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(7) ABSTRACT

This invention removes the effects of variable water velocity
by calculating and applying corrections that map the seismic
data to an ideal case of constant water velocity. All of the
corrections assume, from a separate analysis step, that the
vertical (zero-offset) timing errors induced by the water-
velocity variations and that the zero-offset water bottom
times are available. Equivalently, the water velocities are
assumed known. The timing errors and water velocities are
related. The zero-offset water-bottom times are also assumed
available. From this information, and an arbitrarily-defined
“ideal” water velocity, it is possible to calculate an observed
(actual) water velocity relative to the “ideal” case. The only
additional information needed is the angle of the ray path
through the water layer. The angle may be calculated
directly from normal moveout velocities derived from con-
ventional analysis of the seismic data, and the information
above. A time-dependent and offset-dependent correction
may be derived for each sample of the seismic data prior to
normal moveout correction.

26 Claims, 6 Drawing Sheets
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Determine target water bottom time and time 101
shifts separately via analysis of seismic data: /
Obtain Tw (target water bottom)
Obtain At (time shift) at data control points

\

Combine At and Tw to get Vobs relative to Vw (ideal) 102
Determine Observed Velocity e
Vobs = Vw(At/Tobs + 1)

|

Determine Vertical Time Correction At(6) 103
Which may be angle dependent /
Example: At(6) = At(6 =0)/cos 0

=At(0 =0) /{1-[(H Vobs)/(Trefl(H)Vrms2)] 212

y 104
Apply Vertical Time Correction /
Before Normal Move-out Correction

Figure 5
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Determine zero-offset static correction At [« 201

l

Select an ideal water velocity [«— 202

I

203
Determine a zero-offset water bottom time f

A

204
Determine an observed velocity /
Vobs = Vw(At/Tobs + 1)

Determine water velocity dynamic correction At(6) / 205
At(0) = A(6 =0)/cos O
= At(6=0)/{1-[(H Vobs)/(Trefl(H)Vrms2)] }12

|

Apply water velocity dynamic correction | /~ 206
Before NMO

Figure 6
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DYNAMIC WATER VELOCITY
CORRECTION

FIELD OF THE INVENTION

This invention relates to the field of geophysical pros-
pecting and, more particularly, to a method to calculate and
apply a time correction to correct for propagation through
the variable velocity in the water layer.

BACKGROUND OF THE INVENTION

In the oil and gas industry, geophysical prospecting tech-
niques are commonly used to aid in the search for and
evaluation of subterranean hydrocarbon deposits. Generally,
a seismic energy source is used to generate a seismic signal
which propagates into the earth and is at least partially
reflected by subsurface seismic reflectors (i.e., interfaces
between underground formations having different acoustic
impedances). The reflections are recorded by seismic detec-
tors located at or near the surface of the earth, in a body of
water, or at known depths in boreholes, and the resulting
seismic data may be processed to yield information relating
to the location of the subsurface reflectors and the physical
properties of the subsurface formations.

One of the problems arising in acquiring and processing
3D seismic data in the some marine areas is that of variable
water velocity creating inconsistent traveltimes between
sources and receivers. As a result of the interaction between
warm and cold currents, the water velocity may vary rela-
tively rapidly, both temporally and spatially. In such areas,
these velocity variations may be large enough to have a
detrimental effect on subsequent data processing.

Water velocity can be related to the water temperature,
salinity and depth. The velocity of compressional waves in
water has been modeled as [Sheriff, Encyclopedic Dictio-
nary of Exploration Geophysics, 3™ Ed., 1991]:

V=1449.2+4.6T-0.055T%+0.00037°+(1.34-0.010T)(S-35)+0.0162Z

where V is the velocity in meters per second, T the tem-
perature in degrees Celsius, S the salinity in parts per
thousand and the depth below the water surface, Z, is in
meters. As bodies of water having differing temperatures
meet, there can be different degrees of mixing and the
location of the ‘front’ between the bodies of water can move
significantly over short periods of time. This means that the
structure of the water column and hence the water velocity
structure can change significantly over relatively short dis-
tances and times.

