (a)
shows the uncorrected data, and (b) the corrected data.
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continuous.
Thus, this example demonstrates that we can successfully compensate for lateral

source and receiver perturbations, and that the application of the equalization procedure
yields a substantially better image of the subsurface. It should be stressed that we did not
apply any other processing to the poststack data shown in Figure 5.10.

5.4 Discussion

We illustrated the method on a relatively small data volume. For larger volumes, pro-
cessing can be done in subsets, for example groups of 100 identical source and receiver
positions. Two adjacent groups can be best arranged such that these have a few sources
and receivers in common. Then, the differences between the relative source corrections at
these positions can be used to compute a transfer function between groups. This transfer
function allows scaling of the relative source correction terms of the different subsets with
respect to the same absolute reference value. The relative receiver terms can be scaled in
a similar fashion. As a consequence, the equalization procedure is not restricted to a small
2D acquisition geometry. Also 3D applications are possible, but this still would require
identical source and receiver sampling.

For a regular recording geometry, the equalization procedure can be performed in
real time in the field. This is a result of the characteristic that the coefficient matrixA
[equation (5.6)] is independent of the recorded data, and so is its generalized inverse(
ATC−1

d A + C−1
m

)−1
ATC−1

d [equation(5.10)]. Consequently, this generalized inverse
matrix can be computed prior to acquisition; the equalization procedure in the field re-
quires then only the computation of a matrix-vector multiplication [equation (5.10)].

This is an important difference with respect to surface-consistent deconvolution meth-
ods (Taner and Koehler, 1981; Levin, 1989; Cambois and Stoffa, 1992; Cary and Lorentz,
1993). The proposed equalization procedure is essentially a preprocessing step, which
can be applied in real time and to the complete seismogram, including multiples, refrac-
tions, and ground roll, whereas surface-consistent deconvolution methods can be applied
to primary reflection data only. Consequently, this method is also suitable for application
to multicomponent data (Van Vossen et al., 2004b) with which the conventional methods
cited above often fail because it is more difficult to identify and isolate primary reflections.

Compensating multicomponent data for acquisition-related perturbations is important
because these distort the characteristics of the vector-wavefield: coupling has a different
effect on horizontal and vertical source and receiver components (Krohn, 1984). This can
bias the observed polarization (Li and MacBeth, 1997; Michaud and Snieder, 2004). For
example, determining the polarization direction of the leading split shear wave involves
simultaneous rotation of the horizontal source and receiver coordinates to conform with
the principal axes of an azimuthal anisotropic medium (Alford, 1986).

In principle, application of reciprocity to multicomponent recordings also requires
multicomponent sources, thus3C× 3C recordings. However, the results on the field data
presented above indicate that small deviations from reciprocal conditions are allowed.
In the field experiment, a pattern of explosive sources was used, and we considered the
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vertical component of the recorded wavefield. Therefore, it is worthwhile to investigate
if we can also compensate multicomponent recordings generated by a single component
source.

Application to multicomponent data is especially interesting, because the quality of
shear data recorded on the horizontal components is often more severely affected by re-
ceiver coupling effects than vertical component data Krohn (1984); Garotta (2000). Since
the equalization procedure for source and receiver amplitude responses resulted in a sig-
nificant improvement of the vertical component data, which is most evident on the post-
stack data (Figure 5.10), we expect that this method will also greatly improve the quality
of horizontal component data.

In this paper, we only investigated amplitude corrections, and demonstrated that these
corrections can significantly improve the data quality. However, Figures 5.5 and 5.6 show
that reflection curves betweent = 0.6 and0.8 s can be easily identified in the CR gather,
whereas they are difficult to observe in the CS gather, even after the amplitude corrections.
This indicates that receiver coupling variations also influence the phase of the recordings,
and that these significantly vary between adjacent receivers. At the source side, phase
perturbations vary less rapidly along the spread, similar to the amplitude perturbations.
This results in better aligned reflections in the CR domain. We did not correct for phase
changes because non-uniqueness problems related to cycle skips in phase decomposition
have yet to be resolved.

