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Summary

Previous studies of the sensitivity of depth migration to

smoothing of the migration velocity model have treated

smoothing of an initially correct velocity model. In prac-
tice, however, the initial velocity model contains errors,
especially in complex areas such as in subsalt and over-
thrust areas. While smoothing the correct velocity model
can only degrade imaging quality in wave-equation mi-

gration, we show that smoothing of an erroneous veloc-
ity model can improve the depth-migrated image. Using
smoothed versions of erroneous velocity models, we mi-

grated synthetic data for a simple 2D velocity model of
re ectors beneath a salt layer with a chirp-shape top or
bottom boundary. Use of this generic model allows us to

assessthe relative in uence of dierent typesand scales
of velocity error on image quality in the depth-migrated

sections. The results indicate that, depending onthe com-
plexity of the model and on the type and magnitude of
the error in the initial velocity model, smoothing can im-

prove imaging quality in depth-migrated sections, some-
times signi cantly. This obsenation is basedon numerous
tests performed on modeled exploding-re ector sections
for the generic velocity model, supported by tests with

prestack-migration examples.

In tro duction

No factor is more important to depth imaging than the
accuracy of the migration velocity model. Estimating
migration velocities is a dicult task in complex areas
and, as a result, migration-v elocity models inevitably
contain errors. Becausethe spatial variation of subsur-
face velocity can never be known in detail, in practice
migration velocities are routinely smoothed over space
prior to using them for depth migration.

Smoothing changes the subsurface velocity model from
an initially correct one, so too much smoothing of the
velocities used for migration must degrade the quality of
the migrated image. To assesshe appropriate amount of
spatial smoothing, Versteeg(1993), Gray (2000), and Paf-
fenholz et al. (2002) used complex two-dimensional (2D)
synthetic datasets, such asthe Marmousi model and Sigs-
bee2A salt model. A common conclusion of those studies
is that the maximum acceptable amount of smoothing is
both model- and depth-dependert, and a function of the
dominant wavelengths in the data.

In all of those studies, the tests involved smoothing of
the known velocity model prior to migration. One of the
reasonsfor smoothing is that we do not know the veloc-
ity structure in enough detail, and sometimes we have

rather poor velocity information. It therefore is appro-
priate to study the sensitivity of migrated-image quality
to smoothing of erroneous velocity models. Here, we per-
form migrations with smoothed versions of erroneous ve-
locity models and addressthe question \do es smoothing
of an erroneous velocity eld help or hurt the imaging
quality in depth migration?" We nd that, depending on
the complexity of the model, type of error, and depth of
the target beneaththe erroneousoverburden, somedegree
of smoothing is optimal in the senseof yielding a better
image of the target than does use of either lessor more
smoothing.

As in previous studies, our tests make use of synthetic
data. Our models, however, are much more simple than,
say, the Marmousi and Sigsbee2Aones. With thesesimple
models, we can perform a systematic analysis of the sen-
sitivit y of image quality to perturbations in parameters
of the true velocity model. To perform enough tests for
a comprehensiwe analysis, most of the tests entail migra-
tions of 2D modeled exploding-re ector sections. Some
prestack depth-migration examplesare shavn as well.

Generic mo del

The model on which we focus the tests is exemplied by
the two models shown in Figure 1. This model, which we
call the generic model, looks like no salt con guration in
the real subsurface. It consists of a sub-horizontal “salt
layer' (velocity=4500 m/s), with chirp-shape either top
or bottom boundary of the salt. The layer above the salt
is homogeneouswith velocity 2500 m/s, and that below
hasvelocity 3500m/s. The averagedepths of the top and
bottom of the salt are 1000 m and 1900 m, respectively.
For each model, four setsof embeddedre ecting segmerts
are placed below the salt at two di eren t depths, with dips
ranging from 0 to 40 degrees,in 10-degreeincrements.

A feature of the generic velocity model is that the com-
plexity of the overburden variesin the horizontal direction
becauseof a linear change in the spatial wavelength of
the chirp that de nes the shape of a boundary of the salt
layer. We generated six models, by changing the parame-
ters of the chirp (amplitude, and minimum and maximum
spatial wavelength). One of the upper two sets of dipping
re ectors has dip increasing from left to right, and the
other increasing from right to left. The lower two sets
have the same form as the upper ones. This pattern of
re ector position and dip allows us to assesghe relation-
ship between wavelength of lateral velocity variation in
the overburden and sub-salt image quality asit relates to
re ector dip and depth.

