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SUMMARY
Migration velocity can be estimated from seismic data by analyzing focusing and defocusing of residual-
migrated images. The accuracy of these velocity estimates is limited by the inherent ambiguity between
velocity and reflector curvature.
However, velocity resolution improves when reflectors with different curvatures are present. Image
focusing is measured by evaluating coherency across structural dips, in addition to coherency across
aperture/azimuth angles. The inherent ambiguity between velocity and reflector curvature is directly
tackled by introducing a curvature correction into the computation of the semblance functional that
estimates image coherency. The resulting velocity estimator provides velocity estimates that are: 1)
unbiased by reflector curvature, and 2) consistent with the velocity information that we routinely obtain by
measuring coherency over aperture/azimuth angles. Applying the proposed method to zero-offset field data
recorded in New York Harbor yields a velocity function that is consistent with available geologic
information and clearly improves the focusing of the reflectors.



Introduction

The effect of migration velocity on the focusing and unfocusing of seismic images is obvious when ob-
serving migrated seismic images obtained with different migration velocities. Quantitative measures of
image focusing can extract from the data valuable information for velocity estimation. This information
is particularly abundant in areas where reflectors have strong curvature or are discontinuous, such as
in heavily faulted and folded geology, or in the presence of buried channels, uncomformities, or rough
salt/sediment interfaces. However, it is difficult to define objective quantitative criteria to measure image
focusing. Criteria that have been previously proposed to measure image focusing, such as maximization
of the power of the stack or minimization of image entropy (Harlan et al., 1984; De Vries and Berkhout,
1984; Stinson et al., 2005; Fomel et al., 2007), would be biased when there are reflectors with high-
curvature but not infinite curvature in the subsurface. Positive curvature reflectors (e.g. anticlines) cause
velocity to be overestimated, whereas negative curvature reflectors (e.g. synclines) cause velocity to be
overestimated. Consequently, current practical methods for exploiting image-focusing information are
based on subjective interpretation criteria instead of quantitative measurements (Sava et al., 2005; Wang
et al., 2006).

If we could extract quantitative focusing-velocity information reliably from migrated images, it could
supplement the velocity information that we routinely extract by analyzing residual moveout along off-
sets (after common-offset migration) or aperture-angles (after angle-domain migration) axes. In practice,
velocity analysis based on image focusing is unlikely to replace conventional velocity analysis, but only
to supplement it. Therefore, a method that measures image focusing should provide velocity estimates
that are consistent with conventional methods. This abstract aims to overcome the shortcomings of
current methods used to measure image focusing. It presents a new method that has two important char-
acteristics: 1) the velocity information it provides is consistent with the velocity information obtained by
analyzing the coherence of migrated images along the reflection-aperture angle axes, and 2) it explicitly
takes into account the relation between reflector curvature and velocity.

Image-focusing semblance

The main goal of the image-focusing semblance is to extend the conventional semblance evaluation by
measuring image coherency also along the the structural-dip axes. First, I define a semblance measure
that is independent from reflector curvature, but that implicitly assumes the presence of reflectors with
infinite curvature; that is, point diffractors. To prevent reflector curvature from biasing the velocity
estimates, I then include the curvature information in the definition of the image-focusing semblance.
This enables a consistent evaluation of the image focusing across both the reflection-angle axis and the
structural-dip axis and improves the interpretability of the results.

The starting point of my method is an ensemble of prestack images,R (x, γ, ρ); these images are func-
tions of a spatial coordinate vectorx = {z, x} (with z depth andx the horizontal location), the aperture
angleγ, and a velocity parameterρ. The parameterρ is the ratio between the new migration velocity
and the migration velocity used for the initial migration. The ensemble of prestack images is obtained
by residual prestack migration in the angle domain (Biondi, 2010); the proposed method could be easily
adapted to the case whereR (x, γ, ρ) is computed using residual prestack Stolt migration (Sava, 2003),
or any other method that can efficiently generate ensembles of prestack images dependent on a velocity
parameter.

To measure coherency along the structural dipα, I first create the dip-decomposed prestack image
R (x, γ, α, ρ). The decomposition can be efficiently performed in the Fourier domain during the residual
prestack migration, or it could be performed in the space domain by applying recursive filters (Fomel,
2002; Hale, 2007). Notice that the dip-decomposed images I use as input have different kinematic
characteristics than the ones described in Reshef and Rüger (2008), Landa et al. (2008), and Reshef
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(2008). These authors obtain dip-decomposed images by not performing the implicit summation over
dips that is part of angle-domain Kirchoff migration (Audebert et al., 2002), whereas I decompose the
migrated images. My first definition of the 2D image-focusing semblance is:

S(γ,α) (x, ρ) =

[∑
γ

∑
α R (x, γ, α, ρ)

]2

NγNα
∑

γ

∑
α R (x, γ, α, ρ)2

, (1)

whereNγ andNα are, respectively, the number of aperture angles and the number of dips to be included
in the computation. In the presence of point diffractors, the semblance functional defined in expression 1
yields unbiased estimates of the velocity parameterρ. However, when the curvature is finite, the dip
components would not be aligned for the correct value ofρ, and the estimates would be biased. To
remove this bias, we can correct the dip-decomposed images for the presence of curvature by applying
the spatial shift,∆nCurv, along the normal to the structural dip,

∆nCurv =
sin (α− ᾱ) tan (α− ᾱ)

2
Rn, (2)

whereᾱ is the local dip,n is the vector normal to the dipα and directed towards increasing depth, and
R is the local radius of curvature (Biondi, 2010). Notice that the application of correction 2 requires
the estimation of local dip̄α. To estimate the local dips, I used a variant of the algorithms described by
Fomel (2002).

