METHOD FOR WAVEFI ELD SEPARATI ON FOR DUAL- SENSOR DATA USI NG Kl RCHHOFF- TYPE
DATUM NG AND M GRATION Field of the Invention [0001] This invention rel ates
gener al | ywoaotoms4d9sel d of geophysi cal prospecting. MorePpampeewiosnshy, the
invention relates to the field of wavefield separation in dual-sensor data.
Description of the Related Art [0002] In the oil and gas industry,
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the SUtheaH@fb%a}';leld knowledge of the subsurface structure of the earth, which is useful for
finding and extracting valuable mineral resources, particularly hydrocarbon deposits such as
oil and natural gas. A well-known technique of geophysical prospecting is a seismic survey.
In a land-based seismic survey, a seismic signal is generated on or near the earth’s surface
and then travels downward into the subsurface of the earth. In a marine seismic survey, the
seismic signal may also travel downward through a body of water overlying the subsurface of
the earth. Seismic energy sources are used to generate the seismic signal which, after
propagating into the earth, is at least partially reflected by subsurface seismic reflectors.
Such seismic reflectors typically are interfaces between subterranean formations having
different elastic properties, specifically sound wave velocity and rock density, which lead to
differences in acoustic impedance at the interfaces. The reflected seismic energy is detected
by seismic sensors (also called seismic receivers) at or near the surface of the earth, in an
overlying body of water, or at known depths in boreholes and recorded.
[0003] The resulting seismic data obtained in performing a seismic survey is processed to
yield information relating to the geologic structure and properties of the subterranean
formations in the area being surveyed. The processed seismic data is processed for display
and analysis of potential hydrocarbon content of these subterranean formations. The goal of
seismic data processing is to extract from the seismic data as much information as possible
regarding the subterranean formations in order to adequately image the geologic subsurface.
In order to identify locations in the Earth’s subsurface where there is a probability for finding

petroleum accumulations, large sums of money are expended in gathering, processing, and
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wavefield. The seismic source generating the wavefield may be of several types, including a
small explosive charge, an electric spark or arc, a marine vibrator, and, typically, a gun. The
seismic source gun may be a water gun, a vapor gun, and, most typically, an air gun.
Typically, a marine seismic source consists not of a single source element, but of a spatially-
distributed array of source elements. This arrangement is particularly true for air guns,
currently the most common form of marine seismic source. In an air gun array, each air gun
typically stores and quickly releases a different volume of highly compressed air, forming a
short-duration impulse.
[0006] The appropriate types of seismic sensors typically include particle velocity
sensors, particularly in land surveys, and water pressure sensors, particularly in marine
surveys. Sometimes particle displacement sensors, particle acceleration sensors, or pressure
gradient sensors are used in place of or in addition to particle velocity sensors. Particle
velocity sensors and water pressure sensors are commonly known in the art as geophones and
hydrophones, respectively. Seismic sensors may be deployed by themselves, but are more
commonly deployed in sensor arrays. Additionally, pressure sensors and particle velocity
sensors may be deployed together in a marine survey, collocated in pairs or pairs of spatial
arrays.

[0007] A particle motion sensor, such as a geophone, has directional sensitivity, whereas

a pressure sensor, such as a hydrophone, does not. Accordingly, the upgoing wavefield
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When the receivers are deployed on the sea-bottom, the lateral distance between adjacent
receivers is often larger than the typical receiver separation in a streamer. This means that
spatial aliasing can be a problem for data acquired with this type of receiver configuration as
well. This invention considers data acquired with hydrophones and geophones. The
geophone can record one or more components of the particle velocity vector. Common are
three-component geophones which record the complete particle motion vector. Recording
only the vertical component of the particle velocity is also common. Hydrophone and
geophone records together are referred to as dual-sensor data in this invention.

[0009] Thus, a need exists for a method for wavefield separation for dual-sensor data that
more efficiently corrects for spatial aliasing. Preferably, the method accomplishes this in the
time-space domain where irregular receiver separations can be taken into account and does

not require seismic trace interpolation.
BRIEF SUMMARY OF THE INVENTION

[0010] The invention is a method for wavefield separation for dual-sensor data. A first
weighted integral operator is applied to dual-sensor data to extrapolate the dual-sensor data to
a first position above an acquisition surface, generating extrapolated data. A second
weighted integral operator is applied to the extrapolated data to extrapolate the extrapolated

data to a second position, generating wavefield separated data. One of the integral operators
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wavefield separation for dual-sensor data;

[0017] FIG. 6 is a schematic side view of a single ray corresponding to a time sample
from a trace to be migrated;

[0018] FIG. 7 is a flowchart illustrating a third embodiment of the invention for
wavefield separation for dual-sensor data;

[0019] While the invention will be described in connection with its preferred
embodiments, it will be understood that the invention is not limited to these. On the contrary,
the invention is intended to cover all alternatives, modifications, and equivalents that may be

included within the scope of the invention, as defined by the appended claims.
DETAILED DESCRIPTION OF THE INVENTION

[0020] The invention is a method for wavefield separation for dual-sensor data. In the
following, three embodiments of the method of the invention for separating recorded
wavefields into their up-going and down-going parts are described. Wavefields are recorded
with receivers disposed in a plurality of seismic streamers, also known as a 3D spread, or
deployed on the sea-bottom. The receivers define the acquisition surface, which is a
horizontal plane in the ideal case of flat horizontal streamers or a flat horizontal sea-bottom.
However, the acquisition surface need not be flat, as this is not a limitation of the invention.

At each receiver location on the acquisition surface, two wavefields are recorded or built by
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order ray theory. All three embodiments exploit the principle of stationary phase which
automatically selects the correct obliquity factor to be applied in the wavefield separation.
[0022] The down-going parts of the wavetfield are due to the retlection of all up-going
events at the sea-surface. In the following, a hypothetical model where the sea-surface is
absent will be considered. The down-going energy will be treated implicitly as up-going
energy. This corresponds to a virtual reflection of the down-going energy at the acquisition
surface without any amplitude changes, i.e. without changes to magnitude and polarization.
The only thing which happens mathematically is a change of sign of the vertical component
of the slowness vector associated with a down-going wavefront. The space above the sea-
surface, filled with air in reality, is assumed to be filled with water such that a smooth
transition of all medium properties at the sea-surface is assured.
[0023] The first embodiment of the method of the invention is wavefield separation using
Kirchhoff-type time domain or frequency domain datuming. This first embodiment
extrapolates a combination of common-shot records of the recorded wavefields to a level
above the acquisition surface. The combination of the recorded wavefields is such that they
separate into up-going and down-going parts in this datuming step. The separated wavefields
are then back-propagated to the original level, generally to any level. The output of this first
embodiment is common-shot ensembles of seismic traces, i.e. seismic pre-stack data of
separated wavefields.

[0024] A pressure field p(x, @) recorded at a point x on an acquisition surface S can be

forward extrapolated in time to another point x“ above the acquisition surface using the

following integral equation:
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denotes the angle measured at x between the ray connecting points x and x" and the unit
normal vector to the acquisition surface, n(x), which points towards x"“. The equation of
motion relates the pressure field with the three-component particle velocity field. The

component of the particle velocity field normal to the acquisition surface v, (x, @) is derived

from a three-component particle velocity field measurement by means well known in the art.
The relationship between pressure and particle velocity fields allows using an integral
equation analogous to Equation (1) for datuming the normal component of the particle

velocity:

v (x",0) = % JW(X, X, (x,0) exp[— ior(x,x" )]a’S . 3)

In a homogeneous medium with constant media properties p and ¢, an event in the pressure

record or in the normal component of the particle velocity record can be separated into its up-

going and down-going components using the following equations:

w _1 ___Pc
p (Xa (l)) - 2 (p(xv a)) COS[Q(X)]VH (X’ (1))} ’ (4)
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media within the validity range of the high-frequency approximation, in which a propagating

wave behaves locally like a plane wave, and, thus, the wavefield can be separated using the
local medium properties p(x) and ¢(x). The angle #(x) is initially unknown, but will be
automatically determined by application of the integral equation of Equations (1) or (3), as
the major contribution comes from a small zone (Fresnel zone) around the stationary point.
At the stationary point, the traveltime surface defined by 7(x,x") and the seismic event are

tangent, i.e. both have the same dip, as is shown in FIG. 2. Consequently, when the correct

local velocity is used,
cos[@(x, Xt ):l = cos[A(x)]. (8)

