
WO 02/097472 PCT/US02/16196  TRAPPED WATER BOTTOM MULTIPLE AND PEG-LEG
MULTIPLE SUPPRESSION FOR  OCEAN BOTTOM SEISMIC DATA This application claims
the benefit of U.S. Provisional Application No.  60/293,716 filed on May
25, 2001. BACKGROUND OF THE INVENTION Marine seismic exploration usually
involves acquiring seismic data using a  seismic acquisition system whose
source initiates a down-going seismic wavefield. A  portion of the
down-going wavefield travels into the underlying earth where it
illuminates subsea geologic formations. As it illuminates the interfaces or
boundaries  between the formations, part of the wavefield is returned (or
reflected) back through  the earth (propagating in the up-going direction).
Part of the reflected wavefield is  received by the seismic acquisition
system, converted into electrical signals, and  recorded for subsequent
processing. An analysis of these recorded signals makes it  possible to
estimate the structure, position, and lithology of subsea geologic
formations, thereby completing an important step in the exploration
process. Figure 1 shows a simplified example of a typical marine seismic
acquisition  system. A first ship 1 tows a seismic source 2 several feet
below the surface 3 of the  ocean. The seismic source 2 is activated to
produce a down-going wavefield 4d that  is at least partially reflected by
a subsea formation boundary 5 or subsea impedance  discontinuity. The
up-going wavefield 4u then travels toward the sensors 6 and is  detected.
The sensors 6 used in marine seismic exploration include pressure sensors
and  velocity (also referred to as "particle velocity") sensors. Typically,
the pressure  sensors are hydrophones and the velocity sensors are
geophones. The hydrophones  measure a scalar pressure and are not sensitive
to the propagation direction of the  wavefield. The geophones, which may be
vertical geophones, provide a vector  response measurement whose polarity
depends on whether the direction of 



WO 02/097472 PCT/US02/16196  -2 propagation of the wavefield is up-going or
down-going. The amplitude of the  geophone response is also related to an
angle of the propagation relative to the  sensitive direction of the
geophone. If a wavefield is recorded by a hydrophone and a  geophone with
similar electronic impulse responses, then a polarity comparison  between
the hydrophone and geophone measurement determines whether the  wavefield
is propagating in the up-going or down-going direction. Hydrophones and
geophones disposed at the seafloor are typically used in pairs when
collecting seismic  data. A combination of this two component or "dual
sensor" data (pressure and  particle velocity) has been useful to cancel
down-going multiples from a combined  pressure and vertical velocity data
signal. The importance of this aspect of the sensor  pairing will be
discussed in detail below. In one type of marine seismic surveying, the
sensors 6 are located at regular  intervals in ocean bottom cables (OBC) 7
that are arranged on the seafloor 9. When  necessary, a second ship 8 is
used to move the OBC 7 to a new position on the  seafloor 9. Several miles
of OBC 7 are typically deployed along the seafloor 9, and  several OBCs are
typically deployed in parallel arrangements. OBC 7 arrangements  are
particularly well suited for use in certain zones (such as zones cluttered
with  platforms or where the water is very shallow) where the use of
ship-towed  hydrophone arrays (not shown) (which are located proximate the
ocean surface 3 and  are typically referred to as "streamers") is not
practical. The collection of data with OBC during seismic data acquisition
is  complicated by secondary wavefields, also known as "multiples."
Multiples comprise  trapped water bottom multiples, source side peg-leg
multiples, and receiver side peg- leg multiples. Multiples can mask the
seismic data of interest, and they amplify and  attenuate certain
frequencies, thereby complicating the analysis of the recorded  signals.
The "multiple problem" is caused by, among other factors, the air-water
interface at the surface of the ocean or water column. The following
discussion  



provides a more detailed description while implicitly assuming one
dimensional  geometry. WO 02/097472 PCT/US02/16196  -3 When the seismic
source is fired, the direct arriving down-going wavefield  impacts the
seafloor. A portion of the down-going wavefield travels into the
subsurface and provides the primary seismic data by reflecting off of
subsurface  formations. Another portion of the same down-going wavefield is
reflected back into  the water column. This up-going wavefield travels back
to the ocean surface and is  reflected back in a down-going direction. A
down-going wavefield reflected off of  the ocean surface may be referred to
as a "ghost." A ghost subsequently impacts the  seafloor where, as for the
direct arriving down-going wavefield, a portion travels into  the
subsurface and a portion is reflected back into the water column to
generate  subsequent ghosts. Hence, some portion of a ghost is reflected
back into the water  column and remains trapped in the water column,
forming the trapped water bottom  multiple (or subsequent multiple ghost
arrivals), while the remainder propagates into  the subsurface, leading to
the formation of delayed and scaled copies of the primary  seismic data
(referred to as source side peg-leg multiples) as the delayed down-going
wavefield reflects off of the subsurface formations. Up-going wavefields
from the subsurface result from the portion of the direct  arrival that
initially travels into the subsurface (the primary reflection) and the
subsequent source side peg-leg multiples that pass through the seafloor.
The up-going  wavefields will be recorded at the seafloor. However, after
being recorded, the up- going wavefields continue upward and subsequently
impact the air-water interface  and are reflected in a down-going
direction. As a result, the primary and source side  peg-leg multiples form
down-going ghosts. The water trapped portions of these  wavefields are
called the receiver side peg-leg multiples, and the portion of these
wavefields that travel into the subsurface are ignored for the purposes of
this  discussion because they contain higher order subsurface reflections
than are relevant  



for the analysis presented herein. Figure 2 shows two-dimensional examples
of wavefields that are produced by  a source 10 and are detected by a
sensor pair 11. The source 10 is typically located  proximate the ocean
surface 12. A direct arrival 18 is a wavefield that travels directly  from
the source 10 to the sensor pair 11. A receiver-side peg-leg 13, which may
also WO 02/097472 PCT/US02/16196  -4 be referred to as a "receiver side
multiple," is produced when the wavefield is first  reflected by a
subsurface formation 16 and then by the ocean surface 12 before being
detected by the sensor pair 11. A source side peg-leg 15, which may also be
referred  to as a "source side multiple," is produced when the wavefield
reflects off of the  seafloor 14, off of the ocean surface 12, and then off
of a subsurface formation 16  before being detected by the sensor pair 11.
These wavefields differ from a primary  wavefield 17 that reflects off of
the target formation 16 and is then detected by the  sensor pair 11 before
experiencing any additional reflections. The water trapped  multiple 19 is
first reflected off the seafloor and then off the ocean surface before
being detected by the sensor pair 11. For all of these multiples, there may
be many  reverberations in the water column, but no more than one two-way
travel path in the  subsurface (for the water trapped multiple 19, there is
no travel path in the  subsurface). Detection and proper processing of the
primary wavefield 17 is an  important objective in seismic exploration. The
primary wavefield 17 may be  corrupted by the multiples that may also be
detected by the sensor pair 11. The elimination of multiples can be an
important part of obtaining good OBC  data because, unlike a towed streamer
where surface multiples produce notches in the  frequency spectrum that lie
beyond the usable bandwidth of the seismic energy,  multiples in the OBC
data produce notches within the usable bandwidth. The  effectiveness of the
removal of the multiples is dependent upon how well the pressure  and
velocity data are matched, so that up-going radiation is identically
recorded by the  hydrophone and geophone, and on how well the water bottom
reflection coefficient (a  



