METHOD FOR WAVEFIELD SEPARATION IN 3D DUAL SENSOR
TOWED STREAMER DATA WITH ALIASED ENERGY IN
CROSS-STREAMER DIRECTION BACKGROUND OF THE INVENTION
1. Field of the Invention [00011 This invention relates generally to the field
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used to aid in the search for and evaluatlon of subterranean formations.
Geophysical prospecting techniques yield 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 which 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, BfteKorRpagatngrnidEhewantiyidsNat least partially
reflected by subsurface seismic reflectors. Such seismic reflectors
typically are interfaces between subterranean formations having different
1. diaddioithepertiasiospecifically sound wave velocity and rock density,
which lead to differences in acoustic impedance at the interfaces. The
reflected seismic energi‘/aﬁl%detected by seismic sensors (also called

[008dis mic! rscEerspatisrarsag e adlirficdhst fistdeartBcori eepiamypgy More
par@tMYAST 10 AL KRWNCeRNS iR herebelesarddesridad: (8QQ3lThe

appropriate seismic sources for generating the seismic signal in land
seismic 1 surveys may include explosives or vibrators. Marine seismic
2. Sheveysipictally Renpleyat submerged seismic source towed by a. ship
and periodically activated to generate an acoustic wavefield. The seismic
source generating the wavefield may be of several types, including a
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s ARIGAIYom @ QU 16 ?'?G%‘t‘ér?é%{ér%ei%%aﬁ“ kbe@ %E%EQF%]&HM techniques

gun, and, most typically, an air gun. Typical y, a maring seismic source

vielbksridedae otfalBingleS6licce stlerientobiorarpatibiph 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 which 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 appropriate seismic sources for generating the seismic signal in land seismic
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distributed array of source elements. This arrangement is particularly true
for air guns, currently the most common form of marine seismic source.
[0004] The appropriate types of seismic sensors typically include particle
velocity sensors, particularly in land surveys, and water pressure sensors
(typically water pressure gradient sensors), particularly in marine surveys.
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addition to particle velocity sensors. Particle velocity sensors and water
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the seismic source and reflected fromreflecting interfaces. .
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water particle velocity sensors such as geophones or particle acceleration

mare EYEYs GRhoSE S ELRIBHRERIE % diion to hydrophones. The

[00(3essUre seRsodl mbtinpagtictei natioaysensasmmayheydeplioyachiriclosethe water
Qroximit aulcolltoc%tec%i igw Qgirts or pairs ?f.arrags along a seismic cable. ¢ "
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The processed seismic data Is processed for display and ana ysis 0
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information as possible regarding the i _ ) o
tows the seismic source or by another seismic survey ship. Typically, a plurality of seismic

streamers are towed behind a seismic vessel. The seismic streamers contain sensors to detect
the reflected wavefields initiated by the seismic source and reflected from reflecting interfaces.
Conventionally, the seismic streamers contain pressure sensors such as hydrophones, but
seismic streamers have been proposed that contain water particle velocity sensors such as
geophones or particle acceleration sensors such as accelerometers, in addition to hydrophones.
The pressure sensors and particle motion sensors may be deployed in close proximity,
collocated in pairs or pairs of arrays along a seismic cable.

[0006] The resulting seismic data obtained in performing the 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
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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 interpreting seismic
data. The process of constructing the reflector surfaces defining the
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idennteoatéroisatectiotdtionswitchelgreatest Brolpaditibilaf favifiging petroleum
1 umulati To verify the presence of petroleum, a well. .
e S Dl W a R R RS M vt
seispys prseRROPINELsIP Aprastrmingyhoqséissivesarfdctindefiodrs thwingterranean earth

layeandertakiog. frQh that keasen, thers dsig Hﬂld@gaﬂqgﬂéng gpﬂ{g\égr{ﬁ'?n depth or

processing and display of the seismic data, so as to produce an image of
UM4he structure of the Earth's subsurface that will improve the ability of an
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seismic data IS its separation into records containing only the upgoing .
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and GBEpRE Qﬂrm@@@grﬁi@e&a{t@%@mmg%@@%?m& P&)f the structure of the Earth’s
cy-wavenumber (f-ka-lzy) domain, taking both the difference
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- i rticle velocity record,
pa “{éﬁ%ﬁé‘fe Wavqgéjg% Ilgssgl ctrum of the vertical pa y