[0025] The sum (integral) over contributions from outside a small range around the
stationary point is negligibly small. This localness of the contributions remains valid when
the wavefield is scaled by a smoothly varying function. Thus, only the contributions close to
the stationary point and scaled by obliquity factors close to the correct obliquity factor affect
the results of the corresponding integral expressions. Thus, in a first embodiment of the
method of the invention, the extrapolation of the up-going and down-going pressure fields
and normal components of particle velocity fields at point x* are estimated separately by
combining Equations (4) through (7) with Equation (1), yielding the following integral

equations:
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in the art. The relationship between pressure and particle velocity fields
al | ows using QM”’( e)geal equati on anal ogous to Equation (1) for datum ng

t he nor nal corrponent of the particle velocity: v, (x Rw) - \Wx, x R

) exp[- iw(x, ) 2p In ene nst ant di a
properties p an Rf&/f&ﬁ‘é (X ) hgg%%a’%& ?1‘@9 ’éPO‘r’a’ ’ﬁ‘hgﬁf%rnal
conponent of th dartlcle el 00|ty GE g)’f n be geparated into its upgoing
and down- goi ng corrponents using the follow ng equations:and 1 cos vf(x, w
= vn(x, W +;[d"(x),]0 (;x W) (7) p c respectively, as is well known in the
art. Here, COSp( denotes the angle between the propagation direction of
the wavefront agg,o |at ed th that eyghLgnd the un|t nornal vector n(l0)and
vn (X, W) is ths—r - @ an a, Ixm Xpe+l@)@'| KK gié?,d nor mal
to the acquisit 8n surfac% Equeasi 6(1& through 7) remain valid in
slightly i nhonogeneous nedia within the validity range of the

hi gh-frequency Vel Q?%H’mtl on, in which a propagating wave behaves | ocally

li ke a plane waVe, and thus, the wavefield can be separated using the

| ocal nedi um propgr es Ip(1>< and c(cr} 0(xTﬂe)]angI e|q(x) is injitially (1)
unknown, but WI|E“ X,0) ———————= p(X,0) |exp|—io7(X,x )3

p(x)c(x)
and
vI'(x® o) =
cos [H(X, x® )] (12)

Do) (X, a))] exp(—ia)r(x, x" )) ds

o IW(X, xR)l(v" (x, )+
T 2

[0026] Using the well-known relationships between the frequency domain and the time

domain

i p(x, 0) a% p(%,1) (13)

and

p(x, @) exp(—ioT(x, X)) € p(x, 1 ~7(x,x")), (14)

the time-domain extrapolation expressions corresponding to Equations (9) through (12) are

obtained as:

Ptz

LJ‘W(X,XR)lé p(x,t—r(x,xR))—M v (x,t-7(x,x")) |d (13)

2 ¢ 2 0t cos[@(x X )]



automatically determ ned by application of the integral equation of
Equations (1) or (3), as the major contribution conmes froma snmall zone
(Fresnel wornejo/@uand the stationary point. At the statiPom&aPRoPoOsIsL7 t he
traveltine surface defined by r(x, x R) and the seismc event are tangent,
i.e. both have the sane dip, as is shown in FIG 2. Consequently, when the
correct |ocal prkbgity is used, cos[<9(x,xR)] =cos [#(x)] . (8) [0025] The
sum (integral) over contributions fromoutside a small range atround t?&)
stationary point] is negligebly small. .This Ah@g ess of the gontyri but S
remai ns valid m@gdswwg'lvhagvgf idKd %X A eg %(g i""?; Yo ’hfyf(fa?‘yﬁ & uncti on.
Thus, only the contri butions close to t he“¥ aﬁ’én ry point and/scal ed by
obliquity factors close to the correct obliquity factor affect the results
of the corresmﬁ]lﬁﬁ,n)gzi ntegral expressions. Thus, in a first enbodi nent of

t he net hod of thﬁ i nventi og, t he extrapol a%%@r{ ofR(ﬁ he up- goi ngyand A7)
down- goi ng pressur i et ds e r gl o ti R city
fields at point2x .@/Qfg )g;m{%@gg g@b’ér)Zt el p(yby-(ygongpﬁ? ngQEngaéi%’ns (4)

through (7) with équati on (1), yielding the follow ng integral” equations:dn
( Xx R, Mg = and v, (x , ) {0026] Using the well-known relationships between
the frequency domain and the tinme domain iw p(x, w) <->-p(x, t) (13) ot
and p(x, w) exfi(xi,ir£x, xR)) <->p(x, t - r(x, xR)) , (14)

cos[@(x,xk)]

p(x) c(x)

(18)

JW(X, x") % % [vn (x,t —-7(x, X))+ p(x,t—7(x,x° ))] ds,

i

2r
respectively. Either the time-domain extrapolation expressions in Equations (15) through
(18) or the frequency-domain extrapolation expressions in Equations (9) through (12) can be
used for performing this first datuming step in this first embodiment of the invention.
[0027] The maximum time dip in the output is determined by the chosen operator taper in
the first datuming step, i.e. by the maximum angle 6(x,x") considered along the traveltime
operator. The datuming distance then controls the number of traces in the aperture and the
dip sampling as the angle O(x,x") generally decreases with increasing datuming distance.
FIG. 2 shows a traveltime operator on top of a part of a pressure record. At the stationary
point, the traveltime operator is tangential to the seismic event. Both have the same dip. To
provide the up-going and down-going fields at the original acquisition surface or a level near
by (e.g. for comparison with a different survey), a second datuming step is required, usually a
backward propagation in time. The operation performing back-propagation is expressed by
the adjoint form of the above given integral Equations (9)—(12) in the frequency domain or
(15)—(18) in the time domain, which is obtained by swapping the sign of iw or the time delay

function 7(x,x"), respectively. Thus, in the first embodiment of the method of the invention,

the up-going and down-going pressure fields at a point X below x* are given by

PR =27 Wt Dp” (" o) explior (R xS (19)
T S

and



the tinme-domai n extrapol ati on expressi ons correspondi ng to Equations (9)

t hrough (12) are obtained as(16) and (18> respectively. Either the

ti me- domewo 28088l at i on expressions i n Equations (15) pCinmeagl/of@8) or the
frequency-donmai n extrapol ati on expressions in Equations (9) through (12)
can be used for performng this first datumng step in this first

enbodi nent of the invention. [i@0 Jhe maxi mum ti ne_dip, i.n the output. is
determned by the chdgg(ﬁ’%b%r_@pf”ﬂ’ékpéw%&bgfge ’F"g‘zx’d‘as)dﬁi ng step, |%2@|) by
t he maxi num angle #(x, x R) considered along the traveltine operator. The
dat um ng di stance then controls the nunber of traces in the aperture and
the dip sanpling as the angle #(x, X R) generally decreases with increasing
dat um nig thié ftqraey ddth@n aBd bhows a travel time operator on top of a part of a
pressure record. At the stationary point, the traveltinme operator is
tangential to the seismc event. Both have the sane dip. To provide the
up- goi ng and down-going fields at _the orpginal acquisition surface or a
| evel near by (e.g. fOp“p(:NIQmEH—S—OfWWRt,E) nf 6 ererX, sdfey) , a second(21)
datuming step is required, usue?l”l.sy a bac%ward propagation in tinme. The
oper atiﬁc;)g perform ng back-propagation is expressed by the adjoint form of
the ab given integral Equations (9)-(12) in the frequency donain or
(15)-(18) in the tine domain, whigch is optained by swapping the sign of iw
or the tinme delay funcplRirgx—x J%W(X;R,i 665" viet (X, THIES in the firs€22)
enbodi ment of the method of theé7inventioff, the up-goi ng and down- goi ng
pressure fields at a point x below xR are given by andpdn (x,w) - - \wWX
,X)p dv x ,wex (iwm(x,x ))dS (20) 2p in the frequency domai n and by

in the time domain. The corresponding equations for up-going and down-going normal

components of the particle velocity field read:

Vv (R, 0) = —;ﬁ ™ Dvr (o) explior R,x*) s (23)
T N
and
v (X, 0) = —;—“’ [ v (xF w)explior (%) s (24)
T N

in the frequency domain and

V&0 = - R S (x4 (XX )dS @)
2m ot
and

V(R 1) = = [ T2 v (xR, 1+ 7(R X)) (26)
27} ot

in the time domain. For X = x in Equations (19) through (26), the output is given at the
original acquisition surface S. Again, either the time-domain extrapolation expressions in
Equations (21)+22) and (25)+26) or the frequency-domain extrapolation expressions in
Equations (19)—(20) and (23)+24) can be used for performing this second datuming step in

this first embodiment of the invention.
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p "p(x,t) +#t(%WR))dS (21) and p""(x,t) +t(x,x ))dS (22) in the tinme domain.
The correspondi ng equations for up-going and down-goi ng nornal conponents
of the pawoi2elomsv®socity field read: v p(x,w) - -jWx KkPCI)RP2¢10050517
,Wyecp(iwt (x,x*))dS (23) 2p and in the frequency domain and v;' (Xx,t)
+t(X,x ))dS (25) and in the tine domain. For x = x in Equations (19)

t hrougl{0028) ., FheSoBtPuihd 7sshgivvdewiarts HRusiratigg Ralbodidepntssof therinsantibader S .
Again, either the time-domai n extrapol ation expressions_in Equations

