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An elastodynamic inverse scattering method for
removing scattered surface waves from field data

Bastian Blonk*, Gerard C. Hermant, and Guy G. Drijkoningen**

In previous papers, we discussed a method for eliminating

ABSTRACT both inline and crossline scattered surface waves (Blonk and
Herman, 1993; 1994). This procedure was based on elasto-
dynamic inverse scattering theory and consisted of two

steps. In the first step, we estimated a near-surface scatter-
ing model using as many seismic data as possible. In the
second step, for each separate source-receiver pair, this
scattering model was used to compute and eliminate the
scattered surface waves.

Our previous papers showed that the method is effective
for synthetic data. The technique is not sensitive to the
parameterization of the scattering model (e.g., type of con-
trast, discretization cells); however, it is sensitive to the
Rayleigh wave speed. This sensitivity is comparable to the
sensitivity to body wave speed of methods like prestack
depth migration and linearized inversion.

In this paper, we apply our method to two different
field-data sets, and we show that the Rayleigh wave speed,
as well as other characteristics of the surface wave, can be
obtained directly from the data with sufficient accuracy. The
INTRODUCTION first data set was recorded in February 1993 in a “con-
trolled” experiment. In this experiment, the actual near-
surface scatterer distribution was known. From this experi-
ment, we conclude that our method is applicable to field data

In an earlier paper, we introduced a 3-D inverse
scattering method for removing scattered surface
waves from seismic data that was based on a tomo-
graphic imaging of the scattered surface waves by a
data-fitting procedure that used as much of the seismic
data as possible. After this imaging step, the scattered
surface waves can be computed and removed for epch
separate source-receiver pair. We now apply the
method to two field-data sets. The method requires a
knowledge of the source waveform and shallow prop-
agation characteristics, and these input requirements
are estimated from the direct surface wave. We can-
clude that the method effectively attenuates crossline
scattered surface waves without affecting deeper re-
flections.

In many cases, the shallow subsurface of the earth is
strongly heterogeneous. This heterogeneity can significantly X ; o
deteriorate the quality of land seismic data when it gives riseand also that it can take dispersion into account. The second

to strong near-surface scattering of seismic waves. In adata set is a seismic I|ne. strongly (.:ont.am|r.1ated with scat-
pred surface waves. This contamination is such that no

number of cases, near-surface scattering consists mainly Otoherent reflections can be distinguished in several parts of
scattered surface waves (ground roll). Inline scattered sur- onere 0 9 € everal p 0
the stack. We have found that, after application of our

face waves can be removed by using filtering techniques : : ;
(see, for instance, Yilmaz, 1988, section 1.6.2). However, method, an improvement of the stack is obtained.

crossline scattered surface waves, which can be present to a DESCRIPTION OF THE METHOD

considerable degree, are left partially intact by these widely

used techniques because they can have a high apparent This section briefly summarizes the elastodynamic inverse
phase velocity, show hyperbolic moveout, and arrive later in scattering method discussed in our previous papers (Blonk
the section at small offsets. Therefore, crossline scatteredand Herman, 1993; 1994). It also describes a new estimation
surface waves can resemble body-wave reflections from theprocedure of the source signature and shallow propagation
deeper part of the subsurface. characteristics from the direct surface wave.
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1898 Blonk et al.

Formulation of the forward and inverse problems The wavefields, that specifically accounts for the near-

] ) ) ] surface effects is now given as
We consider scattering of elastic waves by inhomogene-

ities embedded in a half-space V bounded by a stress-freevs(x, x¥) = v3*(x, x*)
surface (¥ = 0). The wavefield is genfoerated by a vertical
stress source located at surface positiotnxthis paper, we . S or I shallows
consider only the vertical component of the total particle tioW j 5 dAW')Ev')G5 (x’|x, x*). (5)
velocity field w, which is recorded at surface position x. IR