Expression 2 can be used directly to create an ensemble of dip-decomposed images that are corrected
for the local curvatureRCurv (x, γ, α, ρ,R). The image-focusing semblance can be computed on these
images as follows:

S(γ,α) (x, ρ, R) =

[∑
γ

∑
α RCurv (x, γ, α, ρ, R)

]2

NγNα
∑

γ

∑
α RCurv (x, γ, α, ρ, R)2

. (3)

The application of correction 2 to prestack data can be quite expensive. However, it can be efficiently
performed together with residual migration (Biondi, 2010).

Velocity estimation from zero-offset field data

I tested the method for extracting velocity information from zero-offset data on a shallow seismic data set
acquired in New York Harbor using a 512i sub-bottom profiler with a 1-10 kHz pulse. The left panel in
Figure 1 shows the subset of the data that I worked with. The water bottom primary reflection is recorded
at about 18 milliseconds; strong multiple reflections are visible below the primaries. From nearby well-
boring, the layered body in the middle is thought to be composed by Holocene sediments, mostly sands,
with a velocity of approximately 2.150 km/s. The sediments are surrounded by serpentinite that has
much higher seismic velocity. The serpentinite velocity ranges from 2.500 km/s where the rock is
fractured (on the left of the sediments) to 4.300 km/s, where the rock is intact (below the sediments).

I performed the image-focusing analysis on a small analysis window; this window was centered on the
events at flattish sediment-serpentinite interface at the bottom of the sediment layers. The depth of the
analysis window ranged from 21 to 25 m, for the first iteration. I adjusted the depth for the following
iterations to ensure that the analysis windows consistently included the same reflectors across iterations.
Figure 2 shows the image-focusing semblance for the three iterations of the process as a function of the
velocity parameterρ and the radius of curvatureR. To update interval velocity in the sediments from
the pickedρ value, I followed conventional migration velocity analysis procedure for vertical velocity
updating (Biondi, 2006). After the first iteration the updated velocity wasV̂s=2.250 km/s, and after the
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Figure 1 Zero-offset data recorded in New York Harbor using a 512i sub-bottom profiler with a 1-10
kHz pulse.

Figure 2 Image-focusing semblance computed from the migrated sections and spatially averaged over
the analysis window: (a) first iteration, (b) second iteration, and (c) third iteration.

second, and final, update the velocity wasV̂s=2.155 km/s. The third iteration did not produce any update
because the semblance peak in Figure 2c occurs atρ=1, indicating that the process has converged.

Figure 3a and Figure 3b compare the entire image obtained with the initial velocity (top panel) with the
entire image obtained with the final velocity (bottom panel). The improvements in the image are substan-
tial outside the analysis window, as well as inside it. Outside the analysis window, the improvements are
most noticeable in the areas indicated by the ellipses superimposed onto the sections. Figure 3c shows
the analysis window for the initial image, and Figure 3d shows the analysis window for the final image.
Compared with the first analysis window, the final analysis window shows substantial improvement in
the continuity of the reflectors and a reduction in the number of crossing events.

Conclusions

Using image focusing and unfocusing for velocity estimation has long been an elusive goal in reflection
seismology. The main challenge is the ambiguity between image focusing and reflector curvature. Con-
sequently, previously published methods rely on strong assumptions about reflector curvature, such as
assuming that reflections were generated by point diffractors (i.e. infinite-curvature reflectors). I present
a method that does not rely on this assumption, but instead it explicitly takes into account of reflector
curvature when measuring image focusing. The image-focusing information that the proposed method
extracts from prestack data is consistent with the velocity information that we routinely extract by mea-
suring image coherency along the aperture-angle axes. Furthermore, because I compute semblance as a
function of reflector curvature, the results are devoid of hidden bias toward high-curvature reflectors.
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Figure 3 Image comparison: (a) initial image, (b) final image, (c) analysis window in the initial image,
and (d) analysis window in the final image.

Velocity information can be successfully extracted from zero-offset data by analyzing the focusing and
defocusing of residual-migrated images. The New York Harbor example demonstrate that the proposed
method is sufficiently robust to provide reliable and quantitative velocity information from field data.
The estimated interval velocity function is consistent with available geologic information and improves
the focusing of the image both in the analysis window and outside the analysis window. The estimation
method provides quantitative information on velocity without relying on subjective interpretive crite-
ria. However, to achieve statistical stability, the semblance functional must be averaged over spatial
windows, and thus spatial resolution is reduced.
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