(21) - ( 273velipld pepayationafpr slual-srasern defaen®VGadntti m flovrshap ollastrdmeek #icBe el ons

I n Equat 9 (2 2 u Walo BNl econd
R R e R - T A
and 7 showedldrembodirhents bf thetineinting ae déedbekint BIGS 3.t RBGS nlr@ndridohareorews

wavefiel d separation for dual -sensor data. FIG, 3.is a_ flqwchar
i |1 ust raaﬁisr%amgs%éuwa@@s%%fﬁge Bvettian i drsritrean e ey TS L EUGS. 3
flowchagfgyfurther illustrating nore particular enbodi ments of the

i nvention as described in FIG 3. FIGS. 1-2 and 6 are views and secti ons
t hat i |[0029} at F1Gs Pas tasflofchattallisttetingiaonenatsodiestrafitbe inventibme fér wwodieid s i n

o R o e PBEE o7 kfacel NI bubh Y EbIAAaED SRS

30, a fdyahlendbi @ith &8 ckitdpRWt@theORRAN-3ER0r Hta dPR! ir8CpdsRtion above the acquisition
surface, generating extrapolated data. The first weighted integral operator can be applied in
the time-space domain or the frequency-space domain.
[0030] At block 31, a second weighted integral operator, is applied to the extrapolated
data from block 30 to extrapolate the extrapolated data to a second position, generating
wavefield separated data, wherein one of the integral operators is applied to a scaled
combination of the dual sensor data. The second weighted integral operator can be applied in
the time-space domain or the frequency-space domain.
[0031] FIG. 4 is a flowchart illustrating a first embodiment of the invention for wavefield
separation for dual-sensor data.
[0032] At block 40, common-shot records of dual-sensor data are acquired at an
acquisition surface below a sea surface.
[0033] At block 41, a first position level is selected above the acquisition surface from
block 40.
[0034] At block 42, the dual sensor data are extrapolated from the acquisition surface
from block 40 to the first position level from block 41, by applying a first weighted integral
operator to a scaled combination of the dual-sensor data from block 40, generating
extrapolated up-going and down-going data. The first weighted integral operator can be
applied in the time-space domain or the frequency-space domain.
[0035] At block 43, a second position level is selected. The second position level can be
the original acquisition surface from block 40, the sea surface from block 40, or any other
position level that is useful to select.
[0036] At block 44, the extrapolated up-going and down-going data from block 42 are
extrapolated from the first position level from block 41 to the second position level from
block 43, by applying a second weighted integral operator, generating wavetfield separated

data. The second weighted integral operator can be applied in the time-space domain or the

11



dual -sensor data to extrapol ate the dual -sensor data to a first position
above the acquisition surface, generating extrapol ated data. The first

wei ght ed wotzegv@iiossper at or can be applied in the tinme-spatE&rPdan@asesidr the
frequency-space domain. [0030] At block 31, a second weighted integral
operator, is applied to the extrapol ated data from block 30 to extrapol ate
t he extframpohat-gudceldérmaino a second position, generating wavefield separated

dat a, i n e of the integral erators.i.s .applied to a.scal ed .
conbi nm}(ﬁéﬁi of %gﬁée%ﬂffgl e_“%@glé‘B nto%fttg. Wa]éo‘g%f:gﬁdnmgl“@ﬁtlédv %Vﬁﬁ%@rsgpafafp%} at or
can be g 'v&qoﬂ-\ﬂeitgﬂt%dtll(ﬂ@dh%ﬂiatl@?e JRMRLiAZ O TR Secbh & WHIEHR SR ARES Q')‘%lﬁﬁbﬁ‘e

[ 0031] FI 4 1s atlowhart ustrating a first enbodi nent of the
i nvent i erorfled wasefedld @l thesfepadamong stap, edbexl the bpdrophatet racorfl@d 3¢ g@iphbhock

40, - shot ds of dual - data . ar ired at i siti
STt acd BB o e ut e Rossspial wEoRIt it el Suel: BHRL | e
sel ect ed.ARAY & al eVl @ e Shbd AhsH tha GealfnzONMHeh 06dth 46bord D83 bhciBhrophgskd 42,

the dual sensor data are extrapolated fromthe acquisition surface from
bl ock 40 the original iacguisiposistifess. | Ehelratfor betvistrodie ledbiecandpind thy unsedledt
wei ghted integral operator.to.,a scaled comnbi.nation t he dual -sen dat a
fr om biiseR g0 g SREEA BF P RS RarEh-EReRURL  Bhkr Rl bttt R, B Herne
first waidahpede bP@Pphdhe RREFAELOECal@Ib DM eaBlligdfactor ehembte ad SACRIdd@r®RI N or
t he frequency-space domain. [0035] At block 43, a second position |evel is
sel ect eef. sulhacted Eond(ap propBate) theettherarcasd to iield upyioH or; -89InE dildsur f ace

oM DLt s OHO RGOS o S B BB LAY
down- gofas@rdakeciited mithl @okralt 2roddigg events at a particular time sample and is given as a
function of space and time. The output of this second embodiment is, again, wavefield
separated common-shot ensembles of seismic traces.
[0038] In this second embodiment, only one of the recorded wavefields is used in the first
datuming step corresponding to Equations (9)—(12) or (15)—(18). In the following discussion,
the method is described in terms of the pressure field for illustrative purposes only. The
invention is not restricted by this choice of field. The first datuming step is performed with a
two-component vector of additional weight functions and creates a two-component vector of

output pressure fields. The vector of weight functions is given by:

w, (%) = (coslox, x| 1} . 27)

[0039] Using the vector of weight functions from Equation (27), the output vector of

pressure fields is given by:

PUXRD = - (X)W, (0 2 plx.t o, x*)dS 28)
27} ot

where p,(x",¢) designates the two-component vector :

p.(x*.0 = (p" ("0, p (") (29)

12



extrapolated fromthe first position level fromblock 4 1 to the second
position level from block 43, by applying a second wei ghted i ntegral

oper at or ,woensvmiiong wavefi el d separated data. The secomdTwPeglosi? nt egr al
operator can be applied in the time-space domain or thefrequency-space
dormai n. [0037] The second enbodi nent of the nmethod of the invention is
vavef i god40FParatt Othk sk doMBehdks ¥ehBhleed:r Kt ?&an@é fieldy Re(:dat URIR@atidh e
second enbodi nent uses only one recorded wavefield in the first datum ng
step, qROhrddtnechpatkoohhe erigamd ndquagitidh eurgeephenkng e wompondm dffa secolat um ng
step, the reforded ga%gfield i s appropriately scaled.,Thg}sane recor ded
wavef i efegtor &1 pEestie Helh t Bese A sed (daigning ABRLOBDYR HEBWds ar e

back- propagated to the original acquisition surface. The ratio between the
scal ed record and the unseal ed record yields an estimte of the obliquity
factor needed for wavefiel d separationg, ©ne, of the hydrophone or geop e
records is scal ed by tﬁé?ﬁg)Tq“@; f%éthgfééfhﬁﬁfgxéﬁﬁdghen added to @%?
subtracted from (as appropriate) the other record to yield up-going or
down-gajag fields, respectively. The obliquity factor estimate is an
anplitude wei ghted average of obliquity factors associated with several
crossing events at a particularlty sanpl e, and i iV as a functio f
space and time. The ouﬂbh%ghT_Eﬁ]gﬂééégﬁgfﬂﬁbdﬁTﬂéﬁgﬁwgﬁ agai n, mavef&%ﬁd
separ at ed common-shot ensenbl es of seismc traces. [0038] In this second
enbodi ment, only one of the recorded wavefields is used in the first
datum ng step corresponding to Equations (9)-(12) or (15)-(18). In the

f ol | owi[A§44] sciibsirasiv, ofi the twe tphesdurieSietidssdatérbenkd in E@atienof30) hed (riggsaddse

field for jllustrative purposes only.. The invention is not restricted by
this chtg? 8*&1106%#?“3?%‘?5 a]ﬁ@“?‘?nr Spﬁ%ﬁ%‘ﬁitﬁﬁe'step is performed with a
t wo- conponent vector of additional weight functions and creates a

t wo- conponent vector of output pressure fields. The vector of weight
functions is given by: [0039] Usin Athﬂ_mggkab of wei ght functions fr&g&
Equation (27), the output vect or S J)~'pgxt)’

[0042] For stability reasons and to avoid division by zero when p,(x,/)=0 in the
denominator in Equation (32), it is advantageous to build the envelope of the two pressure
fields prior to the division. Thus, in another embodiment of the invention, the obliquity

factor is given by:

env[ py (X, t):|

env[p2 (x, t)] ) (33)

cos [é(x,t)} =

The term coslé(x, t)} is used instead of cos[&(x,t)] for the obliquity factor in Equations (32)

and (33) to reflect that an amplitude weighted average of individual obliquity factors is
considered in the case of conflicting dips. This procedure provides the obliquity factor that
will be used in this second embodiment of the method of the invention.