These water velocity changes have implications for seis-
mic processing. For a typical 3D acquisition scenario, the
water velocity will vary along the length of a sail-line. In
some situations it is possible to identify and track reflections
from interfaces between the warm and cold layers of water
along the length of a sail-line. Water velocity changes over
distances of less length of the acquisition cable may effect
the acquisition. However, the primary effect is usually
between adjacent sail-lines. Depending upon the acquisition
timetable, adjacent or areally coincident sail-lines may be
shot hours, days or even weeks apart, so although two lines
may be physically close to one another they can be widely
separated in time, possibly resulting in datasets with signifi-
cant water velocity differences. Water velocity differences
will result in dynamic differences between data in the
combined datasets and these change may effect the data
processing, in particular processes like multiple attenuation,
DMO, stacking and 3D migration.
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Without an independent measurement, the prior art meth-
ods have usually estimated the water velocity from the
seismic data itself. Direct arrivals are not useful since they
travel only through shallow water and often do not have
sufficient information to determine the actual depth to veloc-
ity profile. Water velocity will generally increase with depth.
As water depths increase the effects of water currents
become stronger. If there is no direct measurement of the
water depth, the water bottom time cannot be used to
compute the water velocity. If there are no significant
velocity changes within the acquisition spread length, a
stacking or RMS velocity may be estimated from shot
records or CMP gathers. Also, tomographic or wave-
equation based inversion techniques might be used to invert
for a depth (and perhaps, spatially) varying velocity func-
tion.

One prior art approach for water velocity determination
has been to derive an estimate from the stacking velocity.
This method assumes that the water velocity is constant, or
varies only with depth, giving approximately hyperbolic
moveout and lateral variations in the velocity may be
ignored. This calculation is restricted to near offsets so as to
be unaffected by refracted events. A local average water
velocity may be estimated in this manner.

Changes in the water velocity resulting in dynamic dif-
ferences in the combined seismic data may often be large
enough to effect data processing and subsequent imaging.
For 2D processing or within each sail-line the effect may not
be particularly dramatic since the velocity changes can be
relatively smooth and continuous along the acquisition
spread. However for 3D processing, where temporally dif-
ferent but areally coincident or adjacent data are combined,
the water velocity may change discontinuously. The data
may appear to contain discontinuities or ‘busts’ in, for
example, the crossline direction of adjacent sail-lines.

Detrimental effects upon subsequent processing due to
apparent static problems will occur if these problems are not
remedied. For example, 3D DMO will not function
adequately and smear artifacts will be problematic. The 3D
migration will produce artifacts at all azimuths from the
edge of each bust. Many 3D pre-stack data processes may be
compromised.

Water velocity changes on seismic data records are
dynamic and the cost of applying a proper correction, for
example through a wave-equation redatuming approach,
may be computationally expensive. One prior art method
has been to apply a static correction. For a flat water bottom
and a depth independent water velocity, the change in the
water bottom arrival time, At,, due to a change in water
velocity, AV, is straightforward to calculate:

A=t (AV, V)

This calculation can be used to compute a static correction
to compensate for a change in the water velocity by com-
puting a static for the zero-offset case and applying it after
normal moveout has been applied to the data. As the
correction is accurate only for the zero-offset case, slanted
ray paths will not be accounted for accurately.

The water velocity and water bottom zero-offset time may
be computed along the length of each sail-line and then used
to generate the static correction described above, correcting
the data assuming a change in the water velocity from a
reference velocity. These corrections vary continuously
along each sail-line, but are discontinuous across sail-line
boundaries or between areally coincident datasets acquired
separately in time. The static corrections may then be
applied to the data after applying NMO.
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Oceanographic conditions can effect the water velocity
over relatively short time spans and/or small spatial dis-
tances. Because areally adjacent or coincident data may be
acquired at different times, giving time for the water velocity
to change, discontinuities may occur which can seriously
effect later processing. Prior art methods only partially
compensate for temporally changing water velocities that
affect acquisition. It would be advantageous to have an
efficient correction for dynamically changing water veloci-
ties in marine data acquisition that accounts for slanted ray
paths.

SUMMARY OF THE INVENTION

The invention is a method of deriving a velocity correc-
tion for seismic data processing to correct for the effects of
variable water velocities. A zero-offset static correction is
determined for the seismic data that is the difference
between an observed time to a water bottom and an ideal
time to a water bottom determined using a selected ideal
velocity. An ideal water velocity is selected for the seismic
data. A zero-offset water bottom time is determined for the
seismic data. An observed velocity is determined for the
seismic data. A dynamic water velocity correction is com-
puted and applied to the seismic data for varying offsets and
raypaths.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention and its advantages will be better
understood by referring to the following detailed description
and the attached drawings in which:

FIG. 1 illustrates an earth model of observed values to
map to the ideal case;

FIG. 2 illustrates an earth model of ideal values mapped
from the observed case;

FIG. 3 illustrates the angle dependence for the correc-
tions;

FIG. 4 illustrates a comparison of the ideal case, prior art
and preferred embodiments of the present invention;

FIG. § illustrates a processing flowchart of the present
invention; and

FIG. 6 illustrates another processing flowchart of the
present invention.