First, we formulate the forward problem. Starting from the In equation (5)§ is the distribution of scatterers (contrast
frequency-domain forms of the linearized equation of motion function) in the layer (it equals the product of the layer
and the linearized equation of deformation of an elastic solid, thickness and a contrast in mass densv'lenotes the 2-D
we can derive a domain-type integral representation for thevector(x’, x5), and X' =(v', ¥3). Note thatt depends only
wavefield with the aid of the Betti-Rayleigh reciprocity 0N the horizontal coordinatw andx 5 ; the dependence on
relation. The wavefield3 can be written as a superposition x5 iS neglected since the layer is thin. From tests on

of the incident fieldvi** and the scattered fievs3©, i.e., synthetic data, we have observed that for shallow scatterers,
e 63" can be approximated by its surface-wave part:
Sy — S sC R
v3(x, x*) = v3"(x, x*) + v3°(x, x). (€3] oAW1 ) = g G (a0 G () ©)
The incident wavefielw " is given by ’ 33 3 ’

, where v§* denotes the surface-wave part of the Green's

05 (x, x°) = Wogi(x|x°), ) tensor v§;. This surface-wave part can be isolated frv %
where W = W(w) is the amplitude spectrum of the stress with the aid of high-frequency asymptotics (Blon_k and
source ancs denotes the angular frequency. The quantity Herman, 1994)' In EQﬁ,ﬂth subsectlor_1, we will describe how
vi?(xfx’) denotes the Green’s velocity tensor of a suitably W€ an estimateG; Shauowfrom th? direct surface wave.
chosen background medium, i.e., thecomponent of the Having detgrmme_d G > We ezst|mate the contrast func-
velocity field in this background medium at position x caused 1on & by minimizing a squareL“ norm of the difference
by an impulsive stress source directed along the positivebetween the actual wavefield; \and the wavgflelqv3
xj-axis and located in x' [in equation (2), i = j = 3]. The t_hat accounts f(z)r the rl_ea_r-surfaqe effects [as given in equa-
dependence o0& of v5, v, v§°, andv g is omitted for tion (5)]. TheL © norm is, in the time-domain, given by
brevity throughout this paper. We assume that the deviation S [h time(ylime gtimey) 2, 7
of the actual medium from the background medium is so
small that the problem can be linearized and, therefore, we
apply the Born approximation. For a contrast in mass
density, the scattered wavefiev§¢ is then given by

sources
recelvers
times

wherev3"™¢ and 7§ are time-domain counterparts 73
and7;, respectively. The functioh "¢ [ = h ™ (x,x* , f),

where t denotes time] is a window function that suppresses
v3°(x, x%) = inf dV(x")(p(x") — pO(x")GE(x'|x, x%), the part of the wavefield that contains no near-surface
4 scattered waves: the direct surface wave and the wavefield

(3) arriving prior to it. Minimizing equation (7) can be done in

wherep andp® are the mass densities of the actual and the the frequency domain, and it can be shown that it is then
background medium, respectively, ands the imaginary ~ €quivalent to determining

unit. The quantityG4{ describes the propagation effects and

is given by min ||d - Kg|, @)

Pror Sy — G N Grorles G " G rotles ¢
GS0x'[x, x°) = —(vay(xlx)ois(x’[x°) + v3p(x[x)uos(x’[x°) where|l| denotes theL? norm. For all sources, receivers,
and frequencies involved, the vector d contains tenzs
73, while the matrixK containsh * 77 in terms ofG shallow
For elasticity contrasts, expressions for the scattered wave-and the amplitude spectrum/ of the stress source
field are comparable to expressions (3) and (4) (Blonk and (+ denotes convolution arfdis the frequency-domain coun-
Herman, 1994). terpart of h™¢). The discretized contrast functicf is

Next, we formulate the inverse problem. Its objective is represented by the vectgr To solve the condition (8), we
the elimination of scattered surface waves without affecting employ a conjugate gradient method [see, for instance,
the deeper reflections. We are dealing here with surfaceKleinman and van den Berg (1991) for details].
waves that have been scattered by inhomogeneities near the We emphasize that the inversion as defined in statement
surface. Since such inhomogeneities can be approximated8) is actually a data-fitting procedure; any set of model
effectively by a 2-D contrast function (Aki, 1969), we assume parameters that minimizes the condition (8) is accepted.
that the mass density contrasts are present in one shallowConsequently, it is important to realize that our aim is not to
layer at depth levex;. The thickness of the layer is small determine the actual (unique) near-surface scatterer distri-
compared to the seismic wavelength. We have shown thabution, but only some contrast functigrihat enables us to
the sensitivity of the method to neglecting contrasts in calculate, approximately, the surface-scattered partzof v
elasticity is rather low (Blonk and Herman, 1994); therefore, This explains why a mass density contrast can also be used
these contrasts will not be considered here. to eliminate surface waves scattered by elasticity contrasts.