[0043] The case of three crossing events at a particular time sample and particular
position will illustrate this process of taking a weighted average of obliquity factors in more
detail. The two pressure fields from Equations (30) and (31), obtained after the two datuming

steps, are then given by
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pressure fields is given by: PI(xR/) - r(x,x R 5, (28) where p,(x R/)
desi gnates the two-conponent vector :[0040] Each of the two conponents of
t hi s vectwo 20fo/g@se@ssure fields p,(x R () in Equation (292 TiER2dansesed back
to the original acquisition surface, yielding a conponent of a second
vector of pressure fields. These two second datum ng equations are given
by: +t(x,x ))dS (30)»@nd yt & %oskRn &S|+ tled k004 ¢ IR 71y of the t
pressure fields det€T§$n%h in Egﬁgtfgns (ﬂ%# %ﬁ%F%31)E§?§Iﬁ@ t he obligﬁity
factor a8 a function of space and time: [0042] For stability reasons and to
avoi d division by zero when p2(x,t) 0 in the denom nator in Equation 532),
it is advantageous to build the énl®lippeadtbthe two pressure fields ptiSor
to the division. Thus, in another enbodi ment of the invention, the
obliquity factor is given by: The termcosp(x,/)j is used instead
of cos[ # |1 Ok ' ' (32) and (33) to reflect
t hat aﬁ&gﬁgkiﬁgﬁgg%gig%fggmg%%?ggg&g%e%ErF%#%E%%ﬂibliquity factors is
consi d€i0éd4] n heswaselyyf conflicting dips. This procedure provides the
obliquity factor that will be used in this second enbodi ment of the nethod
of the invention. [0043] The case of three crossing events at a particul ar
time sanple and partg.cul ary ppSifd 1l . t i ratess of taking
a wei ght ed aver ageogf(abt & P&sf Q0 MLl chd[b Rt F & do l9 xP 9 o press(ite
fields from Equations (30) and (31), obtai®iedi"&fter the two datuming steps,
are then given by2 (x0, = acos[ qa(x0,to0)]+ bcos[ gb(x0,to0)]+ ccos[ gc (x
o,to)] (34) and

which is a weighted average of all three obliquity factors with the amplitudes of the

individual events as weights.
[0045] Using the obliquity factor from either Equation (32) or (33), the separated

wavefields are then calculated using the following equations:

up _ _1_ _ p(x)c(x)
p (Xat)_ z(p(xat) cos é(x’t)-vn(xat)ja (37)

dn _ l p(X)C(X)
P (X,t)— 2(p(x’t)+COS'é(X,[)-vn(X’I)J, (38)
VP00 =~ v (x,1)~ cosf)] x|, (39)

2 p(x)e(x)

and

v (x,1) = 1[vn (x,0) + J»—]COS 00| x, z)] : (40)

2 p(x)c(x)

[0046] FIG. 5 is a flowchart illustrating the second embodiment of the invention for
wavefield separation for dual-sensor data.

[0047] At block 50, common-shot records of dual-sensor data are acquired at an
acquisition surface below a sea surface.

[0048] At block 51 a first position level above the acquisition surface from block 50 is

selected.

[0049] At block 52 one selected field of the dual sensor data from block 50 is
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p2x0 tQQ =a+b +c , (35 where a, b, and c are the anplitudes of the
three crossing events. [0044] Consequently, ¢ Xo o} a a (x0, t0)]+bc

gsl gb(x0,wORpw@8@Fqc(x0 0)] a +b +c which is a wei ght e#CaEPr@geswi7 al |
three obliquity factors with the anplitudes of the individual events as
wei ghts. [0045] Using the obliquity factor fromeither Equation (32) or
(33), telxeap‘@atad ditoad t}WQﬁlbﬁﬂOd$uﬁﬂ® fréve rbladkd Iudoathe diry posigon hevet ﬁrbindylbcﬂg

equati ons; [ 0046] fI owchart illustrating the seco
ertbodi rinby 3PP mé 3 f?f%\ﬁ?lghwg insFegbaRsrital @ %Séb]é‘ii Y9 SAMPEHeNy efscrtors%fﬁgwned at a.
[ 0047] g%fec%%hoﬁé‘iﬁg?ne% tFJbBIat&FR% g@n@én&?%ﬂa{éeﬁ%r%@%l t&d %‘t? fed at

an acquisition su ace om/a sea sur [ 0048] At ock
positi mpefaemeian&bcappilddhe tla?fcmuespaqe(mmm drabe feqanciplspade dobnairs sel ect ed

0049 e | d of the dual 0 at a fro ck 50
.[sext]ra@bﬁﬁ A PR e TR S s atets T e P rabac A5 e B s g i eHEel

posi ti %I}lq}‘@ Jitety ﬁSUE‘itpjnoFél@eIS?rombulo@P@lﬂonﬂleaact]hfsﬁfon"‘ﬁirgﬂaé §brh 'Btl@&rﬁd by
operator to a sca t wo- component vect or the one selected field,

gener atapplyimx amp@idawetghtadommm orperrtord geacratig two-cempowing Htebt datnt e“@lneal
lied in the t space

o n. < ooesFEAERBREER aebe PP e PR o 08 TS sBhRpBRein St AT b ock
52 are @ytd &dﬂﬁblﬂt adoh &R ffhige fdstisd a0 the BRqh@elsphdeOddRdifCHheR thd Restilie
acqui sition surface from bl ock 50 by
must be transformed to the time-space domain before the division in block 54.
[0051] At block 54, a first component is divided by a second component of the two-
component field data from block 53, generating an estimated obliquity factor.
[0052] At block 55, the estimated obliquity factor from block 54 is used as a scaler in
scaled combinations of the dual-sensor data, generating wavetield separated data.
[0053] The third embodiment of the method of the invention is essentially a Kirchhoft-
type depth migration with inherent wavefield separation. This third embodiment is similar to
the first embodiment in that the same combination of common-shot records of the recorded
wavefields is used. The recorded wavefields are not, however, extrapolated to a level above
the acquisition surface, but migrated into the depth domain instead. The output of this third
embodiment is depth migrated volumes and/or common-image gathers (CIG).
[0054] The basic principle behind Kirchhoff-type depth migration is to sum all the
samples from traces within a given aperture around the lateral output position into the same
output sample for which the recording time equals the traveltimes along rays connecting the
source positions of these traces with their receiver positions through the output location under
consideration. The region where the traveltime operator is tangent to the seismic event in the
pre-stack data contributes the major part to the output amplitude. The principle of stationary
phase thus automatically selects the correct obliquity factor. The traveltime operator is
usually called diffraction traveltime function as it describes the traveltimes of a seismic event
related to a diffraction point in depth. Therefore, this migration is sometimes also called

diffraction stack migration. The traveltime operator will be denoted by 7, in the following.