5.5 Concluding remarks

We successfully applied a preprocessing technique based on reciprocity to compensate for
source and receiver perturbations on field data acquired in Manistee County, Michigan.
Both prestack and poststack data show a significant improvement in the signal-to-noise
ratio after the source and receiver equalization procedure. The poststack data shows that
subsurface structures can be observed after the equalization procedure, whereas they can-
not be identified without compensating for the source and receiver amplitude perturba-
tions. Thus, application of this method will greatly improve the prospects of land seismic
data.

The obtained source corrections are sensitive to changes in near-surface conditions,
especially to the water saturation level, whereas a correlation between near-surface con-
ditions and receiver perturbations has not been observed. The receiver corrections vary
rapidly along the spread. This indicates that both source and receiver perturbations have
to be taken into account to properly compensate for acquisition effects.

The observed receiver response variation with frequency did not conform to the gen-
erally accepted damped harmonic oscillator model. For frequencies below 100 Hz, the
retrieved corrections are much larger than predicted by this model. In addition, ratios
between theoretical damped-harmonic oscillator curves have one bounded minimum and
maximum value, whereas we obtained ratios with two distinct minima or maxima.

A fundamental difference with surface-consistent deconvolution methods is that those
methods are applicable to primary reflection data only, requiring suppression of ground
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roll and multiples prior to the application. However, the performance of multichannel fil-
ter operations which are commonly used for the suppression of ground roll and multiples
themselves deteriorates in the presence of amplitude and phase perturbations. Therefore,
these corrections should be applied in the early stages of the processing, preferably to
single sensor data prior to group forming.

The equalization procedure discussed in this paper satisfies these criteria since it is
essentially a preprocessing technique, and can be applied directly to the recorded data:
it is applicable to the whole seismic trace. Furthermore, it does not make additional
assumptions about the subsurface structure. The procedure is based on reciprocity, and
therefore requires symmetric wavefield sampling. In case of non-identical source and
receiver positions, interpolation is required prior to application.



Chapter 6

Summary and outlook

6.1 Summary

Seismic reflection methods are widely used for the detection of hydrocarbons in subsur-
face structures up to several kilometers depth. However, since most data are acquired
at or close to the Earth’s surface, it is essential to understand the influence of the near-
surface on the acquired data in order that its effects are not interpreted as pertaining to the
reservoir. The near-surface effect on seismic data has two main origins: (i) near-surface
wave propagation and (ii) wavefield acquisition. Wavefield acquisition comprises both
wavefield excitation and wavefield measurement, i.e. source and receiver effects.

Since bothP - andS-wave velocities are observed to vary rapidly close to the Earth’s
surface, wave propagation in the near-surface is often very complex. In order to im-
prove our understanding of near-surface wave propagation, we investigated and developed
methods to determine near-surfaceP - andS-wave velocities (these are used in some data
processing algorithms). For this purpose, we used dense recording geometries including
buried geophones, since these material properties cannot be resolved with a conventional
acquisition geometry using geophones only at the free surface. We investigated methods
based on direct inversion of the wave equation, which are applicable to the whole seis-
mic trace. These methods require that spatial and temporal wavefield derivatives can be
obtained from the acquired data. The problem associated with these methods is that the
spatial derivatives cannot be obtained with sufficient accuracy in the presence of measure-
ment errors.

Alternatively, in the plane wave assumption, the spatial wavefield derivatives do not
have to be determined explicitly from the acquired data. This leads to the Haskell-
Thompson propagator formalism, which describes vertical plane wave propagation in a
horizontally layered medium. Using symmetry properties of the elastic propagator matrix,
we obtain several components of the propagator matrix directly from the recorded data.
We developed a procedure to invert these components of the propagator matrix for near-
surfaceP - andS-wave velocities. We refer to this procedure aspropagator inversion.

