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Imaging scattered seismic surface waves
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ABSTRACT
Surface-wave analysis is a key tool for seismologists, ranging from near-surface characterization in
geotechnical applications to global seismology. Even in exploration seismology, where surface
waves are regarded as a kind of noise, the fact that they typically represent the bulk of the record-
ed energy makes an understanding of surface-wave propagation important. On the other hand, the
heterogeneity of the near surface can make such analyses difficult since the heterogeneity is respon-
sible for scattering and mode conversion. 

Here, we show how multichannel seismic records of scattered surface waves can be used to obtain
spatial images of the heterogeneity. We discuss both data processing and imaging and illustrate our
method on laboratory-scale data. Further, synthetic examples show that we can locate individual scat-
terers accurately, even when many scatterers produce interfering surface waves. Our laboratory
results show that the method has the potential to locate near-surface heterogeneities in the field. 

for scattered surface waves. Here, we describe a model for the
propagation and scattering of surface waves close to a linear or
areal receiver array by introducing a frequency-dependent
impedance function that contains the contrast of the hetero-
geneities, lumped at the surface. Based on this model, we pro-
pose a scheme to process surface-wave data into images of near-
surface heterogeneities. 

To validate this method, we measure the vertical component of
(scattered) surface waves on the surface of an aluminum block.
The data are collected in a square region over a cavity in the sur-
face of the model, using a computer-controlled, fully non-contact-
ing, ultrasonic acquisition system. The dense sampling of the
wavefield at the surface allows maximum insight into the scatter-
ing process, greatly contributing to our understanding of near-sur-
face scattering. Using data from this experiment, we accurately
locate the cavity and reconstruct its shape. To investigate whether
we can also resolve individual scatterers when scattered surface
waves interfere, we image synthetic data from near-surface scat-
tering models with multiple scatterers. Our images show the cor-
rect location and relative strength of individual scatterers.

METHOD
A general outline of our method is shown in Fig. 1. From the
field record, we first select a suitable event (box 1). Usually, this
will be the direct-arrival ground roll. Next, we estimate the sur-
face-wave velocity (box 2). In general, the fundamental-mode
Rayleigh-wave velocity is satisfactory. This can be estimated
from the data, or can even be measured in the field. Processing

INTRODUCTION
Surface waves play a curious role in seismic methods. In geo-
technical engineering they provide valuable information about
mechanical properties of the shallow subsurface, while in oil
exploration they are considered as noise that blurs target reflec-
tors at greater depth. 

In near-surface studies, modal analysis of surface waves is
used to infer depth-dependent velocity profiles, a method well-
established in global seismology (e.g. Nolet 1977). More recent-
ly, this technique has also become popular in geotechnical engi-
neering (e.g. Stokoe et al. 1994), where it is often referred to as
spectral analysis of surface waves (SASW). These methods are
based on measurements with either one or two source–receiver
pairs. Park et al. (1999) proposed multichannel analysis of sur-
face waves, making it possible to resolve higher modes of sur-
face waves better and to separate them from noise, such as ener-
gy scattered by source-generated surface waves (ground roll). 

Surface waves can also be used for locating and detecting
near-surface objects. Park et al. (1998), Behoodian et al. (1999)
and Leparoux et al. (2000), for example, processed ground roll
in such a way that it is useful for locating underground objects.
However, only a few attempts have been made so far actually to
image scattered surface waves (Snieder 1987; Blonk et al. 1995;
Herman et al. 2000). 

The advent of multichannel surface-wave recording has
opened the way for developing alternative processing methods
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consists of separating the wavefield scattered by near-surface
heterogeneities from the selected event (box 3). Although we
only discuss surface-wave to surface-wave scattering here, scat-
tered surface waves excited by upcoming body waves when they
impinge on near-surface heterogeneities are also contained in our
formulation and similar results can be obtained from them. After
separating the scattered field, the impedance function (i.e. the
image) is determined by inversion (box 4). The image obtained
in this way is a spatial distribution of subsurface heterogeneities,
proportional to the contrast of the background with the hetero-
geneity. The information about the depth and, possibly, the ver-
tical size of the heterogeneity in the impedance function
obtained, has yet to be investigated. 

