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SUMMARY
We estimated the near-surface attenuation in a multi-layered geological setting by comparing energy decay
along reflection and refraction traveltime curves in observed and modelled seismic data. A 2D visco-
acoustic finite-difference code provided the synthetic data. We applied the method to synthetic and to field
data .The incorporation of topography and source and receiver elevations, both in the modelling and in the
computed traveltimes, led to sharper estimates of the attenuation factors, especially for deeper layers.



70th EAGE Conference & Exhibition — Rome, Italy, 9 - 12 June 2008 

Introduction 
The near surface generates a variety of problems in land seismic data. Filtering and static 
corrections [1] are sometimes sufficient to clean up the data for further imaging. Whereas 
errors in short-wavelength statics reduce the signal-to-noise ratio of the stack, errors in long-
wavelength statics influence the structural image [2]. This is especially a concern when the 
exploration target is a low-relief structure in an area with rough topography or complicated 
near surface. Full waveform inversion followed by redatuming may be an alternative but the 
inversion only will work if the starting model is sufficiently close to the true model. As a first 
step towards the determination of a visco-elastic near-surface model, we assume that existing 
methods can provide a horizontally layered velocity and density model. Because the near-
surface attenuation is strongest, we developed a method [3] to estimate the P-wave attenuation 
based on visco-acoustic finite-difference modelling. This method was applied to a data set 
recorded in the Middle East and provided acceptable result. We present here an extension of 
the method using a finite-difference code that includes topography. 

Brief description of the method 
From an observed seismogram, we want to determine a good initial visco-acoustic near-
surface model that can be used for full-waveform tomography. To develop such a starting 
model, refraction statics [2] can provide a horizontally layered model with density �m, depth 
dm, and velocity Vm for each layer. In such a model, we try to estimate the attenuation in the 
near surface where it is strongest. Details of our method can be found in [3]. Here we review 
its main characteristics. We assume that �, d, and V (vectors with a length M equal to the 
number of layers) are known and we only want to estimate the attenuation parameters, 
denoted by the vector Q. The subsurface model is assumed to be a layered medium with Qm

constant in each layer. A sequence of N models { }1 2 N, ,...,Q Q Q , characterized by

Qn ( )Tn n n
1 2 M= Q , Q ,...,Q , n = 1 to N, is derived on a regular grid of values by starting from an 

initial guess Q0. Among all of these N models, we want to find the most likely one. We 
employ a 2D visco-acoustic finite-difference frequency-domain modelling code to simulate 
the full wavefield for each nth subsurface model, denoted by Qn. The modelled seismogram 
resulting from each simulation is then compared with what we call the observed seismogram. 
In this way, we can find the most likely attenuation model, denoted by QEstimated. We do not 
compare the full seismograms, as in full waveform inversion, but only compare energy decay 
along traveltime curves of reflection and refraction events in the modelled and observed 
seismic data for a range of attenuation parameters. The best match provides an estimate of the 
attenuation. This circumvents some of the problems related to the visco-acoustic 
approximation and the ill-posed character of the inverse problem. We pick these curves from 
each synthetic and observed seismogram and select the corresponding amplitudes, denoted by 
ASynth and AObs, respectively. The minimum value of a specific error norm, determines the 
most likely QEstimated.  

Error criterion 
As a first step, we may measure the difference between the picked amplitudes. It is well 
known that the wave amplitude is proportional to e–�/Q, with � = ωx/(2V), ω the angular 
frequency, and x the travelled distance. Then, the use of the logarithm will allow us to 
measure Q directly. However, the use of amplitude misfits at a single point in time seems 
risky, especially for problems including many unknowns, as is the case for real data. 
Uncertainties in the flatness of the reflectors, their depth, the velocity model, unidentified 
heterogeneities, lateral variations, among others, may introduce additional phase shifts and 
modify the general shape of the observed signal. Therefore, a discrete point-error value is 
likely to be affected by all such factors. As an alternative, we measure the difference between 
the energy inside a window, denoted by Wt, around the picked amplitudes ASynth and AObs, 
denoted by εSynth and εObs , respectively. 
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Consequently, we define an error criterion that measures the difference between the observed 
and modelled seismograms as 
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with αm the weight assigned to the mth layer. We impose
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Here Refl
m tT (H ) and Refr