91
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Synthetic tests demonstrated that this method is robust in the presence of measurement
errors. In addition, the plane wave assumption is not strictly required - it can be relaxed
if data are acquired with multiple sources in a configuration which allows the estimation
of the propagator matrix in the frequency-wavenumber domain, i.e. for a superposition of
plane waves.

The propagator inversion was applied to a field data set which we acquired in Zeist,
The Netherlands. We obtained a low near-surfaceP velocity, namely270 ± 15 m/s,
which is well below the sound velocity in air, and150 ± 9 m/s for theS velocity. The
buried geophone was located at approximately 1.0 m depth, thus the obtained velocities
are only representative of the top meter of the near-surface. A higherP velocity was ob-
tained (approximately 450 m/s) with dispersion analysis for guided waves. This estimate
represents the average velocity for the near-surface layer located above the groundwater
table, which was located at approximately 8.0 m depth. This indicates that velocities in-
crease quite rapidly with depth in the near-surface low-velocity layer, presumably due to
compaction. We suspect that this is the reason that subsonicP -wave velocities are not
commonly observed. Hence, we infer that they should be used more frequently in fu-
ture in data processing algorithms that require estimates of velocities at the surface [e.g.
wavefield separation and polarization analysis (Dankbaar, 1985; Wapenaar et al., 1990;
Robertsson and Curtis, 2002)].

The second part of this thesis is devoted to the influence of wavefield acquisition. Cor-
rections for source and receiver perturbations are necessary when their behaviour changes
within a given survey. Since these perturbations affect all multichannel filter operations,
which are commonly used for ground roll and multiple suppression, corrections should
be performed in the early stages of processing. However, existing techniques, such as
surface-consistent deconvolution, are applicable to primary reflection data only, and thus
require prior processing before even they can be applied.

We developed an alternative approach to compensate for source and receiver ampli-
tude perturbations which has the advantage of being purely a preprocessing step. It is
applicable to the whole seismic trace, and does not impose additional assumptions on
the subsurface. The approach is based on reciprocity of the medium response. This im-
plies that differences between normal and reciprocal traces can be attributed to the source
and receiver perturbations. We successfully demonstrated the procedure to compensate
for these perturbations on both synthetic and field data. The field data were acquired in
Manistee County, Michigan (courtesy of WesternGeco). Along the acquisition line, near-
surface conditions change from moist-to-wet sediments to dry sands. The obtained source
corrections are strongly correlated to these changing near-surface conditions, whereas the
receiver corrections vary more strongly from geophone to geophone. Compensation of
the recorded data for the source and receiver perturbations resulted in a significant im-
provement of the signal-to-noise ratio, both on prestack and poststack data. Finally, the
receiver response we found did not agree with the generally accepted damped harmonic
oscillator model, implying that this model need to be revised.
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6.2 Outlook

Source and receiver perturbations are widely considered to be a major problem in land
seismic data. It is one of the reasons that marine data are generally of better quality than
land seismic data, since uniform acoustic properties of the seawater provide consistent
coupling for the marine sources and receivers (Aritman, 2001). For land seismic data,
near-surface material properties are observed to vary rapidly, and corrections are required
for source and receiver perturbations before a reliable image of the subsurface can be ob-
tained. In this thesis, a raw data preprocessing method is developed to compensate land
seismic data for these source and receiver perturbations. We expect that this will sub-
stantially improve the results of processing and interpreting land seismic data in various
ways.

Our understanding of the complexities of near-surface wave propagation will improve,
since we are able to distinguish these effects from acquisition-related effects. We have
seen that rapid variations in the recordings can be a result of the acquisition. However,
experiments with geophones at shallow depth indicated that rapid changes in the wavefield
with depth are due to effects of plane wave propagation, rather than due to measurement
errors. These changes are a result of interfering waves in the near-surface low velocity
layer. Rapid changes in wave velocities were observed close to the free surface, i.e.P -
andS-wave velocities are lower than the sound speed in air. We have to be aware of the
existence of these low velocities close to the free surface when analyzing the partitioning
of the wavefield at the free surface.