+ vg(x]x’)vg(x’|xs)). @)
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Inverse Scattering of Surface Waves 1899

After estimatingé according to condition (8) from as many waves. After estimatingciz and W, substitution in
seismic data as possible, the scattered surface waves arequation (10) yields an estimate for the amplitiddt is
computed for each experiment using relationship (5) andnoted that the estimatedy not only represents the charac-
then subtracted from the data. teristics of the source, but also of the geophone and the
recording system. Having obtained estimatesczandF,

Estimation of source waveform and propagation we t]ave an estimate fw@® and, consequently, for
characteristics directly from the data G}shal ow

In those cases in which scattered surface waves ar Although the parameterization for$}* has a theoretical
. — S . . eoasis, the estimation & (and subsequentli) is ad hoc,

present in the data, the incident field is mainly determined by nd the estimated for a specific shot generally differs from
the direct surface wave; direct body waves are present, bu{;e actual source signature of that shot. However, it can be
are generally small compared to the direct surface Wave. jeduced from the Born inversion method discussed in
Then, the direct surface wave can be clearly d'St'ngu.'Shed(Cohen et al.,, 1986) that, even if a source with erroneous
fergtrinmgt]ee k?;tha tﬁgds,oﬁ(r)gesevag\?gftg,rncgn db;eu;e]g”g?/vd':gcgfrequency characteristics is used, a contrast funétioan

ation characteristics PIoPa0 obtained that “explains” the actual data. (Those authors
9 ) : . L apply their method to compressional waves, but the same
Ca-rl;orfgalte?:'tn:h;v%én?Kedglvzr?jgﬁ&pgg?ﬁﬂ; hiéltresrtolsetggt_we argument holds for Rayleigh waves.) The contrast thus
e 9 €p b 3 9 obtained may be different from the actual contrast. Since our
ities are present in the shallow subsurface. (From tests on

synthetic data, we have found that depth errors up tOobjectlve is the removal of scattered surface waves rather

: . . ~than the determination of the actual contrast, errors in the
approxmate_ly one dominant wavelength of the Rayleigh source waveform play a minor role in the process of remov-
wave have little effect on our method.) The second assump- "o tered surface Waves

tion is that the background medium is laterally invariant and, 9 '

hence,v %5 (x'|x) = v{}* (r), whereR is the lateral distance
between x' and x. This assumption limits the number of shots
that can be taken into account simultaneously in the inver- To evaluate our method, we have applied it to two
sion (B) since many shots, that are located far apart, illumi- field-data sets. The first da{ta set was recorded during a

nate a large area that can generally not be considered a " :
arge. 9 .sz C G *controlled experiment where the near-surface scatterer
laterally invariant. We now parameterivs3* [ = v3%° (r)] @s

follows: distribution consisted of a (known) concrete dam. The
' second data set consists of a seismic line in a region with
v%5(x'|x) = F(r) exp (iwr/cr), 9) severe surface-wave scattering where the near-surface scat-