|}1Ogm the'fed ng spsélé a}%leby two. (Note that, by simply using the

(0008l ers®oiltvenspeviovs! seadingr filedig atioe soisivi aldernativelst offtpiaste field and
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wavefields by taking a sum of and a difference betweeri, respec ive Y,
datagis g epyLatiRvan e dpeestitiningr enby betitegqiagtivld detowningconeponents of

the ﬁ@ﬁ%@f@@@i@%‘éﬁf@.ithf%fsébé'rszf%?l%HQ%‘ﬁ/@r\f&WQﬁ;&sﬂ%f&%iﬂg%% data into the

resptie tilyeths feap demain yirlds dhepeasiiac 0RO AR HoWBIRNd scaled version
of tl\}/éac%éeergg l((r)jlrc%?{vgar‘:\;f]%%%ngl%se? %%%ggfﬁrg ;(;))'fe SzelSJ }/Or?g% h@%Egcglggqugcgg? grly dividing
the resulting spectra by two. (Note that, by simply using the inverse of the previous scaling
filter, one could alternatively obtain the upgoing and downgoing components of the vertical
particle velocity wavefields by taking a sum of and a difference between, respectively, the
frequency-wavenumber spectrum of the vertical particle velocity record and a scaled version of
the frequency-wavenumber spectrum of the pressure record, and dividing the resulting spectra
by two.) Inverse-transformation from the frequency-wavenumber domain back to the time-
space domain yields the desired upgoing and downgoing wavefield components. In this
process, only the vertical particle velocity record (or alternatively, only the pressure record) is
changed by scaling. For non-evanescent energy, it is scaled in the frequency-wavenumber
domain by a real filter which systematically increases with increasing wavenumber for a given

frequency. However, spatial aliasing in the cross-streamer direction is all too common in
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changed by scaling. For non-evanescent energy, it is scaled in the
frequency-wavenumber domain by a real filter which systematically
increases with increasing wavenumber for a given frequency. However,
spatial aliasing in the cross-streamer direction is all too common in 3
marine seismic surveys. The, in the case of cross-streamer aliasing,
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which properly handles aliased energy in the cross-Streamer direction.
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condguts@€parating upgoing and downgoing wavefield components in 3D dual

nsor.towed streamer data, which ave aliased energy in the _
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particle velocity records at each inline wavenumber,

BRIEF SUMMARY OF THE INVENTION

[0011] The invention is a method for separating upgoing and downgoing wavefield
components in 3D dual sensor towed streamer data, which may have aliased energy in the
cross-streamer direction. Pressure records and vertical particle velocity records from the
streamer data are transformed to the inline wavenumber domain. A series of scaling filters are
applied to the transformed vertical particle velocity records at each inline wavenumber,
wherein each of the series of scaling filters is calculated for a different cross-streamer
wavenumber range and in blocks of inline traces in which all seismic events are approximately
linear. The pressure spectrum and the scaled vertical particle velocity spectrum are combined
to separate upgoing and downgoing wavefield components. The separated upgoing and

downgoing wavefield components are inverse-transformed back to the time-space domain.



wherein each of the series of scaling filters is calculated for a different
cross-streamer wavenumber range and in blocks of inline traces in which
all seismic events are approximately linear. The pressure spectrum and
the scaled vertical particle velocity spectrum are combined to separate
upgoing and downgoing wavefield components. The separated upgoing

and downgoing WBREHEID ESOHIPTEDIS arernyersestvansioymed back to
the time-space domain. 4 BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The invention and its advantages may be more easily understood
[00B3] refefbncevimtioe Afullgwinyaetgilad gdschiptiionaatg ihécatieehedreference to the
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steps of a first embodiment of the met 6d ofthe invention for separating
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teps of a second embodiment of the method of the invention for
duaié%ﬁ?éﬁ%‘ﬁeﬁﬁﬁﬁ?@f’éﬂﬁadowngoing wavefield components in 3D dual
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intermedi rocessing steps of an embodiment of the invention for
L e T AR A—
conippastrdsting3h elintenmediatecdrocessingsieps of an embodiment of the
foofRyentipfdorpracessing, spacta BRI i B0 LEIRSAR Aicps. of an
flowchart illustrating the final processmé steps of the secohd embadirnent