coefficient representing how well wavefields are reflected by the seafloor)
is  estimated. Prior attempts have been made to remove notches in the
frequency spectrum.  Barr and Sanders, in "Attenuation of water-column
reverberations using pressure and  velocity detectors in a water bottom
cable," Expanded Abstracts of the 59th Annual  SEG Meeting (1989, vol. 1),
disclose a theory that assumes that the pressure and  velocity transduction
coefficients are known and are used to match the amplitude and  phase
response of the hydrophone and geophone. Calibration shooting is used to WO
02/097472 PCT/US02/16196  -5 provide geophone scalars for combining the
hydrophone and geophone data. The  scalars are equal to: 1+R  1-R  where R
is the ocean bottom reflection coefficient at each respective receiver
station. U.S. Patent No. 4,979,150 issued to Barr discloses a system for
reducing  reverberation noise by applying a scale factor to the pressure
and/or particle velocity.  An enhanced signal is generated by multiplying
at least one of either the pressure or  the velocity by the scale factor
and then summing the scaled velocity and scaled  pressure. U.S. Patent No.
5,365,492 issued to Dragoset, Jr., discloses a method wherein  geophone
noise is adaptively estimated from velocity and pressure. The polarity of
the noise is then reversed, and the noise is added to the velocity to form
a clean,  refined velocity signal. A scale factor is then applied to the
refined velocity signal  and the pressure is summed with the scaled refined
velocity signal. The summed  signal is auto-correlated, and a "varimax"
function is computed. The procedure is  repeated by incrementing the scale
factor until the varimax function most closely  approaches unity. This
algorithm was developed to determine optimum geophone  scalars and
reflection data. 



U.S. Patent No. 5,621,700 issued to Moldoveanu discloses a method that
involves adding the product of the pressure times the absolute value of
velocity with  the product of the velocity times the absolute value of the
pressure. The method relies  on a polarity flip in the velocity between
up-going and down-going wavefields. U.S. Patent No. 5,835,451 issued to
Soubaras discloses a method that  combines hydrophone and calibrated
geophone signals to eliminate a water trapped  multiple. A calibration
function is determined by selecting a time window beyond the  duration of
the direct arrival (e.g., where a source pulse is zero) and minimizing a
"cross-ghosted" difference between the hydrophone and calibrated geophone
recording. Multiples are then attenuated from the combined signal using
predictive WO 02/097472 PCT/US02/16196  -6 deconvolution methods that
involve making an estimate for a water bottom reflection  coefficient.
SUMMARY OF THE INVENTION One aspect of the invention is a method for
removing trapped water bottom  multiples, receiver side peg-leg multiples,
and source side peg-leg multiples from dual  sensor OBC data that includes
a pressure signal and a velocity signal. The pressure  and velocity signals
are compared to determine if polarity reversals exist between  them.
Polarity reversals are used to identify and separate up-going wavefields
from  down-going wavefields in the pressure and velocity signals. A
matching filter is  applied to a portion of the velocity signal where
polarity reversals exist. The down- going wavefield is estimated by
determining a difference between a portion of the  pressure signal where
polarity reversals exist and the portion of the velocity signal  where
polarity reversals exist and applying a scaling factor to the result. An
attenuated up-going pressure wavefield is then determined by combining the
estimated down-going wavefield and the pressure signal. In another aspect,
the invention is a method for removing trapped water  bottom multiples,
receiver side peg-leg multiples, and source side peg-leg multiples  



from dual sensor OBC data that includes a pressure signal and a velocity
signal. The  pressure and velocity signals are compared to determine if
polarity reversals exist  between them. Polarity reversals are used to
identify and separate up-going  wavefields from down-going wavefields in
the pressure and velocity signals. A  matching filter is applied to a
portion of the pressure signal where polarity reversals  exist. The
down-going wavefield is then estimated by determining a difference  between
the portion of the pressure signal where polarity reversals exist and a
portion  of the velocity signal where polarity reversals exist and applying
a scaling factor to  the result. An attenuated up-going velocity wavefield
is then determined by  combining the estimated down-going wavefield and the
velocity signal. WO 02/097472 PCT/US02/16196  -7 Other aspects and
advantages of the invention will 'be apparent from the  following
description and the appended claims. BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 shows a prior art marine seismic acquisition system. Figure 2
shows a simplified diagram of wavefields of interest in an  embodiment of
the invention. Figure 3 shows a flowchart of an embodiment of the
invention. Figure 4 shows matching filter design using the up-going
wavefields in an  embodiment of the invention. Figure 5 shows a result of
an estimation of the down-going wavefield in an  embodiment of the
invention. Figure 6 shows a result where first order receiver side and
source side peg-leg  multiples have been attenuated Figure 7A shows a
modeled shot record of pressure and velocity. Figure 7B shows an expanded
view of a primary wavefield shown in Figure  7A. Figure 7C shows an
expanded view of polarity and amplitude comparisons  



between velocity and pressure signals shown in Figure 7A. Figure 8 shows a
comparison between the down-going wavefield (or noise)  and the pressure
signal in the modeled example. Figure 9 shows a comparison between the
down-going wavefield (or noise)  and the velocity signal in the modeled
example. Figure 10 shows a comparison between the pressure signal and the
processed  pressure signal (where P = A - (1+R*)D) in an embodiment of the
invention. Figure 11 shows a comparison between the velocity signal and the
processed  velocity signal (where V = A + (1-R*)D) in an embodiment of the
invention. WO 02/097472 PCT/US02/16196  -8 Figure 12 shows a comparison
between the velocity signal and the processed  velocity signal after
nonlinear processing with an embodiment of the invention. Figure 13 shows a
comparison between velocity signals and processed velocity  signals that
have been processed with an embodiment of the invention. Figure l4A shows a
pressure signal in an example of an ocean bottom cable  shot record. Figure
14B shows a velocity signal in an example of an ocean bottom cable  shot
record. Figure 14C shows a processing example where each velocity signal is
matched  to a corresponding pressure signal in an example of an ocean
bottom cable shot  record, wherein the processing is performed with an
embodiment of the invention. Figure 15A shows pressure signals in an
example of an ocean bottom cable  shot record. Figure 15B shows velocity
signals in an example of an ocean bottom cable  shot record. Figure 15C
shows a processing example where each pressure signal is  matched to a
corresponding velocity signal in an example of an ocean bottom cable  shot
record, wherein the processing is performed with an embodiment of the  



invention. Figure 16A shows pressure signals in an example of an ocean
bottom cable  shot record. Figure 16B shows velocity signals in an example
of an ocean bottom cable  shot record. Figure 16C shows a processing
example where polarity reversals were set to  zero values in a velocity
signal with a processing embodiment of the invention. Figure 17 shows a
stacked view of pressure signals in an example of an ocean  bottom cable
shot record. WO 02/097472 PCT/US02/16196  -9 Figure 18 shows a stacked view
of velocity signals in an example of an ocean  bottom cable shot record.
Figure 19 shows a stacked view of processed velocity signals where polarity
reversals were set to zero values with a processing embodiment of the
invention.  Figure 20 shows a stack of attenuated velocity signals where
processing was performed with an embodiment of the invention.  DETAILED
DESCRIPTION The embodiments of the invention relate to methods for
attenuating multiples  by (i) matching recorded pressure and velocity
signals and (ii) processing the matched  signals so as to remove water
trapped multiples, receiver side peg-leg multiples, and  source side
peg-leg multiples from the pressure signal or the velocity signal. In one
embodiment, either the pressure trace or the velocity trace is selected for
processing  (see block 20 in Figure 3). Polarity differences between
recorded pressure and  velocity measurements (see block 21 in Figure 3) are
used to identify and separate  primary and source side peg-leg multiples
from down-going wavefields (see block 22  in Figure 3). After matching the
recorded signals (see block 24 in Figure 3),  processing embodiments of the
invention, based on a mathematical reformulation of  the ocean bottom dual
sensor problem, are applied to the matched pressure and  