. . ] terer distribution was not known.
wherecy is the Rayleigh wave speed that is assumed to be

constant within a small frequency band, but may differ for Grevelingen data: Objective and geometry
different frequency bands. In this way, dispersion is taken

into account (if it is not too severe). Furthermore, the  Early in 1993, we performed a field experiment on a tidal
function F is a smooth amplitude function that accounts for flagt near a concrete dam (the “Grevelingendam”) in the
the smooth dispersive part »§}*, while the exponential  Province of Zeeland, in southwest Netherlands. Its objective
term accounts for the rapid changes in phasv{}*. This was to investigate if a dispersiG3"*#°* could be estimated
parameterization is motivated by the high-frequency asymp- directly from the data and to validate the imaging procedure
totic expressions for the surface-wave Green’s function for afor a known near-surface distribution of scatterers. This site
laterally invariant medium th.at are given in Aki and Richards showed negligible topographic variation except for the dam
(1980, section 7.4). According to equations (2) and (9), the that was the only scattering object present and, hence, the
direct Rayleigh wave is now parameterized as shallow scatterer distribution was known.
inc . oSy — . The acquisition geometry is shown in Figure 1. The

v3" (%, x7) = WIE(r) exp (ior/cg )], (10) sources were located near the surface and consisted of 125 g
where r is the distance between x arid Bor each shot  of dynamite. We used three-component 10 Hz geophones at
separately, we estimate the source and shallow propagatiorthe surface, but in this paper, we consider only the vertical
effects (i.e., W, F, ancg) from this direct surface wave. To components. For each shot, eight geophones were placed in
this aim, vi" is first isolated by application of a cosine- a straight line 100 m away from the foot of the dam. We
squared time window. To take dispersion into account, we chose a geophone spacing of 2 m; this small spacing avoided
separates £ into frequency bands that have an approxi- spatial aliasing of the surface waves in the common-shot
mately constant Rayleigh wave speed. We subsequentlydomain. From experiments performed in this area by
estimatecg, W, andF for each frequency band separately. Snieder (1987) and Gabriels et al. (1987), the Rayleigh wave
The Rayleigh wave speecy is estimated from the slope speed was approximately known, and we used this knowl-
present inv§*™. We then estimatev in an ad hoc way by  edge to choose the geophone spacing. For the shot spacing,
taking it equal to the direct wave for some chosen ofget we chose 8 m. We combined the sets of eight geophones for
after removing the time delay caused by wave sejzde., 30 shots in such a way that we obtained geophone offsets
W = exp(—iwrg/cg)vi® (ry). Forry, we choose an offset  ranging from 2 m up to 480 m. Because of the lateral
for whichvi" can be separated from other waves like head invariancy of the site, the variation between different shots
waves, higher-mode surface waves, and scattered surfaceas expected to be small.

RESULTS FOR TWO DIFFERENT FIELD DATA SETS
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1900 Blonk et al.

Grevelingen data: Estimation W andGsto» between 5-9 Hz of the fundamental mode is shown in
Figure 4. From the slope present in this figure, we estimate
The shot record of the vertical component for the offsets the phase velocity at 173 m/s. For the interval 8-12 Hz, we
4-480 m is shown in Figure 2, Several strongly dispersive have found an estimate of 146 m/s for the phase velocity.
modes of the direct Rayleigh wave can be observed. The Since we used 10 Hz geophones, the amplitude and phase
fundamental mode is the slowest one, and it is well separatecf the recorded data are affected for frequencies around and
from the higher modes for offsets larger than approximately below 10 Hz. Despite the fact that these distortions can
80 m. Especially at the small offsets, we can see the Rayleighaffect the image of the dam, the modeled reflections from the

waves reflected from the dam: around t = 2.4 s, the dam are still expected to be accurate because of the data-
reflected fundamental mode is visible, while the reflected fitting nature of our method.

higher modes are present at earlier times. We can also
observe some high-velocity body-wave reflections from the
deeper part of the subsurface (these are visible at early
times).

To estimatew and G3*#* from these data, first a offset (m) —— 999 400
cosine-squared time window is applied for isolating the time
fundamental direct Rayleigh wave. It is noted that, for (s)
offsets up to about 80 m, the fundamental mode interfers
with the higher modes. By considering the amplitude spec-
trum, we found that the main energy is in the frequency
range of 5-12 Hz; this spectrum is shown in Figure 3 for an
offset of 200 m.