m tT (H ) correspond, respectively, to the traveltime of a ray reflected or 
refracted along the top surface of the mth layer for a source-receiver distance denoted by Ht. 
Note that our error criterion uses weight parameters αm. Also, we measure the energy in a 
strip around the picked traveltime curve of temporal width Wt. Consequently, we have to 
choose the particular values of αm and Wt. Figure 1 presents a synthetic case study of the 
relationship between these parameters for pairs of Qm considering a 4 layered subsurface 
model with same features as the one used in [3]. To describe this, we only allow Q1 and Q2 to 
vary and assume fixed Q3 = 100 and Q4 = 100. We computed 441 synthetic seismograms for 
Q1 = Q2 = 4, 6, …, 44. These seismograms were then successively compared with the one 
corresponding to Q1 = 24 and Q2 = 24. The modelled seismograms are calculated for a range 
of frequencies between 8 and 20 Hz. In the top row of the figure, we show the curves 
corresponding to refraction and reflection traveltimes picked from the observed seismogram 
and calculated separately for the 1st, 2nd, and 3rd layer. The last column shows all of them. To 
evaluate the effect of the window size on the obtained energy, we calculated ε for four 
different values of Wt equal to 0.05 s, 0.1 s, 0.2 s, and 1 s. These values correspond to 1/2, 1, 
2, and 10 wavelengths, respectively. In the middle row of figure 1, we display the curves 
representing the energy decay along refracted and reflected traveltime curves for each layer as 
well as their sum. At the bottom of figure 1, we only display the contributions of the error for 
Wt = 0.1 s as calculated for each layer, E1, E2 and E3, and their total sum E. This corresponds 
to α1 = 1, α2 = 1, or α3 = 1 (with the other αm equal to zero), whereas the sum E was obtained 
with α1 = α2 = α3 = 1/3. The bottom row of figure 1 displays the error surfaces for each layer 
and, the 4th column, for their sum. Ideally, these error surfaces should have a well-defined 
minimum at the correct value of the attenuation parameters, meaning that the figure should be 
bowl-shaped with a blue colour at the correct minimum and with rapidly and smoothly 

Figure 1: 1st row: refraction (blue line) and reflection (green line) traveltime curves calculated 
separately for the 1st, 2nd, and 3rd layer. 2nd row: energy decay along traveltime curves for 
several values of the window size Wt. 3th row: error surfaces as a function of Q1 and Q2 for 
fixed Q3 and Q4, only calculated with Wt equal to 0.1 s. We show separately for the 1st layer 
(E1, 1st column), 2nd layer (E2, 2nd column), 3rd layer (E3, 3rd column) and their total sum (E, 
last column). The white dashed lines indicate the position of the minimum.
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increasing values, from green to red, away from the minimum. The sharper the minimum, the 
better the resolution. In figure 1, we observe that the minimum becomes less well defined if 
we go from the 1st to the 3rd layer, implying that the resolution deteriorates if we go to the 
deeper layers. We might have considered the use of larger values of αm for those layers that 
provide a better resolution, but did not do so. In following, we just used α1 = α2 = α3 = 1/3 
and Wt = 0.1 s in order to validate how well our error criterion can solve the comparison 
between the modelled and the observed seismograms. We justify our choice of alpha values 
by the intrinsic behaviour of the attenuation in upper and deeper layers: Q1 may affect Q2, Q3, 
and Q4. Also, Q1 and Q2 may affect Q3 and Q4; and so on. Note, that α4 is equal to 0 due to the 
bottom of the 4th layer is absorbing which corresponds to the absence of reflected and 
refracted waves.  