velocity data. The down-going wavefield is estimated (see block 26 in
Figure 3) by  subtracting the velocity from the pressure and dividing by
two. The down-going  wavefield is multiplied by a factor that includes an
estimate R* (which may be an  estimate for the water bottom reflection
coefficient, R) and subtracted (or added) to  the pressure (or velocity).
In this way the down-going wavefield can be used to  eliminate the trapped
water bottom multiples, receiver side peg-leg multiples, and  source side
peg-leg multiples (see block 28 in Figure 3). Other embodiments are
described below. In seismic exploration, the terms "signal," "data trace,"
"trace," "shot record,"  "recorded data," and "measured data" refer to data
recorded by a sensor pair after the WO 02/097472 PCT/US02/16196  -10
seismic source has been used to produce a wavefield. A "single shot record"
refers to  data recorded after a single source excitation (such as a single
firing of an airgun  array). The shot record typically comprises data
recorded at each of a plurality of  subsea locations with OBC sensors. For
example, after the source is fired the  wavefield is sampled at a selected
sampling rate for a predetermined time interval.  The recorded data forms a
data signal for each sensor location. A summation of a  plurality of
signals having common subsurface reflection points may be used to  generate
a "stack" of data. A stack may then be interpreted to identify and classify
"events." Events may comprise, for example, direct arrivals that travel
directly from  the source to the sensors, primaries that have reflected off
of subsea formations (such  as a subsea salt structure, or a subsea
hydrocarbon-bearing formation), or reflections  off of an ocean-air
boundary (e.g., ghosts giving rise to multiples). Matching the Sampled Data
Signals Embodiments of the invention related to matching techniques will be
discussed first. Preferably, the pressure and velocity are recorded through
receiving  systems with substantially identical electronic impulse
responses. Pressure and  velocity signals must be adjusted so that a
polarity check between them at a given  



time will provide a meaningful indication as to whether the recorded values
correspond to an up-going or a down-going wavefield. One of the embodiments
of the invention is a method that accounts for a  "mismatch" in pressure
and velocity signals by deconvolving the electronic impulse  responses from
the pressure and velocity signals. Another embodiment of the  invention is
a method whose goal is to deconvolve one of the signals (e.g., the
pressure signal) with its impulse response and then to convolve the
resulting output  with the impulse response of the other signal (e.g., the
velocity signal). Finally, there may be a relatively small time shift
(generally a shift of less than  one sampling interval) remaining between
the pressure and velocity signals. It may be WO 02/097472 PCT/US02/16196
-11 desirable to resample the signals and cross-correlate them so that any
residual time  shift may be discovered with the cross-correlation and
thereby compensated.  Processing the Matched Signals After the pressure and
velocity signals have been matched, the data may be  processed to remove
trapped water bottom and peg-leg multiples. In one embodiment  of the
invention, a polarity comparison is initially made between the pressure and
velocity signals. Differences in the polarities between the pressure and
velocity  signals may be used to identify down-going wavefields. The
comparison also permits  the separation of up-going and down-going
wavefields in both of the recorded data  signals. In one embodiment of the
invention, a matching filter is formed by using the  portion of the signals
that have the same polarity. When the resulting matching filter  is
applied, the resulting portions of the pressure and velocity signals having
the same  polarity are substantially identical while the polarity reversed
portions of the signals  can be used to find the down-going wavefield by
subtracting and dividing by two. In  practice, it is typically only
necessary to apply the matching filter to the portion of the  signal where
the polarities are reversed. An example of the application of a matching  



filter is shown in Figure 4. Figure 4 shows recorded pressure ("Po") and
velocity  ("Vo") signals in a system with a water bottom reflection
coefficient ("R") of 0.333.  Pulses 30 and 34 are primary pulses and have
the same polarity. Pulses 32 and 36  have opposite polarities and contain
superimposed receiver and source side peg-leg  multiples. No trapped water
bottom multiple is shown in this example, but the  matching filter
application procedure would be identical if a trapped water bottom
multiple were present. After a polarity comparison, P, and V, are
identified as the portions of the  signals having identical polarities and
pulses 32 and 36, which have opposite  polarities, are removed from the
signals. The matching filter in the embodiment is  designed using P, and
V,, and if applied to V, produces pulse 38 in the V2 signal. In WO
02/097472 PCT/US02/16196  -12 this embodiment, the matching filter is
simply a scale factor of 0.50. Note that if P,  were to be scaled into V,
the matching filter would be a scale factor of 2. At this  point, the
result of the matching filter application is that signals P, and V2 (and
pulses  30 and 38) are substantially identical. The matching filter can
also be derived from  using the portions of the signals where the
polarities are reversed (e.g., pulses 32 and  36). However, the resulting
filter's impulse response function must be scaled to the  same level as the
impulse response function derived using pulses 30 and 34. The  scaling
factor is (1- R)/(1 + R) when the velocity is matched to pressure or  (1 +
R)/(1 - R) when the pressure is matched to velocity. Hence, an estimate for
the  water bottom reflection coefficient, R, can be derived from a ratio of
the peaks of the  impulse response functions. After a matching filter has
been established, it may be applied to the portion of  the signal where the
polarities are reversed (e.g., pulse 36), such as signal V3 shown in
Figure 5. V3 is the portion of the velocity signal where the polarity of
the velocity  signal (Vo) is not the same as the polarity of the pressure
signal (P0). Applying the  matching filter of the present embodiment to V3
produces data signal V4 (e.g., pulse  



37), where V5 = V2 + V4 is the velocity after matching to the pressure, P0.
The down- going wavefield, D (e.g., pulse 39), can then be found because D
= (Po - V,)/2. The  same result is obtained by simply subtracting V4 from
the pulse 32. After matching,  pressure and velocity may be described by
the following expressions: P=A+(1+R)Dand (1)  V = A - (1- R)D. (2)
Equations (1) and (2) describe P and V in terms of the water bottom
reflection coefficient R, an up-going wavefield A that comprises the
primary reflections and the  source side peg-leg multiples, and the
down-going wavefield D. The down-going  wavefield D comprises the sum of
any direct arrival wave, trapped water bottom  multiples, and receiver side
peg-leg multiples. Equations (1) and (2) are produced by  a one dimensional
derivation based on fundamental relationships between pressure  and
velocity. The derivation of equation (1) and (2) is shown below. First, WO
02/097472 PCT/US02/16196  -13 p at =-~P and (3)  at = -K - (4)  where
equation (3) is Newton's Second Law and equation (4) is Hooke's Law. In
equations (3) and (4), p is density, K is bulk modulus, t is time, z is
depth (e.g.,  distance along a vertical axis), P is pressure, and v is
particle velocity. Identical wave  equations can be derived for P and v by
using equations (3) and (4) to generate the  expressions: alp 1 ape and (5)
az2 c2 at2 a2v 1 av2 C (6) where c2 = K/p. The general solution to equation
(5) is given by the expression: P = Puf (z - ct) + PDf (z + ct) (7)  where
f is an arbitrary function and Pu and PD are arbitrary constants. From
Newton's  