Use of such a simple model has its advantages and dis-
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Fig. 1: Velocity models 1 and 2. Lateral position is denoted by x, and depth by z.

advantages. Data for this model avoid many of the com-
plexities of those from a Marmousi or Sigsbee2A model,
allowing us do a somewhat systematic analysis of the de-
pendence of image quality on departures of the migra-
tion velocity function from the true one. The generic
model, however, doesnot comecloseto modeling realistic
salt shape, let alone the many issuesthat plague sub-salt
imaging in practice. Simple as it is, the generic model
is, nevertheless characterized by enough parameters that
a comprehensiwe study of imaging would require a large
number of tests of models with many di erent combina-
tions of values for those parameters. Such parameters
include

average depth of the top and bottom of the salt,

velocities of the salt and of the layers above and be-
low,

parameters of the chirp-shape top or bottom of salt
| amplitude and range of wavelengths| and

target depths.

Our study only spottily covers combinations of values
for these parameters. Also, when we consider the dif-
ferent forms of error in the velocity models and di er-
ing amounts of smoothing of those erroneous models, the
number of tests to perform can multiply greatly. In the
subsurface, errors could arise in all of the parameters
listed above. Of the numerous tests we've done with
generic models having di eren t chirp parameters, here we
show results for only selectedexamples.

We generated both exploding-re ector sections and shot
gathers for the generic models using as source a Ricker
wavelet with dominant frequency of 15 Hz. For both, we
used a nite-di erence algorithm with absorbing bound-
ary conditions. The majority of the tests involve post-
stack depth migrations of the exploding-re ector (ER)
data. Becausepoststack (i.e., zero-o set) migration and
exploding-re ector modeling of primaries are essemially
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data for model 2 using the correct veloc-
ity model. Distorted internal multiples are superimp osed on
well-imaged primaries.

depth migrations of

exact inversesof one another, we can count on an accu-
rate migration of ER primaries when we use the correct
velocity model, as in Figure 2. Therefore, sensitivity of
imaging to errors in velocity, including smoothing of er-
roneousvelocity, is well isolated when we apply poststack
migration to ER data.

Smoothing of erroneous velocity models

We rst migrate using an erroneous velocity model and
then repeat the migration after applying dierent
amounts of spatial smoothing to that erroneous model.
For the smoothing we use a two-dimensional Gaussian-
shape operator. We introduced errors of the following
kind to the generic velocity models:

lateral and vertical shifts of the chirp-shape top or
bottom salt boundary,

erroneous amplitude of the chirp-shape boundary,
random perturbations added to the chirp,

erroneousvelocity of the salt layer.
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As simple as is our generic model, the list of parameters
of the model plus all the scalelengths (Fresnelzone, chirp
wavelength, smoothing diameter, scale length of the ve-
locity error, depth of the targets) involved in the problem
make systematic analysis of depth migration for dier-

ent smoothings of erroneous migration velocities a large
task. The chirp-shape salt, however, allowed us to study
the inuence of such errors systematically as a function

of lateral velocity variation in the overburden. As one ex-
ample, consider an error in the form of an incorrect am-
plitude of the chirp-shape top of salt. Figure 3 shows the
nite-di erence, depth-migrated images of the ER data
for model 2 using a migration velocity model with the
amplitude of the chirp-shape top of salt 100-m too large,
and using this erroneous velocity model smoothed with

operators 480-m and 720-m diameter. The image for the
erroneous model is signi cantly degraded from the one
generated with the correct migration velocity (Figure 2).
Use of smoothing diameter 480 m improvesthe image of
all the sub-salt re ectors. With smoothing diameter of
720 m (usually considereda large amount) image quality
further improves for re ectors at x < 13 km while im-
age quality degradesonce again for larger valuesof x. In
general, the region of largest improvemert generally pro-
gressestoward the left (i.e., toward longer spatial wave-
length of the chirp) asthe amount of smoothing increases.