Since seismic surveys usually aim to resolve deeper structures, effects of near-surface
wave propagation have to be removed in the data. Processing aims to isolate primary
reflections in the data, and therefore ground roll and multiples have to be suppressed. In
the field, source and receiver arrays are commonly used to suppress ground roll. However,
the performance of these types of multichannel filters degrades in the presence of source
and receiver perturbations. Therefore, we recommend to acquire recordings of individual
sources and receivers in the field. Single sensor recordings and digital group forming
was originally suggested by Ongkiehong and Askin (1988) in order to maintain flexibility
during the processing stages. In principle, these individual recordings can be compensated
for source and receiver perturbations prior to digital group forming. Therefore, we expect
that ground roll and multiples can be suppressed more effectively.

Interpretation is also influenced by source and receiver perturbations, since these in-
fluence primary reflection data directly. Especially amplitude information, which is used
to determine rock properties such as permeability and porosity of reservoir rock, can be
corrupted. This could create false AVO trends, and could potentially lead to misinterpre-
tations. As a result, the interpretation could greatly benefit from the corrections for source
and receiver perturbations.

Although we have only given examples of single component data in this thesis, the
equalization procedure is also applicable to multicomponent data. As a result, this tech-
nique can improve the vector fidelity of recorded multicomponent data: in addition to the
previously cited applications, compensating multicomponent data for source and receiver
perturbations is necessary for estimating earth properties which are based on polarization,
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such as information on the direction of fractures (Winterstein and Meadows, 1991). In
order to retrieve the polarization, the directivity of the source and receiver has to be taken
into account (Brummit, 1989).

The developed equalization procedure requires data acquisition in a geometry which
allows the usage of apparently redundant recordings of reciprocal traces. This redundancy
enables us to use reciprocity to identify source and receiver perturbations, and to appropri-
ately compensate for these effects. This procedure significantly improves the data quality
of land seismic data, and our expectation is that this enables better processing of the data.
This results in better images of the subsurface structures, and more reliable amplitude
information to determine reservoir rock properties.

Finally, the retrieved receiver responses did not agree with the generally accepted
damped harmonic oscillator model (Hoover and O’Brien, 1980; Krohn, 1984) which de-
scribes the geophone-ground coupling. This implies that instead of indicating the fre-
quency response of geophone-ground coupling with a resonant frequency and a corre-
sponding damping factor, an alternative description may be necessary.



Bibliography

Aki, K. and Richards, P. G. (2002).Quantita-
tive Seismology, 2nd. Ed.University Science
Books.

Alford, R. M. (1986). Shear data in the pres-
ence of azimuthal anisotropy: Dilley, Texas.
56th Annual International Meeting, SEG, Ex-
panded Abstracts, pages 476–479.

Ammon, C. J. (1991). The isolation of receiver
effects from teleseismic P waveforms.Bul-
letin of the Seismological Society of America,
81:2504–2510.

Aritman, B. C. (2001). Repeatability study
of seismic source signatures.Geophysics,
66:1811–1817.

Bachrach, R., Dvorkin, J., and Nur, A. M.
(1998). High-resolution shallow-seismic ex-
periments in sand, Part II: Velocities in
shallow unconsolidated sand.Geophysics,
63:1234–1240.

Bachrach, R., Dvorkin, J., and Nur, A. M.
(2000). Seismic velocities and Poisson’s ra-
tio of shallow unconsolidated sands.Geo-
physics, 65:559–564.

Bachrach, R. and Nur, A. M. (1998). High-
resolution shallow-seismic experiments in
sand, Part I: Water table, fluid flow, and satu-
ration. Geophysics, 63:1225–1233.

Baker, G. S., Steeples, D. W., and Schmeissner,
C. (1999). In-situ, high-resolution P-wave ve-
locity measurements within 1 m of the earth’s
surface.Geophysics, 64:323–325.