Second Law it can be determined that: av = - PU f'(z - ct) - PD f'(z + ct)
(8)  P P where f is the derivative of arbitrary function f with respect to
the argument of f. By  integrating equation (8) and evaluating the constant
of integration the following  expression is obtained: v = Pu f (Z - ct) -
PD f (Z + ct). (9)  PC PC Specifying the positive z-direction as vertically
upward, the following  expressions may be written for P and V: P = U + D
and (10)  V=pcv=U-D (11)  where U and D are up-going and down-going
wavefields, respectively. Equations  (10) and (11) show that a combination
of P and V may estimate the down-going WO 02/097472 PCT/US02/16196  -14
wavefield. For example, equations (10) and (11) may be combined to show
that  D=p2V. (12)  This result is consistent with equations (1) and (2),
and U=A+RD, where RD is the  up-going reflection of D. A more detailed
analysis of up-going and down-going wavefields in a water  column may be
performed by assuming that an impulse arrives at the seafloor when  t=0.
The down-going and up-going portions of the trapped water bottom multiples
may be expressed as: D,,,1 = Y, Rs R"8(t - nT,,,) and (13)  n=0 U,,,1
=RERSR"8(t-nTw) (14)  n=0 where R is again the water bottom reflection
coefficient, Rs is an ocean to air  



reflection coefficient, ' , is a two-way travel time in water, and the
direct arrival 8(t) is  included in the summation. The primary wavefield is
generated by that portion of the  direct arrival (e.g., n=0) that travels
into the subsurface and subsequently reflects off  of the subsurface
formation boundary and is then detected by sensors.  Mathematically, the
primary wavefield may be expressed as: U. =(1-R2)>Rk8(t-tk) (15)  k=1 where
each iteration of summation index k corresponds to a different subsurface
interface (e.g., an interface may be a top of a formation, a bottom of a
formation, or  any acoustic impedance discontinuity), Rk is a reflection
coefficient associated with  the k-th reflection in the subsea geology, tk
is an associated two-way travel time for  the k-th reflection of the
wavefield, and (1-R2) is a two-way transmission coefficient  through the
water bottom (e.g., the seafloor). A portion of each down-going impulse
included in equation (13) gives rise to an impulse that is reflected by the
subsurface  interfaces. WO 02/097472 PCT/US02/16196  - 15 The up-going
wavefields are delayed replicas of the primary and are the source  side
peg-leg multiples. After traversing the subsurface and being recorded, the
primary and source side peg-leg multiples continue to the air-water
interface where  they are reflected back, thereby establishing periodic
reverberations (the receiver side  peg-leg multiples). The up-going portion
of these wavefields may be expressed as: UPL =(1-R2) IRkRs+mRn+mB[t-tk
-(n+m)i,] . (16)  n,m=0;k=1 Summation indices n and m represent the order
of the source and receiver side peg- legs, respectively. The primary
wavefield, as represented in equation (16), is included  in equation (16)
when n--m=0. When m=0, equation (16) only describes source side  peg-leg
multiples, while when n=0, equation (16) only describes receiver side
peg-leg  multiples. As before, k is the summation index representing subsea
reflective  



interfaces. The reverberations leading to the formation of equation (16)
also have down- going wavefields that may be expressed as: DPL =(1-R2)
jRkRs+mRn+m-18[t-tk -(n+m)'r ] (17)  n=O;m,k=1 Subsurface reflections are
generated by these down-going wavefields in a  manner similar to that
expressed in equation (13), but these higher order terms (e.g.,  second
order wavefield terms and above) will be ignored in the present
embodiments. By combining up-going (equations (13) and (16)) and down-going
(equations  (14) and (17)) wavefield expressions as indicated in equations
(10) and (11), P and V  may be expressed in the following form: P=(1-R)z
JRkB(t-tk)+jRkRsRn8(t-tk-ntw) (18)  k=1 n,k=1 +(1+R) 8(t)+~R;
'R"8(t-nz,~)+(1-R2) ZRkR<+n'R"+n,-ls[t-tk -(n+m)z",] n=1 n=O;m,k=1  and WO
02/097472 PCT/US02/16196  -16 V =(1-R)2 ERk5(t-tk)+ YRkRsR'8(t-tk - ntiw)
(19)  k=1 n,k=1 - (1- R) 8(t) + ~ R,'.'R"8(t - n z,y) + (1- R2) ~
RkR`,+"R"+,n-'8[t - tk - (n + m)zw~ . n=1 n=O;rn,k=1 A direct arrival
wavefield term, 8(t), has been explicitly shown in equations  (18) and (19)
while it was embedded as- the n=0 term in equation (13). Equations (18)
and (19) may be simplified to P = A + (1 + R)D and (20)  V=A-(1-R)D (21)
where equations (20) and (21) are identical to equations (1) and (2),
respectively. Returning to the processing embodiments of the invention,
once the matched  



filter is generated, it is applied to the portion of the signal where the
polarities of P  and V are reversed so that the matched filter scales that
portion of the signal into  (1 + R)D or - (1- R)D, depending on whether P
is being scaled into V or vice versa,  respectively. In the processing
embodiment shown, the derivation of equations (1) and (2) is  performed for
a one dimensional system, and a convolution model that only accounts  for
first order reflections from subsea geology is used for the up-going
wavefields  (e.g., for up-going wavefields that are reflections from the
subsea geology rather than  from the seafloor). The one-dimensional and
first order assumptions mean that only  one reflection is considered from
each layer below the seafloor. In addition, equations  (1) and (2) ignore
random noise by assuming that A and D are significantly larger  than any
random noise that is present. Further, the derivation assumes that the
velocity is matched with the pressure, but a specific matching process is
not specified  and any of the aforementioned matching embodiments described
herein will function  with the invention. Equations (20) and (21) may be
solved for D so that WO 02/097472 PCT/US02/16196  -17 D=P-2V (22)  and D is
also shown in Figure 5. In practice, after recorded signals (of pressure
and  velocity) are matched, D is estimated by applying equation (22) to the
recorded data. As previously described, a hydrophone measures scalar
pressure while a  vertical geophone measures a particle velocity vector and
therefore has an output that  depends on the direction of propagation of
the measured wavefield. A polarity check,  between P and V may identify
up-going and down-going wavefields in wavefields  that are "isolated
arrivals" (e.g., where the term "isolated arrivals" refers to up-going  and
down-going wavefields that are not superimposed). If the up-going and down-
going wavefields are superimposed, the situation is more complicated.
Typically, if A  and D have the same polarity then there is a polarity
reversal between P and V when  