[0055] Kirchhoff depth migration is expressed as a weighted summation along the

diffraction traveltime operator:
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appl ying a second wei ghted integral operator, generating two-conponent
field data. The second wei ghted integral operator can be applied in the

ti me- spacwodorismIsr t he frequencyspace domai n. However PCIIfEPR41®/05@3TI t S are
in the frequency-space domain, then the results nust be transfornmed to the
ti me-space domain before the division in block 54. [0051] At block 54, a
first component is divided by a secondj ingnt of the twoconponent field
data from bl ock 53, Ing)e#a{—hrf@f/(aﬁ,xSsM) Ei quity facdor. [0052] @1)

bl ock 55, the estinated obizifqui ty factor % om Epalks 34,M3 used as a seal er
in scal ed conbinations of the dual -sensor data, generating wavefield
separated data. [0053] The third enbodi nent of the nmethod of the invention
is essentially.a Kirchhofftype,depth mi.gration wi.th inherent. vefield
sopar attae Mgl B8 almb HeRarb B IR PlaeSloctid bRRELSHSRG L il
that t C L@t | e a8 Lec t r e vefi el ds
is usegﬁe'slgﬁjgﬁrte%g@gg% \g\t/qa)i\ge1 |ag%gng%e%hléﬁg%gzﬁﬁrgkgggp%ﬁg’gd’qflgalg evel
above g gR@fUFRidr i QBN ABE gebHbtrithKpaéRthd MO phdte dlaRidR deni Awbmst ead.
The output of this third errbogi ment is depth m grated vol unes and/ or
comon-Theaigeutgaetseack pfSk@e. dafDB 5 yenTlne phja£ kG, 7pr iArcapllegobe kkprdssion for the
Kirchhoff-type depth mgration is to sumall the sanples fromtraces within
a gi vemaamel tcumpomeno urfd theh pattiatee valocitutfipld posh, k7.0h isneclgainké tyameplaningut
sanple for which the recording tinme equals the traveltinmes along rays
connect pag, kfig) dyur ¢e® mdsi)t inoRguatibn (4ids eTHer iatesal wbdve tshfermulatedisingrshot
positions through the output |ocation under consideration. The regi on where
t he trawél) tdreecejver @t Or coosdihateg éntilltigrative pagioses enlgv&h¢ chaicd biecoprdinattack
data contributes the major. part to the output anplituyude. The prjnciple of
stat i onarfpt Hﬁaz@dttﬂ litHien Chitlhe Inyeptian: there st el Odﬁ‘iulaPOP & or.
The tr I t i : di, f i ; [ ion
R R e O SRR i S T A
poi nt ithesteytetmatifhtoretiitiens.t his migration is sonmetines al so called

[0056] Analogous to the datuming in the previous section, the Kirchhoff migration in the
above stated form is based on a high-frequency approximation. Thus, the input data can be
treated as being composed of seismic events related to locally plane waves. Keeping the
source position fixed and taking the first derivative with respect to the receiver position of the
diffraction traveltime function provides the time dip of the traveltime operator. Using the

local velocity at the receiver position, this time dip can be used to calculate the equivalent to
cosl@(x,xR)J appearing in the time domain datuming approach, i.e. the cosine of the
emergence angle of the ray connecting the image location M with the receiver location x°.
This is denoted by COS[H(XG,M ) J in the following. This angle is more directly obtained from

ray-tracing, a common method to calculate the diffraction traveltime operator. Using the

following abbreviations

oty (x°,x%, M)

ax](’

P X0 M) = (42)

and

oty (x°,x9, M)

Gr.S G
X,x ,M)=
pz( ) ang

; (43)
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diffraction stack mgration. The traveltinme operator will be denoted by r D
in the follow ng. [0055] Kirchhoff depth mgration is expressed as a
wei ght ed wormsdsersal ong the diffraction travel ti me operPar®mP20¥0o6E1M
denotes the output depth |ocation (the inmage | ocation) under consideration,
/ is the output anplitude (the image), Ais the migration aperture, and WX
, XG'M éo%kﬂxmy ht bpdide@®t,or accounting for geonetrical spreading and phase
changes de to caustics. The input pre-stack pressure data is given by p(x
,XG t) . An anal ogous expression for the nornal corrponent of the particle
veI ocity field vl (xs ,xGt) is obtai neE by replacing p(x ,x Gt) by v (xs
,XG t) in Equation (41) d r apode i s L@r ed u5| ng shot
and recei ver ( xG cooraﬁoﬁ@?’és’%ﬂg 9 ti ?plr}@ggzes only. The cé44">|)(ce
of coordinates is not intended to be a Ilmtatlon of the invention. There
exist alternative fornulations in different coordi nate systens and
everything follow ng fromnow on applies equally well to these alternative

f or nul a{ﬂﬁgﬁ [Fb%@]omﬁeﬂabgsdmthrbmhedeam i gdemictehenpFlyi Susviigktisoh, the
K hhof b h
S AL 0 LU PSR S g 8788 St A Lo

sei sm qrR¥enhish r@lt@tbedmtg@aﬂe@caAhaaogmarte thauvise dseafi ﬂgumﬁ}eg pruEdEre p0$s t| on
fixed and taking the first derivative with respect to. the recejver 03|t|on

of the RistiPleaty iPsH{orR ahel vavréickh serarasionp Aerin g dererretit depth apigraiont
travelt C t he receiver position,
this “W%fbgﬁ%g%c%@ghﬁég ttt(})lgg?il} ﬁ%m\{ eé Eal%:(]tllj(?f\?al ent to cos[#(x, xR) J
appearing in the tinme domain datum ng approach, i.e. the cosine of the
energence angle of the ray connecting the image |ocation Mwth the
recei ver | ocatOrf xG . This is denoted by cosp(x G ) J in the following.

This angle is m)re directl tained fromray-tracing, commmon et h°(11550
cal cul ate the_ !W@(stquq) vkt km&p@:ﬁial?&iLUq@gﬁ E fol | ow ng,
abbrevi ations 27 2 ot cos| O(x°,M) | ’_T 5 x0M)
(=7, (X5 X6,
I (M) =
G 46
b jW(XS,XG,M)l .g[p(xs’xG’t)_i_ p(x° )CG(X——)—V,,(XS,XG,I‘)] A, (46)
27 | 20t cos[@(x ,M)] =1, (35 X5, M)
I[P(M)=
ox" M 47
—LJ‘W(XS,XG,M)E?— v (X, x5, ) - M )Jp(x x¢ t)‘ dA, “n
27 M 20t P(X g (X ) \f_f (X X6, M)
and
1"(M)=
1 Swo 410 < o cos[é’(x M):l l (48)
- JW(X ,X ,M)zét(vn(x X0, t)+ wp(x 3e(x©) p(x*,x° 1) | dA.

t=1,(x5,x%,M)

The principle of stationary phase automatically selects the correct scaling of the particle
velocity field or the pressure field in Equations (45)—(48), as only contributions from a small
zone around the stationary point constructively contribute to the integration.

[0058] FIG. 7 is a flowchart illustrating an embodiment of the invention for wavefield
separation for dual-sensor data.

[0059] At block 70, common-shot records of dual-sensor data are acquired at an
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and /(x\'x u,L)=_rD(xs,x,M (43) dxCcos|<9(xG MJ is obtained by [0057] The
geonetrical situation just described is depicted in FIG 6, which is a
schemat i cwei2dw/08k@® of a single sel ected ray correspondiPOl/EPR01&/0545ME sanpl e
froma selected trace which is to be mgrated. Anal ogous to the tinme domain
datum ng procedure it is possible to performthe wavefield separation

dur i ng aiquisiibatirfalept h m gration. This migration i s accorrpl i shed by the

foll owi_ng integr uations | T(M d" (M = (46)

princi dpaﬁéf 3&81%%393/%5@5%56&@&%%& %relamlcgpksw @@tr%lg{ h%%rtg%?cqé‘@éq“?%g of
t he par, I f.1el t I

s onl y "HarE T BB Yo b £ alfn Bl HRYE S fele i BTRLE TRl W)
const r uchled edoynbiweioni bfittlee tdualt—rtmsornﬂﬁgrﬁbmobloc{c OUb8H tht Gimd-spseaddthangc har t

iIIustratin an e i ment (Iﬂthe invention for wavefield separation for
dual - se‘%‘?gﬁfra ¥avaY Ve sepgrapgd Gt ek 70, common-shot records of dual - sensor

dat a argogfpui F&d aaﬁraém;%f: %bEhfeh%ﬂoﬁUEIfl Q%%ra[lgﬁ)@m M bOGiknehl ddslfbed

dual - sensor” data from bl ock are mgrated fromthe acquisition surface

f r om blaboke Hdvei tothe mpliegpt by dtsmtmsunluyatamsl yAmeg elenwaisg whedh dppeaginside dper at or
to a integral expressions, are given by a multiplication of the receiver spacings in both lateral
directions for a regular grid of receivers. In any case, including irregular geometries, these
surface elements can be calculated by means well-known to people skilled in the art. The
same applies to the weights appearing in the integral expressions. They are also well-known
in the art. The implementations can be based on standard implementations of Kirchhoff-type
datuming and migration schemes.