By examining the direct wave within the frequency bands
5-9 Hz and 8-12 Hz, respectively, we have found that the
phase velocitycg of the Rayleigh wave can be considered
constant within each of these bands. The frequency band 4

o

B

I RO ek A A 2 ped o

Ty

Fic. 2. Vertical velocity component of the Grevelingen data.
The numbers between square brackets indicate the different
Ty wave tyges: (1) direct fundamental mode of the Rayleigh

wave, (2) direct higher modes of the Rayleigh wave,
geophones sources body-wave reflections from the deeper subsurface layers, (4)
% < fundamental mode reflected by the dam, and (5) higher-mode
vvv ... VVYVX Xy reflections.
2 m 2 8§ m
tidal 100 ™.
flat amplitude
spectrum
!1)3'
Grevelingen dam ~ 150 m
. A
10 20 30
frequency (Hz)

Fic. 3. Amplitude spectrum of the Grevelingen data for an
) ] . offset of 200 m. In our test, we consider only the frequency
Fic. 1. Layout of the Grevelingen field experiment. range 5-12 Hz, which contains the main energy.
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Inverse Scattering of Surface Waves 1901

For the two separate frequency bands, we choose the~igure 6. In this illustration, a coherent image of the dam is
source waveform w equal to the waveform of the fundamen- visible at a distance of approximately 160 m from the shot
tal mode at offset, = 200 m (for this offsetyi" is line. Apparently, the main scattering from the dam occurs at
reasonably well separated from the higher-mode Rayleighthe foundation below the middle of the dam. Within the
waves and the reflections from the dam). We then estimate8-12 Hz band, a much less coherent image of the dam was
v$5(r) using cg, W, and equations (9)-(10). Finally, we obtained. We assume that this is because of the fact that,
obtain Gs*e#°* from equation (6). within this band, the fundamental mode being imaged con-
tains significantly less energy than the higher modes.

Having obtained estimates of the scatterer distributions,
we now calculate the reflections of the fundamental mode

For the frequency bands 5-9 Hz and 8-12 Hz, we have,,i have been reflected at the dam. Subtraction of these
se.p.ar.at_ely estlm_ated thg near-surface d'St“*?“t.%D'h’? reflections from the recorded response (shown in Figure 2)
minimizing equation (8) iteratively. The two distributions ..qits in the data that are shown in Figure 7. Despite the
consist of 5151 cells: 101 cells in the inline direction and 51 ¢, that we removed the scattered surface waves only

in the crossline direction (the cell size is 4 m x 4 m). The \ihin the 5-12 Hz band, the response in Figure 7 contains
geometry for these distributions is shown in Figure 5. Since frequencies present in the measurements. We observe

the parameterization (10) is suitable only for offsets larger y, ¢ the reflections of the fundamental mode have been
than 80 m, we estimate the near-surface distribution at Jttenuated significantly.

distances larger than 80 m from the shot line. For smaller
offsets, several modes of the direct wave are interfering, Amoco data: Objective and geometry
which makes it difficult to estimate the propagation charac-
teristics of the incident wave and the Green’s function. The second test on field data concerns a seismic line
For the frequency band 5-9 Hz, the estimated horizontal recorded by Amoco in 1991. In certain parts of that line,
distribution &, obtained after 10 iterations, is shown in high-amplitude scattered surface waves were present that
were not suppressed sufficiently by stacking. The objective
of this second test was to attenuate the scattered surface
offset (m) —— 9 400 waves as much as possible and to leave the body-wave
reflections intact.
The line was recorded with dynamite sources and vertical
geophones located at the surface. The source and receiver

Grevelingen data: Results

horizontal z;-distance (m) ——
100 200

T

horizontal

z5-distance

(m)

. . 100
Fic. 4. Isolated fundamental model of the direct Rayleigh
wave for the frequency band 5-9 Hz (Grevelingen data).
shot line (480 m)
tidal flat i no scatterers estimated i 80 m
wowy yy !
i i 200
dam | scatterers estimated i 204 m
(150 m) | i (51 cells)

404 m (101 cells)

) o FiG. 6. Image of the dam for the frequency band 5-9 Hz. The
Fic. 5. Top view of the geometry for the scatterer distribu- horizontal x-distance is parallel to the dam and the horizon-
tions estimated in the test with the Grevelingen data.  tal x.-direction is perpendicular to it.
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1902 Blonk et al.