Near-surface scattering model
We consider scattering of surface waves by heterogeneities close
to the surface of a (laterally) homogeneous elastic half-space.
Due to the linearity of the elastic wavefield, the vertical compo-
nent of the particle velocity can be written as 

(1)

where vinc is the field that would have been measured if the
region under the receivers were homogeneous and vsc is the field
due to scattering from heterogeneities immediately under the
receivers. In (1), x = (x, y, z) denotes position and t denotes time.
From the elastic-wave equation for particle displacement, we can
derive an expression for the scattered field in terms of vertical
velocity measured at the surface, due to a vertical point source at
xS = (xS, yS, 0) (Campman et al. 2004):

(2)

where the surface ∑ is the domain occupied by the receivers and
xl = (x, y) denotes the horizontal coordinate while ω denotes a
regular frequency. Here, uG is the impulse response (or Green’s
function) of the shallow subsurface and σ is a surface impedance
function accounting for the contrasting heterogeneities. The
impedance function is defined as 

(3)

where ρ1(x) = ρ(x) – ρ0 is the density contrast between the em-

bedding medium (ρ0) and the scatterer (ρ). In eq. (2) we assume
that scattering takes place close to the surface so that we can
replace the field at the scattering depth by the field measured at
the receivers. In this way, we collect all scattering into a layer at
the surface. The thickness of this layer is denoted by ∆z. By
allowing the impedance to depend on frequency we account, to
a certain extent, for variations in the actual depth of the hetero-
geneities while this also takes care of dispersion not accounted
for in our model. The integral is over a surface, thus we express
scattering by volume scatterers in terms of a surface impedance
function. This type of model was also used by Blonk et al.
(1995).

In deriving the Green’s function, we assume that the horizon-
tal displacements excited by the vertical source are negligible
compared to the vertical displacement. In doing so, the elastic
problem is reduced to a scalar problem. Consequently, we neg-
lect interactions between different components of the wavefield.
This type of model was proposed to find expressions for vertical
stress in soils by Westergaard (1938), and for media with hori-
zontal constraints by Harr (1966). Los et al. (2001) showed that
this assumption can be applied to propagation of surface waves
and is justified for observations close to the (scatter) source. 

Imaging
Equation (1) expresses the decomposition of the wavefield
measured at the geophones into two parts: one part that propa-
gates in the embedding medium as if there were no scatterers
(the incident wavefield) and one part that accounts for the pres-
ence of the scatterers (the scattered wavefield). Without making
any assumptions about the subsurface, we can thus look for a
smooth part and then attribute any rapid variations in the wave-
field to the presence of scatterers close to the surface. This will
be discussed in a following example. First, we select a suitable
event from the field record. It should be a distinct event separat-
ed in time from other events. In general, the direct Rayleigh
wave is a good candidate. Then, having obtained a good estimate
of the scattered field, we write 

(4)

where σ is the surface impedance function and the operator K is
defined as (equation (2)): 

Here, we have substituted the field measured at the receivers
(vmeas) for the field in the integral on the right-hand side of equa-
tion (2), leaving σ the only unknown. Finding the impedance
function is posed as a minimization problem, i.e. we look for the
impedance function (or the image) to minimize the following
objective function: 

(5)

FIGURE 1

Scheme for our method for imaging

scattered surface waves
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where λ is a regularization parameter, determining the weight
given to minimization of the norm of the estimated model σ
relative to minimization of the residual norm. Without prior
knowledge of the data uncertainty, we use the L-curve method
(Hansen 1997) to choose an optimal value for λ. 

Note that our surface-wave imaging method bears much
resemblance to the imaging scheme described by Tarantola
(1984). However, the main difference is that we image waves
travelling along the surface instead of imaging body waves. 