From other tests, we nd that the optimum extent of
smoothing for a given error in the migration velocity is
model-dependert. Generally, the longer the chirp wave-
length and the smaller the chirp amplitude (i.e., lesslat-
eral velocity variation in the overburden), the larger is the
amount of smoothing that yields the best imaging when
the initial model is in error. Also, for some models the
data can be better imaged with useof erroneousmigration
velocities that are more extensively smoothed (480 m and
720 m here) than might be considered acceptable if the
initial velocity had been correct. Nevertheless, imaging
with the best choice of smoothing is distorted relativ e to
that when the correct velocities are usedin the migration.

Similar results are obtained for random error to the chirp
amplitude. Lateral shift of the top of salt causesimage
distortion that canbenot only large but is such that imag-
ing is not amenableto improvemert by velocity smooth-
ing. Other forms of error in the velocity model, such as
vertical shift or constant error in the velocity of the over-
burden, causerelativ ely little image degradation and thus
are not aided by velocity smoothing. These general con-
clusions must be qualied by the amount of error of any
typein the model.

Figure 4 shows prestack depth migrations for the same
chirp model and model error as that for the exploding-
re ector data treated in Figure 3. The data were mod-
eled and common-shot-migrated with f  x-domain nite

di erences, with shot spacing of 80 m and 10-m group
interval to a maximum o set of 6000 m. The prestack-
migrated image with the correct velocities shows all pri-
maries correctly imaged.

Artifacts related to internal multiples are much reduced
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Fig. 3: Depth-migrated exploding-re ector results for model 2
for an erroneous velocity model (top) caused by chirp ampli-
tude exaggerated by 100 m (a 50 percent exaggeration) and
for that erroneous model smoothed using a Gaussian operator
of diameter 480 m (middle) and 720 m (bottom).

in the prestack-migrated data as compared to those in
the migrated exploding-re ector data. Prestack migra-
tion with the erroneous velocity model (chirp amplitude
exaggeratedby 100 m) results in more sewere degradation
of image quality than doespoststack migration of the ER
data.

Note in particular the lossof the re ection from the base
of salt toward the right of the image migrated with the
wrong velocity in Figure 4b. This could be causedin part
by mis-stacking that arises when the incorrect velocity
model is used. Sub-salt image quality is considerably en-
hanced, although distortions remain, when the erroneous
velocities are smoothed with smoothing diameter of 480
m. Smoothing by 720 m enhancesimaging of re ectors
toward the left portion of the model (where the chirp has
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longer spatial wavelengths), but degradesquality toward
the right.

Conclusion

Use of the generic chirp-shape salt boundary allowed us
to do simple tests, e.g., velocity error attributable to ex-
aggerated chirp amplitude, in a systematic e ort to gain
insight into the relationship betweenoptimum amount of
smoothing and scale of lateral velocity variations.

Despite the limited nature of this study, results for tests
with the generic model indicate that for sometypesof ve-
locity error, smoothing of inevitably erroneous migration

velocities can improve image quality, sometimes signi -

cantly. The amount of smoothing that is optimum, in
the sensethat it givesimaging superior to that when ei-
ther lessor more smoothing is used, depends on the size
and type of error in the migration velocity as well as on
the complexity of the model. The larger the error, the
more smoothing is necessaryto improve imaging where
it can be improved. No amount of smoothing, however,
can yield image quality comparable to that if the velocity
modeled happenedto be correct. Also, the lesscomplex-
ity in the model, the larger the smoothing that yields
best imaging results when the migration velocities are er-
roneous. Simple as is the generic model, tests with the
amounts of error showvn exhibit more image degradation
than is often encourtered in practice.

Becausethe velocity function for migration is never fully
accurate in practice, some degreeof smoothing is always
appropriate. The optimal choice of smoothing to ad-
dressimage degradation of an erroneousmigration veloc-
ity model can be considerably larger than (1) that needed
to overcomeray-tracing shortcomings in Kirchho migra-
tion or (2) the amount of smoothing that would be accept-
able when the initial migration velocity is perfectly accu-
rate for nite-di erence migration. The optimal amount
of smoothing to useremains a di cult model- and data-
dependert choice.
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Fig. 4: Prestack depth migrations for model 2 with the true
velocity (a), for an erroneous velocity model with chirp am-
plitude exaggerated by 100 m (b), for that erroneous model
smoothed using a Gaussian operator of diameter 480 m (c),
and for the erroneous model smoothed with 720 m diameter
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