While the invention will be described in connection with
its preferred embodiments, it will be understood that the
invention is not limited thereto. On the contrary, it is
intended to cover all alternatives, modifications, and equiva-
lents that may be included within the spirit and scope of the
invention, as defined by the appended claims.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

The present invention is a method for correcting seismic
data problems that arise due to variable water velocities in
the marine data acquisition. In certain embodiments correc-
tions are calculated and applied such that corrections map
the seismic data to an ideal case of constant water velocity.
Other advantages of the invention will be readily apparent to
persons skilled in the art based on the following detailed
description. To the extent that the following detailed descrip-
tion is specific to particular embodiments or a particular use
of the invention, this is intended to be illustrative and is not
to be construed as limiting the scope of the invention.

This invention may be implemented by a computer pro-
gram for seismic data processing to address problems
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encountered during marine seismic data acquisition. It is
common during marine data acquisition that deficiencies
occur in areal seismic coverage. These deficiencies are
addressed by acquiring in-fill data at a later time. However,
during this time between data acquisition, physical changes
in the ocean, such as temperature or salinity cause velocity
differences, resulting in dynamic changes in recorded trav-
eltimes that prevent accurate combination and imaging of
the data.

This invention removes the effects of variable water
velocity by calculating and applying corrections that map
the seismic data to an ideal case of constant water velocity.
All of the corrections assume, from a separate analysis step,
that the vertical (zero-offset) timing errors induced by the
water-velocity variations and that the zero-offset water bot-
tom times are available. Equivalently, the water velocities
are assumed known. The timing errors and water velocities
are related by equation 5 below. The zero-offset water-
bottom times are also assumed available. From this
information, and an arbitrarily-defined “ideal” water
velocity, it is possible to calculate an observed (actual) water
velocity relative to the “ideal” case. The only additional
information needed is the angle of the ray path through the
water layer. The angle may be calculated directly from
normal moveout velocities derived from conventional analy-
sis of the seismic data, and the information above. A
time-dependent and offset-dependent correction may be
derived for each sample of the seismic data prior to normal
move out correction.

To remove these dynamic traveltime differences, water-
velocity measurements may be combined with stacking-
velocity measurements to calculate and apply a dynamic
time correction to correct for propagation through the vari-
able velocity in the water layer. In preferred embodiments of
this invention data are corrected to an arbitrary, “ideal”
water velocities that account for both vertical and slanted ray
paths through the water layer. To ensure stability and elimi-
nate costly ray-trace solutions the angle of propagation
through the water may be determined directly from the
normal moveout of the data as derived from the stacking
velocities.

The method starts by deriving a correction that maps the
observed case (FIG. 1) to the ideal case (FIG. 2).

T,=27,/V,, (ideal), 1)
T,,=2Z,/V,, (observed). 2

T,, is the vertical, two-way traveltime to the water bottom,
given an ideal water velocity, V,,, and a water depth of
Z,.T,, is the observed, vertical two-way traveltime to the
water bottom, given an observed (actual) water velocity,
V.- A vertical static correction, At, may be defined that is
the difference between an observed time to a water bottom
and an ideal time to a water bottom determined using a
selected ideal velocity. From Lynn, MacKay, and Beasley,
1993, Efficient migration through complex water-bottom
topography, Geophysics, Soc. Of Expl. Geophys., 58, 393-
398, the vertical (zero-offset) time correction, At, is:

AT, =T =22, 1V, =11V sy, ©)
AT, (Vops/ V= 1)- ®

The values of At and T, are assumed known and V,, is
the arbitrary, “ideal” velocity. T,,, is a single value for a

gather of any type being corrected. The vertical correction,
At, may also be adjusted by quantifying the zero offset static
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shifts between sail lines of the survey. The vertical static
defined in Equation 4 was also presented by Wombell in
Water Velocity Variations In 3-D Seismic Processing, 66th
Ann. Internat. Mtg: Soc. Of Expl. Geophys., 1996,
1666—1669. This vertical static may be applied after normal
moveout correction with V. used in the water layer.
Solving Equation 4 for V_,, yields:

obs
Vobs=VilAUT i +1) ®

This yields V_, the observed water velocity. Whether V.
is determined by indirect methods (for example, from the
difference between vertical time shifts) or direct methods
(for example, moveout analysis), V. is suitable for exact
(dynamic) water velocity correction solutions, in addition to
vertical water velocity corrections.

obs

A target water bottom time and time shifts for traces may
be determined separately. For each sail line target water
bottom time (for example the model T,)) and time shift At,
may be obtained. The time shift, At, and target water bottom,
T,,, are combined to derive V_,, relative to the ideal velocity
V... V,_,s may then be constrained to be some percentage of
the ideal velocity. V_, . may then be smoothed and interpo-
lated. Alternatively, if At measurements are not used, the
equivalent V_,_ may be supplied from other forms of analy-
Sis.