embdifehoE HifoR o sapiraiAectiRo Mg e downbising wadefield
[00 COMPORRRLS4N 30 dﬂ@dvéﬁmoni@%@r@f%?éﬂﬁ{t%%%S?%&éﬁhg'l%psl of an

4; [001,8] FIG, 6 shows a diagram illustrating an example third panel as
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3D fuplitieveriowiakitrraamaddatimsimgordersRIGO0RY; FIG. 9 shows a graph of
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the invention;

[0019] FIG. 7 shows a diagram illustrating masks created from the stripes in the example
third panel in FIG. 6;

[0020] FIG. 8 shows a graph of the amplitude spectra of the reference trace compared with
the results of the method of the invention for different maximum dealiasing orders L;

[0021] FIG. 9 shows a graph of the amplitude spectra of the reference trace compared with
more results of the method of the invention for different maximum dealiasing orders L;

[0022] FIG. 10 shows a graph of the signal estimated by the method of the invention and
its difference to the reference trace for dealiasing order L=0; and

[0023] FIG. 11 shows a graph of the signal estimated by the method of the invention and
its difference to the reference trace for dealiasing order L=5.

[0024] 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.



[0022] FIG. 10 shows a graph of the signal estimated by the method of the
invention and its difference to the reference trace for dealiasing order
L=0; and [0023] FIG. 11 shows a graph of the signal estimated by the
method of the invention and its difference to the reference trace for
dealiasing order L=5. [0024] While the invention will be described in
connection withiigTorefermed rNpRIsMeRtS F il e undgsieod 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
[0025¢ludeRbRuithime therscapeafdbetwvantiosoas dafined-bydhs appendss wavefield
Pihe Varlical particle valocty TelBrRF i B atite ctly QeX R G0 Webeltefghicv
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achi ' is.trace inter ion 2 Cross-streame
P Bl B e g method of
the jnurabien Mevides s pbammsivr ygorseshalre unmsehandbngetheldeetd thrergy during

waBveatiop.RIgdBs: anBEarnative ARPIOGHR; farREIRRERANEINg of aliased
wavefield separation, but without the need for explicit trace
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race needs to,be calculated for the wayefield separation. Instead, several .
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velagéipepspré coraelt indich iniveavaharumBerkat Bashsofiihesitecalingfilteatsd for a
difriSerlciateddora @E@%%ﬁpﬁgérﬁﬂéng&é’vﬂﬁﬁgﬁn%{ gaa?tggftﬂg gr?et§%¥ in the

only on that part of the energy in the spectrum which Is, or, in the case

specliia e ishdig)- SRl RE, 9h almsed sveisinshenlhbrydn e wivesratidher range. The

waveERRI atipardndnenmathadebiherime ntiniuarksoindiackr defineehitn the e inline
inline dimensjon to contain only seismic events that are approximately

dimGASIED R FORRBIRY SRGTHART0T b REBPPERR A ShHRAHUrPssimplicity and
clartiesdfibibdtfatian sinfje thiogkdocthecod awiagbeiseusaiamdRORIEEE 1@ Shd -Bllowing
discALe (glrgwcharts illustrating embodiments of the invention for wavefield
separation. FIGS. 1 and 2-5 show two embodiments of the method of the
[003AlentiBHSebpeetivélgwFiGT Vi BswEnth enritidinstepsofftteisentind for wavefield

sepz%ﬁlaﬁd imgeicof {hemethedof th %Vj)n\é%&@nlgﬁgzsof rﬁp %%t%%g%p{ﬁg elrnvention,

intermediate steps of the method shown in FIG. 2,
respectively. FIG. 2 shows the initial steps of the second embodiment of the method of the

invention, FIGS. 3 and 4 show further intermediate steps of the method shown in FIG. 2, and
F1G. 5 shows the final steps of the method shown in FIGS. 2—4.