spacings were 25 m, and the number of receivers per shoAmoco data: Results

was 100. For each shot, the minimum and maximum offsets

were 25 m and 2500 m, respectively. For egch separate frequenpy band and. shot_, we estimate a
The vertical velocity recording for a typical shot is shown distribution¢ by solving requirement (8) iteratively. These

in Figure 8. The dominant linear event is the direct Rayleigh distributions consist of 9490 cells: 130 cells in the inline

wave that is somewhat dispersive, and the strong hyperbolicd'fecnon and 73 cells in the crossline dllrectlon.. The cell size

events correspond to scattered Rayleigh waves. From thdS 25 m x 25 m. For the present test, this cell size appears to

shape of the hyperbolas, we conclude that most of thePe small enough, although tests with synthetic data have

scattered waves arrive from the crossline direction. We canshown that a smaller cell size is generally preferable (Blonk

distinguish some body-wave reflections between t = 0.75 sand Herman, 1994).

and t = 1.3 s. The head waves can also be observed. Since For the shot shown in Figure 8, the estimated distribu-

they contain less energy than the direct Rayleigh wave, thetions, after performing 15 iterations, are shown in Figures 9a

scattered head waves (if present) are small compared to thénd 9b for the lower and higher frequency ranges, respec-

scattered Rayleigh waves. The data show no evidence ofively. Because of the time windc/™ [see equation (7)],

the presence of scattered head waves. we cannot estimate the distribution close to the seismic line,
as can be seen in Figure 9a. Siv$* (r) is available only
Amoco data: Estimation & andG3halto for offsetsr = 2500 m, we do not estimate scatterers at

distances larger than 2500 m from the source.

As a first step, we isolate the direct Rayleigh wave by Having obtained the distributions shown in Figures 9a and
application of a (cosine-squared) time window (in this data 9b, we compute the scattered surface waves for the shot
set, no significant higher modes are present). Its energy isrecord of Figure 8. These scattered waves are subsequently
present mainly in the 7-37-Hz frequency range. By examin- subtracted from the recorded data; the result is shown in
ing the direct wave within the frequency bands 7-23.5 Hz Figure 10. We observe that the scattered surface waves are
and 20.5-37 Hz, respectively, we have found that the phaseattenuated (we also subtracted the modeled direct surface
velocity G of the Rayleigh wave is approximately constant wave). In principle, linear remnants of Rayleigh waves can

within each of these bands. For the frequency rangenow be removed by additional prestack wavenumber-fre-
7-23.5 Hz, we have estimated the phase velocity at 1825 m/s;quency filtering.

for the interval 20.5-37 Hz we have found an estimate of
1795 m/s for the phase velocity.

Unlike the Grevelingen data, the different sources are not
assumed to be identical and, therefore, we estimate a differ-
ent source signature for each different shot. For this estima-
tion, we follow the procedure described above, where we,:
choose the offset r. = 1250 m. Finally, for each separate
shot and frequency band, we useand W together with s)
equation (9) to estima#=%* (Y), which is subsequently used |

with equation (6) to obtaiG §#/!ov .

offset () —— 90 400

e

3y

1%
|
%

R

Fic. 8. A typical shot record (vertical velocity) from a line

recorded by Amoco (the number of traces is 100, the
receiver spacing is 25 m, and the time sampling interval is
. ) 4 ms). The direct surface'wave is indicated by (1()3, crossline-
FiG. 7 _Shot record of the vertical Ve|OCIt¥ comcj)onent of the scattered surface waves (hyperbolic eventsz) by (2) body-
Grevdingen data after removmﬂ_ the reflected fundamental wave reflections from the deeper subsurface by 2/3) and head
mode of the Rayleigh wave (within the 5-12 Hz band). waves by (4).
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Inverse Scattering of Surface Waves 1903

To assess if our method does not attenuate reflections, we DISCUSSION AND CONCLUSIONS
applied our technique to 30 adjacent shots. In Figure lla, the ) ) ]
30-fold stack is shown (without application of our method).  In @ previous paper, we discussed an elastodynamic