The problem with applying vertical corrections only (like
At of equation 4) is that rays arriving at the surface obliquely
have a larger time correction due to a longer ray path (see
FIG. 3 for geometry):

ALB)=AL(B=0)/cos 6, O

where At(6=0) represents the vertical correction. To derive
an expression for the angle of the ray, 0, recall that the
observed normal moveout at the surface is (FIG. 3):

AT, (H)/AH=sin 8/V,,,, ™

where H is full offset. V_,, may computed as above in
equation 5 or derived directly from velocity analysis. Com-
bine with the normal moveout equation:

T oq(E)=[ (T, (H=0))*+H 1V, 17, (®)

where T, #(H=0) is the vertical two-way traveltime to the
reflector. V,,,. is the stacking velocity determined from
normal moveout analysis of seismic events and does not
refer only to the water bottom reflector. Evaluating the

derivative in Equation 7 using Equation 8 yields:

AT, ((E)/AH=sin /Y, =H/(T,.q(F)V,,."), ©

or,
sin O=(V oo Y(T )V, (10)

Importantly, AT, .(H) implies the observed traveltimes of all
events as a function of full offset, H. In this manner, the
arrival angle for each event is determined in a robust manner
without the need for ray tracing through an interval velocity
model, a typically costly and potentially unstable process.
Finally, assuming flat dip and straight rays, we can define
a dynamic correction using the observed water bottom time
and the zero-offset time correction in the form of V_,:
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Az(8) = Ar(vertical) / cosf, (1D
= Tops(Voss / Viy — 1)/ cosO,
= Tops(Vors / Voo = 1) [ (1 = sin?0)"2,

= ToneVons [ Voo = 1) /{1 = [H Vi [ (T pu OV 2,01},

or, in terms of the zero-offset correction:
A OY=AHO) {1-[HV o /(T eIV s P} (12

This dynamic correction allows for offset dependent correc-
tions for all source-receiver offsets.

FIG. 4 shows the result of applying the invention to
synthetic data. The data, as a common midpoint gather, were
created using an exact ray-trace solution through a two-layer
model. The model has a water depth of 1000 meters and a
second, horizontal reflector at a depth of 2000 meters, with
an interval velocity of 2500 m/s up to the water bottom.
Ray-trace solutions from the deeper reflector are shown for
two cases, the ideal case (with water velocity set to 1500
m/s) and the observed case (water velocity is 1470 m/s). The
traveltimes shown correspond to the reflector at 2000
meters. The ideal case is used as a reference and the
corrections are applied to the observed case.

The data for the ideal water velocity case (1500 m/s) are
shown in FIG. 4 after normal moveout with the theoretical,
two-layer RMS velocity down to the reflector at 2000 meters
(1944.6 m/s) as squares (annotated T,  ideal). Note that the
data are horizontal out to an offset approximately equal to
the depth of the event (2000 meters). This is taken to
represent the optimal result; the upward curvature at greater
offsets is expected due to the effects of ray bending that are
not corrected by conventional, hyperbolic normal moveout
correction. The prior art method of Wombell applies the
zero-offset vertical correction after normal moveout with the
two-layer RMS velocity containing V. (yielding 1917
m/s). The results are shown in FIG. 4 as circles (annotated
Prior Art).

In one preferred embodiment of the present invention the
vertical correction, #Zt(0=0), is applied before normal
moveout. These results, after normal moveout using the
two-layer RMS velocity containing V,, in the water layer
(1944.6 m/s) are shown as diamonds (annotated Method 2).

In another preferred embodiment the dynamic correction
is applied before normal moveout, and is shown after normal
moveout with the two-layer RMS velocity (1944.6 m/s)
shown as triangles in FIG. 4 (annotated Method 1). Note that
the dynamic correction defined by Equation 12 (triangles)
yields a very close result to the ideal case (T, ideal as
squares).

For any particular gather, for example shot, receiver or
CMP gather, the information comes from a particular shot
and is recorded at a particular receiver. The moveout (RMS)
velocity for a gather is used to infer the arrival angle at the
water surface. The arrival angle at (or from) a source
location and receiver location may be used in calculating
T,,s by projecting both legs of the raypath to the water
bottom (or water bottom model, for example T,).

For each CMP, the stacking velocity may be replaced by
the smoothed and interpolated V_,, down to the water
bottom (T_,,). The dynamic correction may then be calcu-
lated and applied prior to NMO. Subsequently, corrected
velocity functions using T, and V,, at the water bottom may
be determined.

FIG. § illustrates a flow chart of the present invention. A
target water bottom time T,, and a time shift are determined



ClibPDF - www .fastio.com



ClibPDF - www .fastio.com