LABORATORY EXPERIMENT
Description of the experiment
We measure the vertical component of the particle velocity on
the surface of an aluminum block, excited by a pulsed infra-red
laser in the thermo-elastic regime (Scales and Malcolm 2003).
We focused the laser beam on a 21 mm line, thus simulating a
line source. This source generates surface waves that are scat-
tered by a cylindrical cavity with a diameter of 2 mm and a depth
of 3 mm, which is roughly the size of the dominant wavelength.
The wavefield is detected using a scanning laser interferometer
that measures the vertical component of the particle velocity

on the surface of the model via the Doppler shift (Nishizawa
et al. 1997; Scales and van Wijk 1999). Traces are recorded at 
0.25 mm intervals, implying about 10 traces per wavelength.
Figure 2 illustrates the top view of the experimental configura-
tion, while Fig. 3 is a snapshot of the wavefield passing through
the cavity from right to left, clearly showing the scattered surface
wave. (A movie of the experiment described in this paper can be
downloaded from http://acoustics.mines.edu/research.) The total
area covered by 81×81 detectors is 20×20 mm2. For the exam-
ples, we use only a part of the data, indicated by the dashed line
in Fig. 2 (41×41 receivers).

Results for experiment I
Wavefield separation
Figure 4 shows part of the data in the in-line direction above the
cavity. The incident Rayleigh wave is strongly perturbed by the
cavity as is evident from the scattering visible between about 9.5
and 12.5 mm. Moreover, we observe a scattered Rayleigh wave
that is also clearly visible in the snapshot (Fig. 3). 

The objective of this method is to obtain accurate images of
heterogeneities under the receivers. Due to the decay of Rayleigh
waves with depth (e.g. Aki and Richards 1980), and because of
the simplifying assumptions made during the course of deriving
our scattering model, we expect to get accurate images only for
depths up to about half the Rayleigh wavelength (Campman et
al. 2004). In this case, scatterers are in the near-field and, in gen-
eral, scattering interferes with the incident wave (as in Fig. 3, for
example). For this reason, careful processing to separate the
wavefield components is required. Moreover, the incident wave
contains propagation effects from the source to the scattering
domain close to the receivers and can therefore be complicated.
In such cases, wavefield separation techniques like those used in
VSP data processing may have to be applied (Mars et al. 1999).
Once we have isolated the direct Rayleigh wave, together with
the scattering ‘tail’ from the shot record by time windowing, we
then separate the scattered energy from this event. Aided by the
dense spatial sampling of the wavefield and due to the fact that

FIGURE 3 

Snapshot of the direct Rayleigh wave when it passed through the cavity

(from right to left). The scattered Rayleigh wave is clearly visible. 

FIGURE 4 

Display of the direct Rayleigh wave (R) on a line above the cavity. The

Rayleigh wave reflected off the cavity is labelled S. 

FIGURE 2 

Top view of the aluminum block with cavity. The shaded area is the area

covered by the receivers. The source width (dark shade) is 0.5 mm.

Dimensions in the figure are given in millimetres. 
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we can regard the incident wave locally as a smooth plane wave,
we have used a wavenumber–frequency domain filter in this
example. It is well known that, for each frequency, a double spa-
tial Fourier transform maps a plane wave to a point in the
wavenumber space (e.g. Yilmaz 2001), while the scattered ener-
gy is mapped over all the wavenumber space. Thus, we first esti-
mate vinc using the wavenumber–frequency domain filter. To this
end, we have designed a three-dimensional filter, similar to the
single-pass kx – ky – f filter discussed by Rowbotham and Goulty
(1994). By passing the plane-wave event in the kx – ky – f domain
and transforming back to the space–time domain, we obtain an

estimate of the incident wave. Finally, we subtract this incident
wavefield from the total wavefield as follows:

(6)

where β is a factor included to account for amplitude differences
due to windowing during the filter operation. This factor should
be chosen such that the incident wavefield is optimally removed
from the entire event, as is shown in Figs 5(a) – (c), that illustrate
wavefield separation in the space–time domain. In Fig. 5(a), a
time slice of the total field is shown, while in Fig. 5(b), we show
the estimated incident field using the procedure described above.
Since we used a very narrow filter in the wavenumber domain,
we can still observe some edge effects in this display. In Fig.
5(c), the difference between the total field and the estimated inci-
dent field is shown. In this example, β = 1.12 gave the best result.
Inspection of Figs 5(a) and 5(c) confirms that we have removed
most of the coherent event and left the scattered energy, as
shown in Fig. 5(c). 