For comparison, the same stack, obtained after the appncainverse scattering method for eliminating scattered surface
tion of our method, is shown in Figure llb. Apart from the Waves. By applying the method to synthetic data, we con-
surface-wave removal, all processing and display parameter§|UO|e,9I that this method was effective and robust; its main
are the same for Figures lla and llb. We can now make two SENSItivity concerned the Rayleigh wave speed. This type of
observations. The first one is that reflections present in the SENSitivity was comparable to theensitivity tobody wave
original stack are still present in the stack after attenuation of

the scattered surface waves. The second one is that the
continuity of the reflections of Figure llb appears to be
better than in Figure lla. Also, Figure lla shows linear
remnants of crossline scattered Rayleigh waves that are.
more pronounced than the ones shown in Figure llb. tme
Apparently, scattered surface waves have been attenuateds)
without much affect on the deeper reflections. This is par-
ticularly visible in the lower part of the stack.

The effect of our method on the stack can also be
quantified by considering the difference between the stacks
shown in Figures lla and Ilb, as shown in Figure 12. We
observe that the difference consists mainly of linear noise
patterns having positive dips (from upper left to lower right),
as well as negative dips (from lower left to upper right). A
part of the linear patterns having a positive dip corresponds
with the direct surface wave. From the presence of some
horizontal events, we conclude that our method has also
affected reflections to a certain extent, in particular between
0.8sand 1.0s. O3

We realize that the application of poststack wavenumber- ' ?1( i ¥
frequency filtering could probably also improve the stack Rl
considered in our test because the scattered surface waves il 51 ;
can be identified quite clearly (strongly dipping, unaliased R ) .g‘ SIBHESTR
patterns as opposed to horizontal reflectors). However, g, 3;3 i
poststack filtering methods are based on assumptions regard- 2 - I
ing the geology and may therefore deteriorate the lateralFg. 10. Shot record (vertical velocity) of Figure 9 after

resolution of the stack. attenuation of the scattered surface waves.
a) horizontal «;-distance (m) ——— b) horizontal z;-distance (m) ——
1250 2500 1250 2500

e e R T i L

«;(g "!(} ¥
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" SO i e
| e

1250 4 A ) J8 1‘1 \ 1250 1‘2‘

NI
<
=
P d
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L 4

Iy

o ‘ g Yy \ ‘.‘
| M TR 4 y i("« ‘Q‘it.?i NI H By
e il
[
Fic. 9. Estimated near-surface distributions for the shot record shown in Figure 8 for the frequency ranges (a) 7-23.5 Hz anc

(b) 20.5-37 Hz. The horizonta) xdistance is parallel to the source-receiver line and the horizgrdakxtion is perpendicular
to it
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speed of methods like linearized inversion and prestack known, while the second data set was a seismic line strongly
depth migratbn. contaminated by scattereslrface waves. From théirst

In the present paper, we have extended this method withdata set, we conclude that can estimate the souread
a procedure for estimating the Rayleigh wave speed andpropagation characteristics with sufficient accuracy directly
other propagation characteristics directly from the data from the dataAlso, wehave obtained a correct image ofthe
(taking dispersion into account). Furthermore, we have dam. The testwith the second data set has shown that our
applied the method to two different data sets: the first datamethod effectively attenuates scattered surface waves with-
set was recorded in a “controlled” experiment, where the out attenuating deep body-wave reflections too much.
shallow scatterer distribution (the Grevelingen Dam) was In general, we expect a further reduction of the near-
surface noise when many shots are taken into account
simultaneously in the estimation of the shallow distribution
¢. Different shots from a swath survey would be preferable
because the subsurface is then illuminated from different
directions. However, for a multishot inversion, at least a
more sophisticated estimate faris required for each shot.

In many cases, the background medium is laterally vary-
ing. In that case, ray-tracing techniques would have to be
used for computing$%* and the computation ¢G 3"/
would be based on an estimate of a shallow velocity model.
This requires the development of a ray-trace tomography
method for surface waves.
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