<(1-R). This means that D> A  1-R  Similarly, if A and D have opposite
polarities, then there is a polarity reversal between  P and V when A
>-1-R.  D Therefore, D> IA  1+R  Hence, as long as AL  I 1 DI > I1-R WO
02/097472 PCT/US02/16196  - 18 there should be a polarity reversal between
P and V regardless of the polarity  relationship between A and D. Figure 6
illustrates a method for eliminating D and a source side peg-leg  multiple.
Po, V5, and D are repeated from Figure 5. Up-going wavefield A (i.e., the
primary reflections and source side peg-leg multiples) can then be
determined by  subtracting (1+R)D from P0. This yields pulses 50 and 52,
with pulse 50 being  substantially identical to pulse 30 of Po. Pulse 52
represents the source side peg leg  multiples, which can be removed by
subtracting RD from A leaving only AP, the  primary up-going wavefield.
Mathematically, equations (1) and (2) may be solved for  A so that the
down-going wavefield may be eliminated from either P or V: P - (1 + R*)D A
and (23)  V+(1-R*)D;:::~ A . (24)  



Therefore, D as determined in equation (22) is scaled by either (1+R*) or
(1-R*) and  combined with P or V, respectively, to produce data signal A,
where A contains the  primary and the source side peg-leg multiples. Note
that R* is an estimate that may  be the water bottom reflection
coefficient, R. An important feature of the processing approach of this
embodiment is that the  pressure and velocity are not combined to form a
single output signal. Instead, only  one of the signals (either pressure or
particle velocity) is processed at a time. The above suggests an alternate
processing embodiment wherein the source  side peg-leg multiple is
eliminated along with D. This embodiment may be further  explained by using
equations (18) and (19) to develop a sum of the source and  receiver side
multiples for the pressure and velocity, respectively. The result shows
that: PEG(P)=(1-R2)YRkRsR" (ttk -niW)I (n+ 1)R+n] (25)  k,n=1 L R
PEG(V)=(1-R2)JRkRSR6(t-tk -ntiw,)r(n+l)R-n (26) k,n=1 L R WO 02/097472
PCT/US02/16196  -19 where PEG(P) and PEG(V) are summed source and receiver
side peg-leg multiples for  P and V, respectively, and n is the order
(e.g., the number of two-way travel times in  the water column) of the
multiple. As shown previously, R is the water bottom  reflection
coefficient, R, is the ocean to air reflection coefficient, Rk is the
reflection  coefficient associated with the k-th interface in the
subsurface, k is the summation  index that covers all subsurface
interfaces, t is time, tk is the two-way travel time  associated with the
k-th interface, ti, is the two-way travel time in the water, S(t) is the
direct arrival, and (1-R2) is the two-way transmission coefficient through
the water  bottom. Equations (1) and (2) can be rewritten into the
following form: P = AP + (1 + R)D,y, + PEG(P) and (27)  



V = AP + (R -1)D,, + PEG(V). (28)  In equations (27) and (28) AP is the
primary wavefield. The water trapped multiple  can be eliminated just as
before, but at other times it is possible to eliminate the  superimposed
source and receiver side peg-leg multiples for equation (27) and (28) by
selecting an estimate, R*: R* _ (1 + 1)R (29)  n where n is the order of
the peg-leg multiple. This estimate would be valid in  equations (23) and
(24) and would be applied at the time of the n-th peg-leg multiple.  For
the first order peg-leg multiple, n=1 and R*=2R. For higher order
multiples,  R*<2R . This estimate can be obtained by solving the following
equation when the  pressure data are being processed: 1 + R* = D . (30)
However, when the velocity data are being processed the following equation
is  appropriate: WO 02/097472 PCT/US02/16196  -20 R*-1=!. (31)  Equations
(30) and (31) can be used to determine R* for processing to remove both
source side and receiver side peg-leg multiples and the trapped water
bottom  multiples. In other words, equations (30) and (31) provide an
estimate R* such that: P - (1 + R*)D A1, and (32)  V + (1 - R*)D AP (33)
for the trapped water bottom multiple or superimposed source and receiver
side peg- leg multiples. Therefore, D as determined in equation (22) is
scaled by either (1+R*)  or (1-R*), depending on whether the pressure or
velocity data are being processed. R* should be estimated differently when
attempting to remove only the  receiver side peg-leg multiples and the
water trapped multiples. This estimate is given  within the following
equation: 



P 1+R* (34)  V 1- R * When R* is determined using equation (34) and
multiple attenuation is performed, the  results will be consistent with
equations (23) and (24). The important point here is  that, with an
embodiment of the invention, it is possible to process OBC data in a way
that not only eliminates the water trapped and receiver side peg-leg
multiples, but also  indicates how to attenuate the superimposed source and
receiver side peg-leg  multiples. When the receiver side peg-leg multiple
is eliminated from a pressure signal, a  residual up-going wavefield
amplitude is typically less than its original amplitude.  However, this is
not always the result when processing a velocity signal for the  removal of
only the receiver side peg-leg multiples. The reason for this phenomenon
on a velocity signal is that a sum of a source side peg-leg multiple and a
receiver side  peg-leg multiple can be less than the source side peg-leg
multiple by itself. This WO 02/097472 PCT/US02/16196  -21 means that it is
possible for the processed velocity signal to have a residual velocity
amplitude that is larger than its original velocity amplitude. Velocity
processing may also produce another interesting result because  polarity of
the residual velocity signal may be the opposite of a polarity of the
original  velocity signal. These properties provide alternate embodiments
for processing the  velocity signal. For example, in one embodiment an
output velocity signal and an  input velocity signal may be summed and
divided by a scale factor of two. This step  may be followed by a nonlinear
comparison between a resulting amplitude of the  processed velocity and an
input amplitude of the velocity wherein a lower value and  its related
polarity are selected for further processing. These processing steps may be
advantageous when processing OBC sensor data. Further, there are other
embodiments that include alternate methods of  



estimating the water bottom reflection coefficient, R. One embodiment
includes  assuming that subsurface layering is essentially horizontal. A
"tau-p" transformation  may then be applied to data. The tau-p transform is
described in Bale, "Plane Wave  Deghosting of Hydrophone and Geophone OBC
Data," Expanded Abstracts of the  68th Annual Society of Exploration
Geophysicists Meeting (1998). After the tau-p  transform is applied, one of
the previously described embodiments may be used to  estimate the water
bottom reflection coefficient (R) for each "p" value determined in  the
tau-p transform. Another embodiment includes beginning at an early time
interval and  searching over a specified range of water bottom reflection
coefficient (R) values to  determine which value of an estimate R*
minimizes the energy of the pressure or  velocity signal. A next step
includes moving to a next time sample and using the  previously determined
value of R* as an expected value while allowing for some  variation of R*
about a mean value. This embodiment permits an entire signal to have  water
bottom reflection coefficients (R*) that are calculated at each time sample
using  the previously calculated value of R* as an estimated value to guide
the search and  reduce the number of iterations required in the
calculations. If this approach is  applied to data collected at a selected
sensor pair, then each subsequent signal WO 02/097472 PCT/US02/16196  -22
(corresponding to an adjacent sensor pair) could utilize an adjacent
signal's water  bottom reflection coefficient as an input for calculations.
Modeled Results A modeled system was developed to evaluate an embodiment of
the invention.  Processing methods used in the embodiment are intended to
clarify the invention.  The embodiment discussed in the modeled example is
not intended to limit the scope  of the invention. A so-called "layer cake"
earth model (the term "layer cake" refers to modeled  geologic layers that
are similar to layers in a cake and whose boundaries are assumed  