[0062] It should be understood that the preceding is merely a detailed description of
specific embodiments of this invention and that numerous changes, modifications, and
alternatives to the disclosed embodiments can be made in accordance with the disclosure here
without departing from the scope of the invention. The preceding description, therefore, is

not meant to limit the scope of the invention. Rather, the scope of the invention is to be

determined only by the appended claims and their equivalents.
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scal ed conmbi nation of the dual -sensor data fromblock 70 in the time-space
domai n, generating wavefield separated data. [0061] For a practica

i mpl enentwDi201)/08%196 | nt egrations in the enbodi nents desecirEpdoialosose’ have to
be replaced by discrete summations. Area el enents, which appear inside the
integral expressions, are given by a nultiplication of the receiver
spacings in both lateral directionsCLAaiM& regular grid of receivers. In any
case, including irregular geonetries, these surface el ements can be

cal cul ated by neans wel |l -known to people skilled in the art. The sane
applies to t ' @ﬁg@ | i i si,ons. They are al so
mell-k?bmn fﬂﬁ¥%§mg?%%aT e(?&!Igﬁgﬁﬁggﬁgkgﬁgggéﬁ%Q%§@§§§ n standard

i npl enent at i applyinf a Kirst cteigiftéd inyqpeal dgeratarrtg danldsensayrdata torexsrepalateshe fi@062] |t
shoul d be understood that the ﬁreceding is merely a detailed description of
speci fic enmbodi mEFRPT of 2R HPs 2| HFE RIBBITaAPEnaR 5GHISH S SWHRghHg &snerating

nodi fi cations, anguabligfe@@hlavat t0 the disclosed enbodi ments can be made in
accordance with the disclosure here without departing fromthe scope of the
i nvention. Tipelymeeesdiond weigkted pategnal opdratoet@the, extepolotedndstnto exsrapohite t he

scope of the inveption. t he he sco of...the invention i 0_be

detor i ned onl y B) (RERTREAGLE I & SEoRhaoTHRfr e Da Shesed Rveied o
met hod for wavefigkd separation for dual-sensor data, conprising: applying
a first weighted integral operator to dual -sensor data to extrapol ate the
dual sensor duheieineng dfjthe intpgrel epasrorbie\aeplerd ey s¢alsd punbisafidnaelethe dual

generati ng extragglgk%gadata; and applying a second wei ghted integral
operator to the €ex rapoﬁated data to extrapolate the extrapol ated data to a

second position, generating wavefield separated data,
2. The method of claim 1, wherein the applying a first weighted integral operator
comprises:
acquiring common-shot records of dual-sensor data at an acquisition surface below a
sea surface;
selecting a first position level above the acquisition surface; and
extrapolating the dual sensor data in the time-domain from the acquisition surface to
the first position level, by applying a first weighted integral operator to a
scaled combination of the dual-sensor data, generating extrapolated up-going

and down-going data.

3. The method of claim 2, wherein the extrapolating the dual-sensor data is

accomplished by applying the following equations in the frequency-space domain:

' Ry 1 ) . R
%!W(x,x )—2— P(Xaw)’g%"n(xyw) exp[ﬂwr(x,x )]a’S,

' 0L (®)e(x) o
%JW(X,X )5 P(X,a))+;;—s—€[gx(—;—zl—zﬂvn(x,a)) exp[—za)r(x,x )]a’S,
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wherein one of the integral operators is applied to a scal ed conbi nati on of
the dual sensor data. 2. The nethod of claim1, wherein the applying a
first weiwbtet/ismoegr al operator conprises: acquiring cecwmrelososiecords
of dual -sensor data at an acquisition surface below a sea surface;
selecting a first position | evel above the acquisition surface; and
extrapol ati ng 'g,rh@qu L. sensor data in the tine-domain fromthe acquisition
surface to the first "position | evel, by applying first weighted integral
operator to a scg) conpijjati on ofog tgxddal - sensor dat a, generating
ext r apol at ed up-goﬁ?f@(xaﬁd W Gt —3P(XTHe hiser (¥Fx df‘éﬁm 2,
wherein the extr @@I ati ngzt e dual - sBhYS X)dat a i s/acconplished by applying
the foll owi ng equations in the frequency-space domain: Y ( /"(x ' (X,0 exp
- iwt isd x 1dS, and where p"p (xR w) is an up-going conponent of pressure
extrapol ated to,xR RA" (xR w) is a down-going conponent of pressure

ext rapol at ed t & i’ﬁ,’(ﬁz (xR,w) is an up-going conponent of normal conponent
of particle velogjty extrapol ated tcgs! x, W |d" (XR)\W is a down-goi ng
conponent of nor Hal Vlfi(cscr,na"oa1 nt (xqty) p ) Ipict) em(vrcamlyd‘t)éds.to XR, X is
a point on an ac&dissition Burface 5, PXRc® a point above the acquisition
surface S, wis angular frequency, Wx,xR) is a weighting factor, /?(x,<y)
is pressure neasured at x , V(Xy ) is a normal

where p" (xR,a)) is an up-going component of pressure extrapolated to x*, p® (xR,a)) isa
down-going component of pressure extrapolated to x*, v\? (XR, a)) is an up-going component
of normal component of particle velocity extrapolated to x*, v (xR,a)) is a down-going

component of normal component of particle velocity extrapolated to x*, x is a point on an
acquisition surface S, x® is a point above the acquisition surface S, w is angular frequency,

W(x,xR) is a weighting factor, p(x,®) is pressure measured at X, v, (X,®) is a normal
component of particle velocity measured at x, p(x) is density, c¢(x) is speed of sound,
H(X, XR) is an angle between a ray connecting x and x" and a unit normal vector to the

acquisition surface S, and r(x,xR) is traveltime along the ray connecting x and x*.

4, The method of claim 2, wherein the extrapolating the dual-sensor data is

accomplished by applying the following equations in the time-space domain:

PN =

1 Ryl 0 xRy Pex) i xt
-~ SjW(x,x >25t{p<x,z 7(x,x") cos[&(x,xR)]v"(x’t 7(x,X >)}ds,

p"(x" =

1 o ory1 0 p(x)c(x) R
EJW(X’X )Ea(p(x,t—r(x,xR))+Wvﬂ(x,t—r(x,x ))JdS,
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conponent of particle velocity nmeasured at x , p(x) is density, c(x) is
speed of sound, g (x,xR is an angle between a ray connecting x and xR and
a unit nowoebiwvesesr to the acquisition surface S, and PCTHEPRRD/OSE17
traveltine along the ray connecting x and xR 4. The nethod of claim 2,
wherein the extrapol ati ng the dual -sensor data is acconplished by applying
the follow ng,eggagyons in the tinme-space domain:and where p "p(xRt) is an
up- goi ng conmponent of pressure extrapol at ed{d;(z xR)) pd" (xR t\ {s a

down- goi ng conponent of, pregsure extrapol ab KX AR v (x , ). ils_an

up- goi ng corrpomir}ﬂn ﬂ"‘ah‘&j@l Ve@m‘b‘oﬂé‘n’fano)bfw%’f’béﬁ&xeﬁtfsl%pol ated to
X R vx, tj i§ @& down-doi conponent of r conponent of /particle
velocity extrapolated to x R, x is a point on an acquisition surface S, x R
is a poqnﬁt above the acquisition surface S, t is tinme, jWw,xMs a weighting
factor, p(x,t)vdni;R essure neasured at x , v (x,/) is a normal conponent of
particle vel ocit(y’ asured at x , p(x) is density, c(x) is speed of sound,
q (x,XR is an angle betwearf a ray connecthd|@x,x&n¢ x R and a ynit nornal
vector to the aeqqinédxi;i"o)w nf @ce- &x, drg+ : ¢ p(t,r-avel, &1 edsl ong t he
ray connecting #7and xR %% |The nethod of cPEDAY, wherein the applying a
second wei ghted integral operator conprises: selecting a second position

| evel ; and extrapol ati ng the extrapol ated up-goi ng and down-goi ng data from
the first position |evel to the second position |evel, by app]ying a second
wei ght e\dh‘?rﬁtléﬁz?aﬁ»;boﬁeaﬂal!mgmgé ISERONETY Oxﬁmwwréledtrmﬁﬁéﬁfeé dalt a(x 6!) Tk

nmet hod of claimb5, wherein the extrapol ating the extrapol ated up-goi ng and
down- gaidigh-géiha coBpasemo oP picsdiee etryapappddyiong” t bj;é(;fRQk | Buinng-gib@atompeenn t he
frequency-space domain: p""(x,w) - ~\wx R x)p" p(X ,wexp(iwm(x,x R)dS ,

of normal component of particle velocity extrapolated to x*, v

‘ (xR,t) is a down-going
component of normal component of particle velocity extrapolated to x*, x is a point on an

acquisition surface S, x" is a point above the acquisition surface S, ¢ is time, W(x,xR )is a
weighting factor, p(x,t) is pressure measured at x, v,(x,r) is a normal component of
particle velocity measured at x, p(x) is density, c(x) is speed of sound, & (x, XR) is an

angle between a ray connecting x and x® and a unit normal vector to the acquisition surface

S, and z‘(x, XR) is traveltime along the ray connecting x and x~.