Imaging
Figure 6(a) shows the direct Rayleigh wave in the cross-line direc-
tion above the cavity. The scattering can be clearly observed
between 7 and 11 mm. The scattered energy, i.e. the energy after
wavefield separation, is shown in Fig. 6(b). The next step is to esti-
mate the impedance function with our inversion algorithm. Using

FIGURE 5 

(a) Top view of the total field (v). (b) The estimated incident field (vinc)

separated using the wavenumber-domain filter as described above. (c)

The scattered field (vsc), obtained after subtracting the incident field from

the total field. 

FIGURE 6 

(a) Part of the direct Rayleigh wave (event v in the text). This event is

used to derive the scattered energy vsc. (b) Seperated scattered energy vsc

using a wavenumber-frequency domain filter.

(a)

(b)

(c)
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an estimate of the Rayleigh-wave velocity in aluminum (from the
data, we estimate cR ≈ 3000 m/s), we obtain the impedance func-
tion shown in Fig. 7(a). We observe that the energy has been
focused in the correct position of the cavity at time t = 0.
Compared to the scattered field shown in Fig. 6(b), the spatial res-
olution has been improved, which makes the image useful for
accurately localizing near-surface objects. We also observe that the
image is more localized in time than in the original scattered data. 
Figure 8 shows a cross-section of the image at t = 0, at the sur-
face of the model. The shaded circular shape, slightly left and
down from the centre, represents the actual shape and location of
the cavity, while the shaded dots in the upper and lower right-
hand corners are focused energy due to scattering from surface
irregularities that are smaller than the cavity. 

So far, we have described a 3D model and imaging scheme;
however, without major modifications we can use 2D inversion
to obtain similar results. To show this, we selected one data line
from the entire volume (the same one that is used in the exam-
ples above). This time we constrain the image to be a line-imped-
ance function instead of a surface-impedance function, but we
still use a 3D Green’s function in our algorithm. Comparing Figs
7(a) and 7(b), we see that 2D inversion gives comparable results
to 3D inversion. 

SYNTHETIC TEST
In principle, scattered surface waves can be directly observed on

a seismic record (e.g. Leparoux et al. 2000). The location of the
scatterer can then be inferred from the top of the apex of the dif-
fraction, or from where the coherence of the arrivals breaks
down (as in Fig. 4, for example). Moreover, data recorded suffi-

FIGURE 7 

(a) Image of the cavity along the same line as in Fig. 6. (b) Image of the

same line, now obtained with 2D inversion. 

FIGURE 8 

Cross-section of the image at t = 0 for the first experiment, showing the

correct position and size of the cavity. The two darker dots in the upper

and lower right-hand corners are due to scattering from surface distur-

bances that are smaller than the cavity. 

FIGURE 9 

(a) Actual model used to generate the data for the first example. (b) Top

view of the wave field at 40 ms. Contours indicate the actual locations of

the scatterers. Here, we can identify the three scatterers because the peaks

in the amplitude of the scattered energy are at the location of the scatterers. 
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ciently densely on an areal grid, allow time-resolved visualiza-
tion, by watching the wavefield as a function of time (e.g. Scales
and Malcolm 2003). In this way, the scatterer can be identified as
a secondary source from which scattered waves originate, as in
Fig. 3. However, such visual interpretation is only possible if
only one, or a few sufficiently spaced scatterers, are located
under the receiver array. If two or more scatterers are in the close
vicinity of one another, secondary waves interfere and direct
identification of diffractions on a shot record may no longer be
practical (Herman and Perkins 2004). In these cases, imaging
increases the lateral resolution such that individual scatterers can
be located. To test whether our algorithm can resolve different
scatterers, we have applied it to synthetic data from models with
more than one scatterer. We use a 3D elastic modelling code
(Riyanti and Herman 2004) to generate the synthetic data. 