to be horizontal planes that are substantially perpendicular to a source
direction) was  generated to produce modeled pressure and velocity signals.
The model signals were  processed to evaluate the theory presented in the
preceding sections. The layer cake  model is summarized in Table 1. Layer #
Density (g/cc) Thickness (ft) VP (ft/sec) VS (ft/sec)  1 0.003
Semi-infinite 1100 0.000  2 1.000 4000 4920 0.000  3 1.980 1778 5826 2589
4 2.060 2000 6511 3339  5 2.140 3333 7594 4219  6 2.250 Semi-infinite 9224
5425  Table 1: Layer Cake Earth Model The model of Table 1 was used in a
wave equation modeling program and the  pressure (P) and velocity (V)
signals were output. These data were used to test  equations (23) and (24)
with the assumption of a zero offset water bottom reflection  coefficient
estimate R* = 0.402 (where "zero offset" indicates that the sensor pair
recording the data is at the same horizontal position as, but below, the
source). Figure WO 02/097472 PCT/US02/16196  - 23  7A shows pressure and
velocity signals for a single shot record (where a "single shot"  refers to
a single activation of a source). The vertical axis of Figure 7A represents
time (in seconds) and the horizontal axis is the offset (or station) number
(e.g., sensor  pairs are spaced along an OBC at specific stations, and in
the example there were 61  stations spaced 50 meters apart with the near
station having zero offset from the  source). These axis labels apply to
Figures 8-20 as well. In Figure 7A, "Direct" indicates a direct arrival at
the seafloor, and "Prl,"  "Pr2," and "Pr3" are primary reflections off tops
of layers 4, 5, and 6, respectively.  "W131" and "WB2" are first and second
trapped water bottom multiples, and  "Prl+WB1," "Pr2+WB1," and "Pr3+WB1"
are first order peg-leg multiples  



(representing source side plus receiver side multiples) for the first,
second, and third  primary reflections, respectively. A second order
peg-leg multiple, "Prl+WB2," is  also shown. Note that in Figure 7A the
pressure peg-leg multiples are much stronger  than the velocity peg-leg
multiples. Figure 7B shows an expanded portion of the shot record of Figure
7A. Note  that the primary reflections of both the pressure and velocity
signals are substantially  identical. Figure 7C is also an expanded view of
Figure 7A, and it also shows that the  primary reflections are
substantially identical. However, when comparing the  pressure and velocity
signals it is evident that there are polarity reversals and  amplitude
differences between water bottom multiple WB 1 and peg-leg multiple
Pr1+WB1. The reason for the differences in polarity and amplitude is the
fact that the  down-going wavefield, D, is scaled by (1+R) or -(1-R) for
the pressure or velocity,  respectively (refer to equations (20) and (21)).
Next, equation (12) is used to estimate  noise (D), and the results are
shown in Figures 8 (pressure signal) and 9 (velocity  signal). Equations
(23) and (24) are then used as a processing algorithm. Figures 10  and 11
show the results for pressure and velocity, respectively. An examination of
Figures 10 and 11 shows that the data signals near zero offset for both
pressure and  velocity are substantially identical. This is the expected
result because after the down- going wavefield (D) is removed, P=V=A. WO
02/097472 PCT/US02/16196  -24 A further examination of Figures 10 and 11
reveals that, when D and R* are  substituted in equations (23) and (24),
the trapped water bottom multiples WB 1 and  WB2 are substantially
eliminated from the shot record. Further, the direct arrival is
substantially removed at near-zero offsets. The direct arrival (and some of
the other  multiples, as well) is not attenuated as well at stations that
are offset further from the  source. Figures 10 and 11 also show that
amplitudes of the peg-leg multiples are  



reduced for pressure but enhanced for velocity. This result is produced
because the  peg-leg multiples shown in Figure 7A are actually the sum of
both the source and  receiver side multiples, while Figures 10 and 11 only
show the residual, or source side  multiple. This point may be further
examined by using equations (25) and (26) to  examine a sum of the source
and receiver side multiples for the pressure and velocity,  respectively.
When the receiver side multiple is eliminated, PEG(P) is attenuated by  R
(n+l)R-+n  and PEG(V) is attenuated by  R (n+l)R-n  Tables 2 and 3 provide
numerical examples of the removal of a first order  receiver side peg-leg
multiple from PEG(P) and PEG(V), respectively. Reflection Coefficient (R)
Attenuation (dB)  0.20 -16.90  0.40 -13.06  0.60 -11.29  0.80 -10.24  Table
2: Attenuation of First Order Receiver Side WO 02/097472 PCT/US02/16196
-25 Peg-Leg Multiple from PEG(P) Table 2 shows that PEG(P) is attenuated
for all values of R and that the peg- leg's amplitude is reduced more when
R is small. For example, when R=0.40 the  reduction in amplitude is
approximately 25%, and this substantially corresponds to the  data signals
of Pr1+WB 1, Pr2+WB 1, and Pr3+WB 1 shown in Figure 10. Reflection
Coefficient (R) Attenuation (dB) Polarity Reversal  0.20 -9.54 Yes  



0.33 0.00 Yes  0.40 +6.02 Yes  0.50 No First Order Peg-Leg Multiples  0.60
+9.54 No  0.80 +2.50 No  Table 3: Attenuation of First Order Receiver Side
Peg-Leg Multiple from PEG(V) Table 3 shows that PEG(V)=0 when R=0.50. This
result may be discerned  from equation (26) for first order peg-leg
multiples. When the receiver side peg-leg  multiple is removed from PEG(V)
and R>0.50, there is no polarity reversal.  However, if R<0.50 (as in the
modeled example) there is a polarity reversal. Also,  when R=0.33 the only
effect is a reversal of polarity. When R=0.40 (as in the  modeled example),
the peg-leg amplitude increases and there is a polarity reversal  (see
Figure 11). Note that Tables 2 and 3 only apply to first order peg-leg
multiples. Tables 4  and 5 provide numerical examples for the removal of
second order receiver side peg- leg multiples from PEG(P) and PEG(V),
respectively. WO 02/097472 PCT/US02/16196  -26 Reflection Coefficient (R)
Attenuation (dB)  0.30 -22.28  0.40 -18.06  0.80 -16.03  0.90 -14.81  Table
4: Attenuation of Second Order Receiver Side Peg-Leg Multiple from PEG(P)
Table 4 shows that second order multiples are attenuated more than first
order  peg-leg multiples in the pressure output. This result may be
examined by comparing  



Figures 5 and 10. The second order peg-leg multiple, Prl+WB2, appears to
conform  to the numerical results presented in Table 4. Reflection
Coefficient (R) Attenuation (dB) Polarity Reversal  0.20 -16.90 Yes  0.30
-11.29 Yes  0.40 -6.02 Yes  0.50 0.00 Yes  0.67 No Second Order Peg-Leg
Multiples  0.80 +6.02 No  Table 5: Attenuation of Second Order Receiver
Side Peg-Leg Multiple from PEG(V) Table 5 shows similar results to those
presented in Table 3. There are polarity  reversals when R<0.67. When
R=0.40 (as in the modeled example), there is an  approximately 50%
reduction in amplitude and a polarity reversal. Because PEG(V) can exhibit
an increase in amplitude during processing, a  nonlinear analysis may be
performed by simply comparing amplitudes of the original  and processed
velocity signals of Figure 11 and retaining the lower amplitude value WO
02/097472 PCT/US02/16196  -27 and its corresponding sign. The result of the
nonlinear procedure is shown in Figure  12. The nonlinear processing step
retains the attenuation of the water trapped multiple  and the second order
peg-leg multiple while ensuring that multiple strength is not  increased.
The fact that there can be polarity reversals during processing of the
velocity  suggests that a linear processing step may be useful if applied
prior to the application  of the nonlinear processing step described above.
When R=0.40, summing the two  velocity fields (shown on the left and right
sides of Figure 11) would reduce the  amplitude of the first and second
order peg-leg multiples without affecting the  