[0028] FIGS. 6-11 illustrate some of the steps described in the flowcharts discussed in
reference to FIGS. 1-5. FIGS. 6 and 7 illustrate the spectral ratio, third panel, and its masks,
respectively. FIGS. 8 and 9 illustrate comparison of amplitude spectra from the results of the
method of the invention for different maximum dealiasing orders. FIGS. 10 and 11 illustrate
the signal estimated by the method of the invention for dealiasing orders L=0 and 5,
respectively.

[0029] FIG. 1 is a flowchart illustrating the processing steps of a first embodiment of the
method of the invention for separating upgoing and downgoing wavefield components in 3D
dual sensor towed streamer data. The streamer data may have aliased energy in the cross-
streamer direction which will be handled by the method of the invention.

[0030] At step 11, pressure records and vertical particle velocity records from dual sensor
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FIG. 5 shows the final steps of the method shown in FIGS. 2-4. [00281

FIGS. 6-11 illustrate some of the steps described in the flowcharts

discussed in reference to FIGS. 1-5. FIGS. 6 and 7 illustrate the spectral

ratio, third panel, and its masks, respectively. FIGS. 8 and 9 illustrate

comparison of amplitude spectra from the results of the method of the
towiitvesiiam dor ditfe Eent R inK %ﬁa%gtﬁﬁ@egaagéqu—? AL to the inline

illustrate the signal estimated by the method of the invention for
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(crakistentimethopspesssitigebiepsi of, afirstienbadimanietihe method of
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apph@d]@%%detgﬁc%g{chngég&im{ &{ét%egoé)f%glaﬁ%gsﬁ%r]s' ]fé Qgﬁﬁéééwg)é a different

records and vertical particle velocity records from dual sensor
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apptolinRatalgVeMNDER o N0RMaiR AR %dtsﬂ_%ﬁgl%ttﬁéeaﬁi)%ﬁ?ié{té‘%m& of the
inline and cross-streamer (crossline) dimensions, respectively, and kr is
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each inline wavenumber kx. Thus, the scaling filters are applied to a

slice of constant kx. Each of the series of scaling filters is calculated for a

[003Rtferedtt ﬁﬁpsgsﬁ’@mwmamtrmbemhthgew inchtioekseofiéidirnel scdisepectrum
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filters acts onli/@on the appropriate portion of theé energy in the

100334 quentyifpaldribmisersiucmaningrer fomngrncorrassmdlirmgnponents from step
13 anciveBebheisfange fRERAR &ﬁﬁeiﬁ@&l}(m_?@é%ﬁﬁ i[ggg; L At sten 13
rresponding wavepumber rapge for aliased energy. : step 13,
[00{@9 pr(-:-%s?sE[l'J‘ré}s6%c?rﬁﬂ%??ﬁlfhéﬁé‘ég?éﬂl%ef}ﬁ%a%%ﬂicPé‘\?ST’B’(H%/ §i58etrfma second
embfsdimstepfiRearetbotbinked it aepardte spgningeanshdawngeingwaveielhvefield
nents. 100331 At step 14, the separate ing and downgoin ,
Com\%%%égf%el cggbmgqé#gﬁt%s?rror%@set%éguf%% (?ﬁgaérse-grgszger%l?ﬁ{egabaaﬁ&?%ée aliased
energ disgc etk yyedoetaititdg084] . 22 scarfiovc gl ltstrdtingsthe inifishe first

embBEAGERBINELSLERE.BE A 3R CORMLOBGAIEeNt of the method of the invention
for separating upgoing and downgoing wavefield - '
[0035] At step 20, pressure and vertical particle velocity records are partitioned into blocks

€ene

in the time-space (#-x-y) domain. Each block comprises all traces in the cross-streamer W)
dimension and all trace sample points in the time (f) dimension. However, the block is limited
in the inline (x) dimension so that all seismic events inside the block are approximately linear.
Thus, the blocks may overlap in the inline dimension. When the blocks overlap, they have to
be properly combined after the wavefield separation.