5. The method of claim 2, wherein the applying a second weighted integral operator
comprises:
selecting a second position level; and
extrapolating the extrapolated up-going and down-going data from the first position
level to the second position level, by applying a second weighted integral

operator generating wavetield separated data.
6. The method of claim 5, wherein the extrapolating the extrapolated up-going and

down-going data is accomplished by applying the following equations in the frequency-space

domain:
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2psp\x, w - - \Wx Rx)p d'(xRwexp(im(x,x ))dS, 2 p s and where p
p (X, W) is an up-going conponent of pressure extrapolated to x , p d" [X,

W) is a dwonegdismysconponent of pressure extrapol at ed t @CI/EP2010/060517 W) | S

an up-going conmponent of normal conponent of particle velocity extrapol ated

to x , " (X, wis a down- going conmponent of nornmal conponent of particle
veIOC|ty extrapol ated, L0 X poi nt .above an acguisition surface S,
X is a p0| nt bel ow xR’ (W(‘?)ya j ﬂ)dqdénw)exx?&wﬁ X)) % a wei ghting

factor, "p (x Rw is an up-gdi ng conponent of pressure extrapolated to
xR p d" (x R w is a down- gm Jg, conponent of pressure extrapolated to xR,

v' (XRw is an upgo;ot"i’gxQ@)rg:){;)lorenﬁW()cfR vk, cxpboe, xbfdparticle vel ocity
extrapol ated to xR vd" (xR we7ijs a down-goi ng conponent of nor mal

conponent of particle velocity extrapol ated to xR, and r ( X, x R\ is

traveltine along the anneCet ﬂnqéxil?%)e;g( 25? 4 ds od of claim 5,
n

wherei n the extrapol at thexge tr pbfat’e own-goi ng data is

acconpl i shed by appl yi ng the fol'l owi ng equati ons |n the tine-space donmain:
p"" (X, tahd+tt (X, x R)dAS ,( t) +t(x,x ))dS , and where p "p (x,t) is an
up- goi ng conponent of pressure extrapol at ed tox , pd{x,t) is a

down- goi ng component  ® pressuf mr @I ke 3 X,t) is an
up- goi ng conponent of" {16 g@?p )&ehtﬂ §pa‘?l)tl @{ glxe’%oc)d’?y extrapol ated to

x, vi ' (x, ) is a down- gO| ng conponent of normal conponent of particle
vel ocity extrapolated to x , x Ris a point above

where p" (X,@) is an up-going component of pressure extrapolated to X, p™(X,®) is a
down-going component of pressure extrapolated to X, v\* (i{,a)) is an up-going component
of normal component of particle velocity extrapolated to X, v{"(X,@) is a down-going
component of normal component of particle velocity extrapolated to %, x" is a point above
an acquisition surface S, % is a point below x¥, @ is angular frequency, W(XR,i) is a
weighting factor, p" (xR ,a)) is an up-going component of pressure extrapolated to x",
" (xR,a)) is a down-going component of pressure extrapolated to x*, v (x a)) is an up-

going component of normal component of particle velocity extrapolated to x*, v ( X a)) is

a down-going component of normal component of particle velocity extrapolated to x*, and

r(i,xk) is traveltime along the ray connecting X and x".

7. The method of claim 5, wherein the extrapolating the extrapolated up-going and
down-going data is accomplished by applying the following equations in the time-space

domain:

1 15,
PR, 1) = —— W)= p?(xN,t+ (X, x"))dS,
PP 2ﬂsj( )5 P (X,x"))

PUR ) = —— jW(xR 9 pd"(x 4+ 7(X,x))dS
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an acquisition surface S, x is a point belowx R t istime, w(x Rx\ is a
wei ghting factor, is an up-going conponent of pressure extrapolated to x R,
p d' (xRWY208/@4@6Wngoi ng conponent of pressure extrap@CAUEPAOWOSSIR, V' iS
an up-goi ng conmponent of normal conponent of particle velocity extrapol ated
tox R v" (xRt) is a down-going conponent of normal conponent of
particle velocity extrapolatedlt R. i,s. traveltime along the
ray connecting x and X R ?Wﬁfhd@ Vp&Faﬁﬁﬂ1X’MH¥&5|n t he applylgg a
first weighted integral operatorSconprlses acquiring conmon-shot records
of duau&»ensor streaner data at an acquisition surface bel ow a sea surface;
selecting a first position |evel above t he acquisition surface; and

extrapol ati ng one selegted fielid 0 sensoL d

, Lhe @ug ata. in the time-donain
fromthe acquisition §uKFd&€‘t Jﬁgxfr pé%lﬂﬁdﬁ”&&ﬂjg by applying a

first weighted integral operatorsto a scaled t wo- conponent vector of the
one selected field, generating extrapol ated two-conponent data. 9. The
nmet hod of clain18 wherein the extrapol ating one selected field of the dual

sensor xﬂ?ér@ RELGRhI XoPBhtit NG Fri@ufObkt equati prigxim khe
tine-space |ﬁF1(xR\%hQﬁn€ %%?%r(; X ]M/Fx)f p xn€% g%x X9)§§§W Ep dHt t

wher e Qiowﬁtéémg EShBARLEST FrelsiRs SAARORRA o R eS8 F) ¥emtiYgoing component of

normal component of particle velocity extrapolated to X, v,‘f”(i,t) is a down-going

component of normal component of particle velocity extrapolated to X, x" is a point above

an acquisition surface S, X is a point below x", ¢ is time , W( xR,i) is a weighting factor,
p* (xR,t) is an up-going component of pressure extrapolated to x*, p® (xR,t) is a down-
going component of pressure extrapolated to x", v (x t) is an up-going component of
normal component of particle velocity extrapolated to x", v,‘f"(xk,t) is a down-going
component of normal component of particle velocity extrapolated to x¥, and r(i,xR) is

traveltime along the ray connecting % and x".

8. The method of claim 1, wherein the applying a first weighted integral operator
comprises:
acquiring common-shot records of dual-sensor streamer data at an acquisition surface
below a sea surface;
selecting a first position level above the acquisition surface; and
extrapolating one selected field of the dual sensor data in the time-domain from the
acquisition surface to the first position level, by applying a first weighted
integral operator to a scaled two-component vector of the one selected field,

generating extrapolated two-component data.

9. The method of claim 8, wherein the extrapolating one selected field of the dual sensor

data is accomplished by applying the following equations in the time-space domain:



p, (xR t) =(p mM(x ,t), P (x ,t)J , Wx,xR is a weighting factor, wx(x) is a
vector of weight functions given by: 1(X) =(cos[#(x,xR)],iy, x is a point
on an acqupD2ptwmsmIsurface S, xR is a point above the acquirgreélonsesurface S,
p{x,t) is pressure neasured at x on the acquisition surface S, p (xRt) is
a first weighted pressure conponent at the point x R, pJx Rt) is a first
unwei ghted pressure conpqnent jat. the point ox R qﬁ&(,‘g(R) is an angle
between a ray connect i xf)ﬁgJWFQthdwa(X&B{'B(mer XVeéior to the
acquisition surface S, and r( Tx is travel “tine al ong a ray connecting X
and x R. 10. The nmethod of claim8, wherein the applying a second wei ghted
i ntegral operator conprises:. extrapolating the extrapol ated two-conponent
data fromt _li!e%xm,l’)a_&si std A3 -d Y RInehiprbRGredatdr Si tion surface, by applying
a second wei ghtéd integral operator, generating two-conponent field data;
dividing a first conponent by a second conponent of the two-conponent field
data, generating an estimated obliquity factor; and using the estimted
obliquity factor as a sealer ljl(stgaJ(lgp”(g‘Qmp}ylr(a‘E,i;;n,s of the dual sensor data,
generating wavefield separated data. 11. The nethod of claim 10, wherein

t he extrapol ating the extrapol ated two-conponent data is acconplished by
applying the follow ng equations in the tinme-space domain:and p2(x,t) - 1
(W X, nge)(de if x weightipg factoyr) @dxs)zlp agectphef weigh{ fanctignsigives byecond wei ght ed
pressure conponent at the point x , p2(x, t) is a second unwei ghted
pressure conponent at the point x , W(x,x R)is a weighting factor, x is a
point on an acquisition surface S, xRis a 9 i above the acquisition
surface S, p (xR t)is a first Wl(X)=(COSf9(X,X ;]SII

X is a point on an acquisition surface S, x® is a point above the acquisition surface S, p(x,?)
is pressure measured at x on the acquisition surface S, p,” (xk,t)is a first weighted pressure
component at the point x*, p, (xR,t) is a first unweighted pressure component at the point
x®, 6’( X, xR) is an angle between a ray connecting x and x" and a unit normal vector to the

acquisition surface S, and r(x, XR) is traveltime along a ray connecting x and x".