primaries. For example, assuming that the primary is +1, a summation
followed by a  division by two leaves the primary level unchanged (because
the polarity of the  primaries is the same on the right and left side of
Figure 11). However, if the peg-leg  level is +1, then after processing the
level would be -0.50. A summation and division  by two would produce a
result of -0.25, which is a 12 dB reduction in the peg-leg  level and a 6
dB reduction below the original peg-leg level. A second order peg-leg
multiple with the same output level of +1 would have an input level of -2.
So, a  summation and division by 2 would produce a final level of -0.50, a
6 dB decrease in  amplitude and a 12 dB reduction below the original level.
The summation process may be followed by another nonlinear step of
comparing the summed output with the original (e.g., pre-summation) input,
and  Figure 13 shows the result of this process. The left side of Figure 13
shows the best  processed result for velocity. In practice, it may be
desirable to perform two nonlinear  steps after completing the summation. A
first comparison may be made between the  original data and the processed
data. A second comparison may then be performed  between the original data
and the summed data. Ocean Bottom Cable (OBC) Data In addition to the
modeled data contained in the previous section, actual OBC  data were
analyzed with an embodiment of the invention. The data analyzed in the WO
02/097472 PCT/US02/16196  -28 example were measured in deep water. The
embodiment used for processing of the  OBC data is intended to be an
example to clarify the operation of the invention. The  particular
embodiment is not intended to limit the scope of the invention. Figures
14A-16A and 14B-16B show hydrophone and geophone data,  respectively, for a
single shot record. In the shot record, a water bottom multiple is  shown
at a time interval of approximately 2.55 seconds. Water bottom multiple
polarity is reversed between the hydrophone and geophone records, and an
extra event  of unknown origin occurs at about 3.34 seconds and has the
same polarity on the  



hydrophone and geophone data signals. The events between 2.55 and 3.34
seconds  are most likely noise. Figure 14C shows a processing result where
velocity was matched to pressure.  Figure 15C shows a processing result
where pressure was matched to velocity. Figure  16C shows a velocity signal
after zero values were used to replace samples that  showed polarity
reversal when compared to the pressure signal. Figure 16C shows the  least
amount of noise when compared to Figures 14C and 15C. However, all of the
processed results showed significant improvement when compared to the input
signal  (e.g., the original unprocessed shot record). Again note that the
event at 3.34 seconds  is retained in all three Figures (14C-16C). In
Figures 14 and 15, the noise (D) is estimated using equation (12) and the
estimated water bottom reflection coefficient (R*) is estimated using
equations (23)  and (24). After the initial estimate of R*, each time
sample was evaluated with a 10%  variation about the mean of the previous
value of R*. Figures 17 and 18 show stacked pressure (P) and velocity (V),
respectively  (where, as discussed previously, the term "stacked" refers to
the compilation of  successively sampled data signals). Figure 17 shows a
trapped water bottom multiple  100, a peg-leg multiple 102 that was
generated by a reflection off of a salt structure,  an upcoming "interbed"
multiple 104 (typically produced by a reflection off of a  boundary between
geologic formations), and a peg-leg multiple 106 generated by a  reflection
off of a bottom of the salt structure. WO 02/097472 PCT/US02/16196  -29
Figure 18, which shows a stacked view of velocity data, shows a water
bottom  multiple 108 and peg-leg multiples 110 and 114 that have opposite
polarities of  corresponding events in the pressure signal (see Figure 17).
An interbed multiple  (112 in Figure 18) has a same polarity as the
interbed multiple (104 in Figure 17) in  the pressure signal. Figures 19
and 20 show stacked portions of velocity signals (wherein a  



velocity signal was processed with different embodiments of the invention
and the  results were then stacked, each Figure representing a different
processing  embodiment). Figure 19 shows a velocity signal that has been
processed with an  embodiment of the invention. In Figure 19, polarities of
the velocity signal and a  corresponding pressure signal were compared, and
zero values were inserted in the  velocity signal when the polarities of
the two signals did not match. An analysis of  Figure 19 reveals that the
trapped water bottom multiple (108 in Figure 18) and the  peg-leg multiples
from the top and bottom of the salt structure (110 and 114,  respectively,
in Figure 18) have been substantially removed from the velocity signal.
The interbed multiple (112 in Figure 18) is still present in the processed
signal and, in  fact, appears to have an increased magnitude when compared
with Figure 18.  Moreover, additional up-going energy (116 in Figures 19
and 20) that is present below  the former location of the trapped water
bottom multiple event was not removed. This  follows from the fact that the
processing of this embodiment, as shown in Figure 19,  does not remove
source side peg-leg multiples. Figure 20 also shows a stack view of
processed velocity data. However,  Figure 20 shows a result where equation
(24) is used to estimate a water bottom  reflection coefficient (R) and to
process velocity with equation (22). Visual  examination of Figures 19 and
20 reveals that the processing embodiment of Figure  19 produces slightly
better attenuation than the processing embodiment of Figure 20. The
embodiments described and as applied in the modeled and processed  results
are intended to clarify the application of the invention to both modeled
and real  world data. Those skilled in the art will appreciate that other
embodiments of the  invention can be devised which do not depart from the
spirit of the invention as WO 02/097472 PCT/US02/16196  -30 disclosed
herein. Accordingly, the scope of the invention should be limited only by
the attached claims. WO 02/097472 PCT/US02/16196  



-31  CLAIMS  What is claimed is: 1. A method for removing trapped water
bottom multiples, receiver side peg-leg  multiples, and source side peg-leg
multiples from dual sensor OBC data comprising a  pressure signal and a
velocity signal, the method comprising: determining polarity reversals
between the pressure signal and the velocity  signal in the sensor data;
separating up-going wavefields from down-going wavefields in the pressure
and velocity signals using the polarity reversals; estimating the
down-going wavefield by determining a difference between a  portion of the
pressure signal where polarity reversals exist and the portion of the
velocity signal where polarity reversals exist and applying a scaling
factor thereto; and determining an attenuated up-going pressure wavefield
by combining the  estimated down-going wavefield and the pressure signal.
2. The method of claim 1, further comprising: matched filtering a portion
of the velocity signal where polarity reversals exist.  3. The method of
claim 2, wherein the matched filtering comprises multiplying  the portion
of the velocity signal where polarity reversals exist by a scaling factor.
4. The method of claim 1, wherein applying the scaling factor comprises one
of  dividing by 2 and multiplying by 0.5. 5. The method of claim 1, wherein
the estimating the down-going wavefield  further comprises: estimating a
water bottom reflection coefficient; and scaling the estimated down-going
wavefield by the estimated water bottom  reflection coefficient. 6. The
method of claim 5, wherein the estimating further comprises: WO 02/097472
PCT/US02/16196  -32 