Berni, A. J. and Roever, W. L. (1989). Field
array performance: Theoretical study of spa-
tially correlated variations in amplitude cou-
pling and static shift and case study in the

Paris Basin.Geophysics, 54:451–459.
Birkelo, B. A., Steeples, D. W., Miller, R. D.,

and Sophocleous, M. (1987). Seismic re-
flection study of a shallow aquifer during a
pumping test.Ground Water, 25:703–709.
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Appendix A

Coefficients for direct
wave-equation inversion and
integral equation formulation

A.1 Coefficients for direct wave-equation inversion

The measurable coefficients in equations (2.6)–(2.8) for direct wave-equation inversion
are found by inserting the free-surface derivative conditions, equations (2.3)–(2.5), into
the wave equation (2.1):

A1(t) =
2

∆z
(∂1v3 + ∂3v1) +∇2

Hv1 + 2∂1 (∇H · vH) , (A.1)

A2(t) =
2

∆z
(∂2v3 + ∂3v2) +∇2

Hv2 + 2∂2 (∇H · vH) , (A.2)

A3(t) =
2

∆z
(∇H · vH + ∂3v3)−∇2

Hv3, (A.3)

B1(t) = 2∂1 (∇H · vH) , (A.4)

B2(t) = 2∂2 (∇H · vH) , (A.5)

and

B3(t) =
4

∆z
(∇H · vH)− 2

(
∇2
Hv3

)
. (A.6)

The finite-difference (FD) first-order derivatives in depth are denoted∂3v and are given
by:

∂3v(∆z/2) =
v(∆z)− v(0)

∆z
+O(∆z2), (A.7)
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with ∆z the depth beneath the free surface of the buried geophone. The vertical derivative
cannot be measured exactly at the free surface but at depth∆z/2. The following notation
is used for horizontal wavefield derivatives:

∇H = [∂1 ∂2]T , (A.8)

and

vH = [v1 v2]T . (A.9)

Temporal and spatial wavefield derivatives are computed using finite-difference operators.

A.2 Integral equation formulation

We demonstrate that the wave equation (2.1) can be transformed into an integral equation.
Let w = (w1, w2, w3)T be a sufficient smooth vector-valued function andΩ a volume
bounded by a surfaceΓ. If the wave equation is multiplied byw and integrated over the
volumeΩ, the result is:∫

Ω

w · v̈ dΩ =
∫

Ω

w ·
[
α2∇ (∇ · v)− β2∇× (∇× v)

]
dΩ. (A.10)

The first term of the right-hand side of equation (A.10) can be expanded by repeated
application of the divergence theorem:∫

Ω

dΩ w · [∇ (∇ · v)] (A.11)

=
∫

Γ

dΓ [w (∇ · v)] · n−
∫

Ω

dΩ (∇ ·w) (∇ · v)

=
∫

Γ

dΓ [w (∇ · v)− v (∇ ·w)] · n +
∫

Ω

dΩ v · [∇ (∇ ·w)] , (A.12)

wheren is the outward pointing normal vector onΓ. The second term is expanded using
the identity

∇× (∇× v) = ∇ (∇ · v)−∇2v (A.13)

and the divergence theorem:∫
Ω

dΩ w · [∇× (∇× v)] =
∫

Ω

dΩ v · [∇× (∇×w)] dΩ

+
∫

Γ

dΓ
[
w (∇ · v)− v (∇ ·w)−w · (∇v)T + v · (∇w)T

]
· n. (A.14)

In the volume integrals, all spatial wavefield derivatives have disappeared in equation
(A.14). Because the vector-valued functionsw can be chosen arbitrarily, boundary con-
ditions can be imposed such that the surface integrals vanish. Consequently, all spatial
wavefield derivatives can be made to disappear.



Appendix B

Propagator estimation using
Wiener deconvolution

In this section, we demonstrate the procedure to obtain the propagator filters, which are
either symmetric or antisymmetric aboutt = 0, using Wiener deconvolution. We closely
follow Yilmaz (2001) in our derivation, with the exception that we estimate acausal filters
with symmetry conditions aroundt = 0.