Model
The vertical velocity was calculated at 1 m intervals at the surface
of a 120×120 m2 area. The source is excited at position x = 0, 
y = 0 m at the surface of the model, with a dominant wavelength
of about 20 Hz. The S-wave velocity of the embedding medium

is 1000 m/s and its density is ρ0 = 1500 kg/m3. The Rayleigh
wavelength is about 40 m. In the first test, three scatterers are
located 5 m below the surface. The area of the scatterers is 10×10 m2,
while the vertical extent is 20 m and the densities range from
3500 to 4000 kg/m3. A top view of this 120×120 m2 model is
shown in Fig. 9(a). In the second model with the same embedding
and source position as the first one, 36 scatterers of volume
10×10×10 m3 are placed in a 60×60 m2 domain, 5 m below the
surface. The densities of these scatterers are chosen from a ran-
dom normal distribution in the interval 500–4000 kg/m3. A top
view of the scattering domain is shown in Fig. 11(a). Note that
this domain occupies the 60×60 m2 area in the fourth quadrant on
the lower right of the model shown in Fig. 9(a). 

Results
In Fig. 9(b), we show a constant-time plot of the wavefield at t = 40
ms. The scatterers are located far enough apart to be distinguished
by looking for the amplitude peaks in the constant-time plot. The
contours indicate the actual locations of the scatterers. The image
obtained with our method is shown in Fig. 10(a). The scatterers
are imaged at the correct locations. Compared to Fig. 9(b), the

FIGURE 10 

(a) Spatial image of the scatters obtained with our imaging algorithm.

Clearly, the energy has been focused at the location of the scatterers. (b)

Cross-section through the model on the line indicated in (a). The image

and the actual scatterer distribution have been normalized to their maxi-

mum values. 

FIGURE 11 

(a) Actual model used to generate the data for the second example. (b)

Top view of the wave field at 70 ms. Contours indicate the actual loca-

tions of the scatterers. Here, individual scatterers cannot be identified

because of interference of secondary waves. 
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spatial resolution has been increased. In Fig. 10(b), we show a
cross-section through the image, together with the corresponding
cross-section from the actual model. Both have been scaled to
their maximum values. This is necessary because we do not
obtain an actual value of the contrast but a value that is propor-
tional to the contrast (see equation (3)). However, for accurately
locating the scatterer, this is not a limitation. This test shows that
we can resolve more than one scatterer. Next, we image data from
the model shown in Fig. 11(a). A constant-time plot at t = 70 ms
(Fig. 11b) shows that the strongest amplitudes can no longer be
associated with the scatterer locations as indicated by the con-
tours. Because of the interference of the scattered surface waves,
these amplitude peaks shift location in time, so that even with
time-resolved data analysis, the scatterer locations cannot be
resolved. In the image (Fig. 12a), scatterers have been resolved
and we can identify individual scatterers when compared to Fig.
11(a). Moreover, the (relative) strengths of the contrasts are fair-
ly well estimated. This is shown in Fig. 12(b), where we compare
a scaled cross-line from the model and from the image. However,
the relative strength of the image is not estimated entirely correct-

ly along this line, which we would expect because the impedance
function is proportional to the actual contrast (see equation (3)).
This is because the spacing between scatterers is about one-quar-
ter of the Rayleigh wavelength, making it difficult to resolve the
interference completely (i.e. this is beyond the resolution that can
be obtained using the Rayleigh wave). 

DISCUSSION AND CONCLUSIONS
Near-surface heterogeneities cause ground roll to generate scat-
tered surface waves. We have shown that it is possible to obtain
spatial images of these near-surface heterogeneities from these
scattered surface waves. Our first example showed that this
method can be used to process data from multichannel surface-
wave records. In the second part of this paper, we have shown
that by using the imaging algorithm, we can identify individual
scatterers, when interference makes it impossible to resolve them
in the shot record. Moreover, we can estimate their relative
strengths fairly well when compared to the actual contrasts. By
keeping the image at a constant depth, but allowing it to depend
on frequency, we convert the depth dependence into frequency
dependence (as in a dispersion relation). So far, it is unclear how
any information about the depth or vertical size of the hetero-
geneities is contained in the image, but in the future we plan to
study this issue both qualitatively and quantitatively. In addition,
we intend to pursue a more rigorous analysis of the inversion
process; thus far, our results lack a data error analysis and, there-
fore, confidence levels on the final results. However, we expect
that this method can be useful for imaging the shallow sub-
surface. Applications may be found in geotechnical engineering,
where underground cavities or faults have to be located, or even
in environmental engineering, where the problem may be to
identify aquifers or detect land-mines. 
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