calculating the water bottom reflection coefficient by evaluating the
equation  1 + R* = P , where R* is the estimated water bottom reflection
coefficient, P is the  pressure signal, D is the estimated down-going
wavefield, and the evaluating is  performed for each of a plurality of
time-spaced samples in the portion of the pressure  signal where polarity
reversals exist. 7. The method of claim 5, wherein the estimating further
comprises: calculating the water bottom reflection coefficient so as to
determine a scaling  factor for attenuating all multiples except source
side peg-leg multiples by evaluating  * the equation - P - = 1 + R , where
R* is the estimated water bottom reflection  V 1-R* coefficient, P is the
pressure signal, V is the velocity signal, and the evaluating is  performed
for each of a plurality of time-spaced samples in the portion of the
pressure  signal where polarity reversals exist. 8. The method of claim 2,
further comprising: deconvolving impulse responses of the pressure and
velocity signals to  provide a filter used in the matched filtering. 9. The
method of claim 2, further comprising: matching the portion of the velocity
signal where polarity reversals exist to the  portion of the pressure
signal where polarity reversals exist and multiplying the result  by a
filter scaling factor to provide a filter used in the matched filtering.
10. The method of claim 9, wherein the filter scaling factor is determined
by the 1equation 1 + R where R* is an estimated water bottom reflection
coefficient.  11. The method of claim 2, further comprising: deconvolving
the pressure signal with an impulse response of the pressure  signal and
convolving the deconvolved pressure signal with an impulse response of  the
velocity signal to provide a filter used in the matched filtering. WO
02/097472 PCT/US02/16196  



-33 12. The method of claim 2, further comprising: deconvolving the
velocity signal with an impulse response of the velocity  signal and
convolving the deconvolved velocity signal with an impulse response of  the
pressure signal to provide a filter used in the matched filtering. 13. The
method of claim 1, further comprising: removing an unmatched time shift in
the pressure and velocity signals by  resampling the pressure and velocity
signals, cross-correlating the resampled pressure  and velocity signals to
determine the time shift, and then applying the determined  time shift to
the pressure signal. 14. The method of claim 1, wherein the determining an
attenuated up-going  pressure wavefield further comprises: multiplying the
estimated down-going wavefield by (1+R*), where R* is an  estimated water
bottom reflection coefficient. 15. The method of claim 5, further
comprising: setting an initial condition that subsea geologic layers are
substantially  horizontal; performing a tau-p transformation on the
pressure and velocity signals; and  determining a water bottom reflection
coefficient for at least one p value  determined in the tau-p
transformation. 16. The method of claim 5, further comprising: iteratively
searching a selected number of time samples in the pressure and  velocity
signals to determine a water bottom reflection coefficient that minimizes
energy in the pressure and velocity signals; and using the determined water
bottom reflection coefficient as an expected water  bottom reflection
coefficient when processing a selected time sample in the pressure  signal.
17. The method of claim 16, further comprising: WO 02/097472 PCT/US02/16196



-34 varying the expected water bottom reflection coefficient about the
determined  value when processing a subsequent time sample in the pressure
signal to reduce the  number of iterative searches required to determine a
next water bottom reflection  coefficient. 18. A method for removing
trapped water bottom multiples, receiver side peg-leg  multiples, and
source side peg-leg multiples from dual sensor OBC data comprising a
pressure signal and a velocity signal, the method comprising: determining
polarity reversals between the velocity signal and the pressure  signal in
the sensor data; separating up-going wavefields from down-going wavefields
in the pressure  and velocity signals using the polarity reversals;
estimating the down-going wavefield by determining a difference between a
portion of the velocity signal where polarity reversals exist and the
portion of the  pressure signal where polarity reversals exist and applying
a scaling factor thereto;  and determining an attenuated up-going velocity
wavefield by combining the  estimated down-going wavefield and the velocity
signal. 19. The method of claim 18, further comprising: matched filtering a
portion of the pressure signal where polarity reversals  exist. 20. The
method of claim 19, wherein the matched filtering comprises multiplying
the portion of the pressure signal where polarity reversals exist by a
scaling factor. 21. The method of claim 18, wherein applying the scaling
factor comprises one of  dividing by 2 and multiplying by 0.5. 22. The
method of claim 18, wherein the estimating the down-going wavefield
further comprises: estimating a water bottom reflection coefficient; and WO
02/097472 PCT/US02/16196  



-35 scaling the estimated down-going wavefield by the estimated water
bottom  reflection coefficient. 23. The method of claim 22, wherein the
estimating further comprises: calculating the water bottom reflection
coefficient by evaluating the equation  R * -1= D , where R* is the
estimated water bottom reflection coefficient, V is the  velocity signal, D
is the estimated down-going wavefield, and the evaluating is  performed for
each of a plurality of time-spaced samples in the portion of the velocity
signal where polarity reversals exist. 24. The method of claim 22, wherein
the estimating further comprises: calculating the water bottom reflection
coefficient so as to determine a scaling  factor for attenuating all
multiples except source side peg-leg multiples by evaluating  * the
equation - P - = 1 + R , where R* is the estimated water bottom reflection
V 1-R* coefficient, P is the pressure signal, V is the velocity signal, and
the evaluating is  performed for each of a plurality of time-spaced samples
in the portion of the velocity  signal where polarity reversals exist. 25.
The method of claim 19, further comprising: deconvolving impulse responses
of the pressure and velocity signals to  provide a filter used in the
matched filtering. 26. The method of claim 19, further comprising: matching
the portion of the pressure signal where polarity reversals exist to the
portion of the velocity signal where polarity reversals exist and
multiplying the result  by a filter scaling factor to provide a filter used
in the matched filtering. 27. The method of claim 26, wherein the filter
scaling factor is determined by the  equation 1 + R , where R* is an
estimated water bottom reflection coefficient.  1-R* 28. The method of
claim 19, further comprising: 



WO 02/097472 PCT/US02/16196  -36 deconvolving the pressure signal with an
impulse response of the pressure  signal and convolving the deconvolved
pressure signal with an impulse response of  the velocity signal to provide
a filter used in the matched filtering. 29. The method of claim 19, further
comprising: deconvolving the velocity signal with an impulse response of
the velocity  signal and convolving the deconvolved velocity signal with an
impulse response of  the pressure signal to provide a filter used in the
matched filtering. 30. The method of claim 18, wherein the determining an
attenuated up-going  velocity wavefield further comprises: multiplying the
estimated down-going wavefield by (1-R*), where R* is an  estimated water
bottom reflection coefficient. 31. The method of claim 18, further
comprising: comparing amplitudes of the matched velocity signal and the
up-going  wavefield; and determining an attenuated up-going velocity
wavefield by using a lower value  of the compared amplitudes and a
corresponding sign of the lower value. 32. The method of claim 22, further
comprising: iteratively searching a selected number of time samples in the
pressure and  velocity signals to determine a water bottom reflection
coefficient that minimizes  energy in the pressure and velocity signals;
and using the determined water bottom reflection coefficient as an expected
water  bottom reflection coefficient when processing a selected time sample
in the velocity  signal. 33. The method of claim 32, further comprising:
varying the expected water bottom reflection coefficient about the
determined  value when processing a subsequent time sample in the pressure
signal to reduce the  number of iterative searches required to determine a
next water bottom reflection  



coefficient. WO 02/097472 PCT/US02/16196  -37 34. The method of claim 18,
further comprising: removing an unmatched time shift in the pressure and
velocity signals by  resampling the pressure and velocity signals,
cross-correlating the resampled pressure  and velocity signals to determine
the time shift, and then applying the determined  time shift to the
velocity signal. 