Suppose thatf(t) andg(t) are continuous signals, and thath(t) is given by the de-
convolution off(t) by g(t):

h(t) = f(t) ∗ g−1(t), (B.1)

with g−1(t) defined such thatg−1(t) ∗ g(t) = δ(t), and the asterisk(∗) is the convolution
operator. Thus,

g(t) ∗ h(t) = f(t), (B.2)

where the functionh(t) represents here the unknown propagator. Cross-correlating equa-
tion (B.2) withg(t) gives:

R(t) ∗ h(t) = q(t), (B.3)

whereR(t) denotes the autocorrelation ofg(t) and

q(t) =
∫ ∞
−∞

f(t+ τ)g(τ)dτ. (B.4)

Assume that we may approximate the propagatorh(t) by a filter with2M+1 independent
coefficients. This reads, denoting the time series with a vector:

h = [h−M h−M+1 . . . h−1 h0 h1 . . . hM−1 hM ]T , (B.5)
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whereT is the transpose operator. For a correlation with a maximum correlation length
of N + 1, q has2N + 1 coefficients, and reads

q = [q−N q−N+1 . . . q−1 q0 q1 . . . qN−1 qN ]T . (B.6)

Then, we may recast equation (B.3) in a discrete form:

Rh = q. (B.7)

The coefficients of the(2N + 1)× (2M + 1) autocorrelation matrixR are given by:

Rij = r|i−j|, (B.8)

whererk denotes thekth lag of the autocorrelation ofg, andN + 1 is the maximum
correlation length.

In order to take the symmetry conditions into account, we partitionq, h, andR:

h =
(

h−

h+

)
, q =

(
q−

q+

)
, (B.9)

and

R =
(

R−,− R−,+

R+,− R+,+

)
. (B.10)

The partitioned vectors are given by:

h− = [h0/2 h−1 h−2 . . . h−M ]T , (B.11)

h+ = [h0/2 h1 h2 . . . hM ]T , (B.12)

q− = [q0 q−1 q−2 . . . q−N ]T , (B.13)

q+ = [q0 q1 q2 . . . qN ]T , (B.14)

and the submatrices ofR read:

R+,+ = R−,− =



r0 r1 r2 . . . rM

r1 r0 r1
... rM−1

r2 r1 r0
... rM−2

...
...

...
...

r1

rN r1 r0


(B.15)

and

R−,+ = R+,− =



r0 r1 r2 . . . rM

r1 r2 r3
... rM+1

r2 r3 r4
... rM+2

...
...

...
...

rM+N−1

rN rM+N−1 rM+N


. (B.16)
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Note that an additional row and column are added in the system of equations, because the
coefficientsq0 andh0/2 appear both in the positive and negative parts of the partitioned
vectors. It can be verified that equation (B.7) can be rewritten in partitioned form as:(

R−,− R−,+

R+,− R+,+

)(
h−

h+

)
=
(

q−

q+

)
. (B.17)

For a symmetric filter,h− = h+, hence equation (B.17) reduces to:(
R+,+ + R+,−)h+ =

(
q+ + q−

)
/2, (B.18)

whereas for an antisymmetric filter,h− = −h+. This gives:(
R+,+ −R+,−)h+ =

(
q+ − q−

)
/2. (B.19)

These systems of equations can be solved for the independent filter coefficients using a
damped least-squares solution. Prewhitening of the data is essential to avoid artefacts as
a result of limited bandwidth.
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Samenvatting (Summary in
Dutch)

Seismische reflectiemethoden worden veel gebruikt voor het opsporen van olie en gas in
de ondergrond. In landseismiek worden de meeste data gemeten aan het aardoppervlak.
Voordat echter een goed beeld van de diepere ondergrond verkregen kan worden is het
noodzakelijk om de invloed van ondiepe structuur op deze data te begrijpen. Deze effecten
kunnen onderverdeeld worden in twee categorieën: (i) het effect van ondiepe structuur
op golfvoortplanting, en (ii) het effect op data acquisitie. Data acquisitie omvat zowel
excitatie als registratie van het golfveld, dus de effecten van bron en ontvanger.