10.  The method of claim 8, wherein the applying a second weighted integral operator
comprises:
extrapolating the extrapolated two-component data from the first position level to the
acquisition surface, by applying a second weighted integral operator,
generating two-component field data;
dividing a first component by a second component of the two-component field data,
generating an estimated obliquity factor; and
using the estimated obliquity factor as a scaler in scaled combinations of the dual-

sensor data, generating wavefield separated data.

11.  The method of claim 10, wherein the extrapolating the extrapolated two-component

data is accomplished by applying the following equations in the time-space domain:
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wei ght ed pressure conponent at the point xR pAxRt) is a first unwei ghted
pressure conponent at the point xR, and t (x,xR) is traveltinme along a ray
connect i nyOXOBEWE409R . 12. The nethod of claim 11, wher ePaTiHRROIMIONSAT Ng a
first conponent by a second conponent is acconplished by applying the
foll owi ng equation in the tinme-space domain: v(x,t) COSIq((xXt))}I=. P2
(X, t ) 11 O(x, j is an estimated obljqsity factor. . 13. The method of
claim 11, wherein the dh0¥éiﬂg"?j’7§%¥ ko dbéﬁeﬁﬁfﬁyxang§cond conponent is
acconpl i shed by applying the follow ng equation in the tine-space donain:
where cos[#(x, J is an estimated obliquity factor. 14. The nethod of claim
10, wherein the using the estinmated obliquity factor as a sealer is
acconpl i shed by applylng the foil Oy eguat i,ons in [the tlne space donain:r

-i v (x,0 . ccooss (X, &% (—x—;)_‘OVT(”v )pg;ﬂ@(%)+fxa’hd)c’(~7 2 f1 . - +
(x) c(x)

where pj(x,t) is a second weighted pressure component at the point x, p, (x,t) is a second
unweighted pressure component at the point x, W( X, x" ) is a weighting factor, x is a point
on an acquisition surface S, x° is a point above the acquisition surface S, p,” ( xR,t) is a first
weighted pressure component at the point x“, p, (xR,t) is a first unweighted pressure
component at the point x*, and r( X, XR) is traveltime along a ray connecting x and x*.

12. The method of claim 11, wherein the dividing a first component by a second

component is accomplished by applying the following equation in the time-space domain:

P X0 , (%,7)
cos[é?(x t)|= 2(X,Z)

where coslé(x, t) J is an estimated obliquity factor.

13.  The method of claim 11, wherein the dividing a first component by a second

component is accomplished by applying the following equation in the time-space domain:

env[ p, (x, t)]

cos[@(x,t)}= env[pz(x,t)] .

where coslé(x, t)J is an estimated obliquity factor.

14, The method of claim 10, wherein the using the estimated obliquity factor as a scaler is

accomplished by applying the following equations in the time-space domain:
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4 J where >" ( x , ) is an up-going conponent o f pressure extrapolated to
X , pd'(x,t) is a down-going conponent of pressure extrapolated to x , v' (
X , ) is wo0?20p/ge9ng conponent of normal conponent o f pamrtEPeéIe/0FEHDCI tY
extrapolated to x , v (x, t) is a down-going conponent of normal conponent
of particle velocity extrapolated to x , x Ris a point above an
acquisition surface S, p(x,t) isjy ressure, red aty x , V11 (x, ) is a
nor mal conponent o f partip(f’i(a,twel%(ky) @(x,x)j,, p(x) is density,
c(x) is speed of sound, and cos[#\x, ?)J ices|@X-@sti maved obliquity factor.
15. The method o f claim1, wherein the applying a first weighted integral
operator conprises: acquiris o] - shot pt®cnds, 0 f| dual -sensor data at
an acqui sition surface. 16 Qg’r{g__t‘ﬂéd?gcgsgdxaj) "fl’%f) wherein the applying a
second wei ghted integral operator conprises: m'grating the dual -sensor data
fromthe acquisition surface intqa depth Q@E}T b applying in the

ti me-space donmmin a wei ghtedyjnt rvg(lx,;gp )p(}@t) cal ed conbi nation of
the dual -sensor data, generating2wavefiel g(®efarated/data. 17. The nmethod o
f claim 16, wherein the mgrating the dual -sensor data is acconplished by
appl yi nrapdt he fol |l owi ng equations: (M =/;"(M and where / (M is an

up-goi ng anplitude of pressure at inmage location M i (M is a downgoing
anpl i tude of pressure at |v§rx%g,§)Izd{%s(lx(,)tr%lv;oslﬂ(x,ﬁll()z\)/‘b,t)ﬁs an up-goi ng

anpl i tude of 2 (x)e(x)

where p" (x,f) is an up-going component of pressure extrapolated to x, p™(x,t) is a
down-going component of pressure extrapolated to x, vi” (x,#) is an up-going component of

normal component of particle velocity extrapolated to x, v"”(x,t) is a down-going

component of normal component of particle velocity extrapolated to x, x® is a point above

an acquisition surface S, p(x,f) is pressure measured at x, v _(X,#) is a normal component
v f p

of particle velocity measured at x, p(x) is density, c(x) is speed of sound, and cos[é(x, t)J

is an estimated obliquity factor.

15.  The method of claim 1, wherein the applying a first weighted integral operator
comprises:

acquiring common-shot records of dual-sensor data at an acquisition surface.

16.  The method of claim 15, wherein the applying a second weighted integral operator

comprises:
migrating the dual-sensor data from the acquisition surface into a depth domain, by
applying in the time-space domain a weighted integral operator to a scaled

combination of the dual-sensor data, generating wavefield separated data.

17. The method of claim 16, wherein the migrating the dual-sensor data is accomplished

by applying the following equations:
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normal particle velocity at inmage location M i (M is a down-going
anplitude of normal particle velocity at inmage location M Mis an i mge
| ocat i on,wl 200)/@4095Qgr ati on aperture, (xs ,xG M is a weipghtEPagofosEstDr
accounting for geonetrical spreading and phase changes due to caustics, Xs
Is a source location, xGis a receiver location, t is tinme, p(x ,xGt) is
pressure, Vv (%$7),XG is a normal conponent of the particle velocity field,
/?(x § is density, c(x G is speed of sound, g \ xGM_is energence angle
of the ray connectin he i cati opxMophh th ecei ver location xG,
and 15 o xG Ny PEOG T 1) ORxLF el {L1g - RBTALB xétl A
t=1,(x5,x6,M)

3

>

Iy(M)=

(et

|
L et M) P01+ v, (x*,x%,1) dA,
j ( cos [«9(1( M)] ]t=fD (x3,x6,M)

17 (M) =
O(x°, M |
—LJAW( x° M) v (x°,x G,t)—f:i)—slx—1 ):l p(x°,x°,0) dA,
e )’ t=1,(x5%,x6, M)
and
I"(M) =

o
L J.W(xs,xG,M)lA v, (x°,x%,6) + COS[ & M)] p(x*,x%,1) ‘ dA,
2z 20t P(x%)e(x%) lt (X0 M)

where I;” (M) is an up-going amplitude of pressure at image location M, IJ' (M) is a
downgoing amplitude of pressure at image location M, I” (M ) is an up-going amplitude of
normal particle velocity at image location M, 1% (M ) is a down-going amplitude of normal

particle velocity at image location M, M is an image location, 4 is a migration aperture,

W(x*,x% M) is a weighting factor accounting for geometrical spreading and phase changes
due to caustics, x* is a source location, x“ is a receiver location, ¢ is time, p(x®,x%) is

pressure, v, (x*,x%,1) is a normal component of the particle velocity field, p(xG) is density,
c(xG) is speed of sound, Q(XG,M ) is emergence angle of the ray connecting the image

location M with the receiver location x°, and 7, (xS,xG,M ) is diffraction traveltime

operator.
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