Topography 
We want to determine an initial near-surface model for the same real data as used in [3], for 
which a subsurface model with the features illustrated in figure 2b was available from 
refraction statics. In particular, we want to estimate the attenuation using a 2D finite-
difference code that includes both the topography of the surface and the source and receiver 
elevations. To illustrate the effect of topography, we estimate the attenuation for three cases. 
Firstly, we ignore topography and elevations corrections. Secondly, we only correct the 
traveltimes for elevation corrections in the observed and modelled seismograms, but do not 
include topography nor elevation corrections in the finite-difference modelling. Finally, we 
consider the topography and the elevation corrections in the finite-difference modelling as 
well as elevation corrections while picking traveltimes. Figure 2a illustrates the effects of 
elevation corrections on the picked traveltimes from the real data and on their corresponding 
energy decay. To construct an attenuation model, we proceed in a layer stripping fashion: 
once Q1 is determined we try to estimate Q2 and so on, up to Q3. To achieve this, the energy 
values related to Wt = 0.1 s were inserted into the error criterion in order to estimate how well 
Q1, Q2, and Q3 explain the data. Note that these values are calculated for each layer and are 
normalized by their maximum over each corresponding layer. 

Figure 3 displays the error images for the three cases previously described. We show from the 
left to the right of the figure, separately for the 1st, 2nd, and 3rd case their corresponding error 
surfaces. The images related to Q1 and Q2 were obtained with assuming Q3 and Q4 equal to 
100, a high value. This assumption is equivalent to consider only weak attenuation in those 
layers. Of course, the estimated Q2 will not be accurate as refracted waves also occur in the 3rd

layer. For this reason, we need to incorporate at least one deeper layer (i.e. Q3); this is done 
while analysing the behaviour of Q2 and Q3 (also in that case Q3 will not be accurate). The 
results show a reasonably smooth behaviour of all images, but they do not have the same 
resolution. The resolution of the images corresponding to the 2nd case is slightly enhanced, 
especially for the deeper layers. The resolution of the images obtained for the 3rd case is 

Figure 2: (a): Traveltime curves (top) and their corresponding energy decay (bottom). The 
curves on the left side were obtained without and the right with elevation corrections. (b): 
Subsurface model obtained from refractions statics 
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significantly enhanced. We notice that the value of Q1 obtained at the minimum is decreasing 
from 28, 26 to 24 with involving complexity. This agrees with typical regional values inferred 
from shear-wave Q measurements and the ratio between shear-wave and compressional-wave 
attenuation given by [4]. However, we appear to obtain a value of 4 for Q2, whereas we would 
expect a value equal to or larger than Q1. But analysing the behaviour of Q2 and Q3 may give 
a larger value of Q2 equal to 70 (see the right bottom of the figure). 
As the obtained value for Q2 is still smaller in the 1st and 2nd case, one explanation could be 
that incorporating the modelling of the topography as well as the source and the receiver 
elevations is relevant as it leads to a larger value of Q2. Another explanation could be that Q2
is about 20, implying that Q3 is about 20 as well, judging from the lower panel along the red 
dashed line. Figure 3 suggests that optimization of the attenuation parameters in the near 
surface should be feasible (see the red dashed lines), either in a deterministic or a probabilistic 
sense. Layer-stripping may be the way to go. First, we can determine Q1 by analyzing the 
behaviour of Q1 and Q2, as in the top of figure 3, and then we can estimate Q2 by considering 
Q2 and Q3 at the fixed estimated value of Q1, as in the bottom of figure 3, and so on. 

Conclusions 
We have presented an extension of our method to estimate attenuation based on wave 
propagation modelling and traveltime curves. The method was applied to a real data set 
recorded in the Middle East. We have included some of the complexity involved in the near 
surface. We incorporated elevation corrections both in the reflection and refraction 
traveltimes used for picking amplitudes and in modelling the wave propagation including the 
topography. The results showed a significantly enhanced resolution of the error images 
obtained with incorporating the modelling of the topography as well as the source and the 
receiver elevations. We applied the method to synthetic and to field data and expect the 
estimated attenuation factors for real data to be reasonably accurate. The next step is the 
extension of the method to the visco-elastic case. 
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Figure 3: Error images calculated for the field data in the three cases. The three bottom 
panels were obtained for a fixed values of Q1 = 24 and Q4=100. See the text for details. 