Golfvoortplanting nabij het aardoppervlak is vaak erg complex omdat snelheden van
compressionele (P) en transversale (S) golven in deze zone vaak sterk variëren. Om
inzicht te krijgen op de invloed hiervan op de geregistreerde data is het dus belangrijk
om deze materiaaleigenschappen te kunnen bepalen. Hiervoor zijn er verschillende me-
thoden ontwikkeld en getest. Deze methoden maken gebruik van een dicht netwerk van
ontvangers inclusief geofoons op diepte. Deze P- en S golfsnelheden kunnen namelijk
niet bepaald worden met een conventionele acquisitiegeometrie zonder begraven geo-
foons. Van de geteste methoden was degene die gebaseerd is op inversie van de “propa-
gator matrix” het minst gevoelig voor meetfouten. Deze methode is succesvol toegepast
op data gemeten nabij Zeist. Deze data lieten zien dat het golfveld nabij het aardopper-
vlak sterk varïeerde met de diepte. Dit kon verklaard worden door interferentie van vlakke
golven. Tevens konden met behulp van “propagator inversie” de P- en S golfsnelheden
bepaald worden: een P-snelheid was geobserveerd van 270± 15 m/s voor de bovenste
meter in de ondergrond, hetgeen lager is dan de P-snelheid in lucht (geluidssnelheid),
en de S-snelheid was 150± 9 m/s. Dit betekent dat golfvoortplanting gevoelig is voor
deze materiaaleigenschappen, en dat deze in principe nodig zijn voor het verder correct
bewerken van de data. Deze lage snelheden worden echter niet vaak geobserveerd omdat
snelheden sterk toenemen met de diepte, en omdat met een conventionele acquisitie geen
gevoeligheid verkregen wordt voor deze ondiepe materiaaleigenschappen.

Het tweede deel van dit proefschrift behandelt de effecten van bron en ontvanger op
seismische data. Deze verstoren het beeld van de ondergrond als hun eigenschappen
veranderen binnen een experiment. Deze situatie is karakteristiek voor landseismische
experimenten. Verstoringen worden veroorzaakt doordat een seismische bron, bijvoor-
beeld een explosie, in los zand een compleet ander signaal zal uitzenden dan in hard
gesteente. Daarnaast heeft ook de ontvanger invloed op het uiteindelijk geregistreerde
signaal. Naast de response van het instrument zelf bepaalt ook het contact met de grond
hoe goed de bodembeweging wordt geregistreerd.

Een nieuwe methode is ontwikkeld om voor deze verstorende effecten te corrigeren.
Deze methode is direct toepasbaar op het gehele geregistreerde signaal, en vereist geen
aannames over de ondergrond. De methode maakt gebruik van reciprociteit van golfvoort-
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planting in de ondergrond. Dit betekent dat verschillen tussen metingen met verwisselde
bron- en ontvanger posities veroorzaakt worden door acquisitie effecten: het signaal van
het medium blijft namelijk gelijk wanneer bron- en ontvanger posities worden verwis-
seld. Deze methode was succesvol toegepast op zowel synthetische als experimentele
data. De experimentele data waren verkregen in Manistee County, Michigan (West-
ernGeco). Gedurende de acquisitie was geobserveerd dat de bodemeigenschappen langs
de seismische lijn veranderden. De verkregen broncorrecties waren sterk gecorreleerd aan
deze bodemeigenschappen, terwijl de correcties voor de ontvanger variëerden van locatie
tot locatie. Compensatie van deze data voor de bron- en ontvanger effecten leverde een
duidelijker beeld van de ondergrond op. De resultaten van de bron- en ontvanger correc-
ties op deze data zijn zodanig goed dat de verwachting is dat deze techniek een belangrijke
bijdrage kan leveren aan het verbeteren van de kwaliteit van landseismische data.
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