[0036] At step 21, a block from step 20 is selected.

[0037] At step 22, pressure and vertical particle velocity records in the block selected in
step 21 are transformed from the f~x-y domain to the z-k,-y domain.

[0038] At step 23, two slices, with constant k,, one of a transformed vertical particle
velocity record and one of a corresponding pressure record, both from step 22, are selected.
[0039] At step 24, the two slices, with constant £, selected in step 23 are separated into
several windows which contain all the traces in the cross-streamer dimension, but not
necessarily all the trace sample points in the time dimension. The windows may overlap in the

7



components in 3D dual sensor towed streamer data. The streamer data
may have aliased energy in the cross-streamer direction. FIG. 2 expands
upon the discussion of the first embodiment discussed above in reference
to FIG. 1. [0035] At step 20, pressure and vertical particle velocity records
are partitioned into blocks in the time-space (t-x-y) domain. Each block

timEURMRIRESH AINRSEIHE RGOS TRIFEPMBEL YR dime %%i?)%@@xqﬁl!o%ﬁed after the

sample points in the time (t) dimension. However, the block is limited n
wavglel 5%} Bimension so that all seismic events inside the block are

[004qIProximestgly2Bneas .cobiifordbi P I0RKRH MY RVRHARHB JR&JIMINRcord and one from
dimen iorgt.ié{\ﬁl:he? the blocks ove%%%i they have to, be properly combined

the R B e el L P U oo o B9B) ResAdn 4 SHSIELK from step 20 is
[004Hlectetlt [0G37§.At stepRdnpiedsuieqodsericalppstideigatoeity yerordselected.
int I ' are transfarmed from the t-x-y domain to
Thelt%é%ﬁll(%%%%%%%g %@%gégﬁnt%é%ref)ag%e o S |8Iels? %i%:_é]bnstant kx, one of
[00€2{ransforfiradve Hic slipdatielecl vethscity step Sfckamstoirfe 9fn TbaeBPandlifog further
pro®¥@ssure record, both from step 22, are selected. [0034] At step 24, the
two slices, with constant kx, selected in step 23 are separated into

0088 eraf\wiiidotts IwiTichieatpsHh G the trted iRdne divassirebirslected in step 25

in tidrsiggesiah betsnet neerssarily adpths. ragargammiadenis e tB8elected, then
dimension. The windo y overlap in the 7 time dimension. When the
BB ba Yee

e Rifidows Cveiials, thay Ravd't8be prbpe e blEd Arter thielvabendty process
prosegatationnf@o4ep.LRYstep 25, two corresponding windows, one from the

[00RIFSSULG regorshand.one,f eﬁ‘?fvaer{y%'%?é%{tis‘ﬂ‘ée‘é%ﬁi% IRge 09 ain to be
from step 24, are selected. [0041] At step 26, a maximum dea lasing
selegiefbn sieptdgdf Hetigndiess pynaiisedestiasted Hbeorihipocess returns to step 23.

If n6RSESHERBEN SEMAY ENHMBREAANER LSRRI i bea +{QR4 AL ALRIE 8 7
the windows selected in step 25 are sent to step 31 of FIG. 3 for further

[0045th cesinticnoa s At deapaed i oy dtsthsiideck s Rt aimaaksin step 21. If
furthemsdotlte feensielectee selested) 2ninhihorslica withreoastasy ki sefagsedrifer blocks
steQOZbS. If further,windows reén?in

remai € selecte TOCESS or té?eb ogv% %Ctedglg(gn t rgcees 2 now proceeds
A PR S I PR T ST WIS PSR ARG HSE dold BreRr Qs now

to tiprdoesdaprocElds3to the next step, 29.

[0046] FIG. 3 is a flowchart illustrating the processing steps of an embodiment of the

method of the invention for proéessing windows from FIG. 2. Each such window is subject to

the following procedure.

[0047] At step 31, two selected windows are obtained from step 27 of FIG. 2, one from a

pressure record and one from a vertical particle velocity record.

[0048] At step 32, a scaling filter is computed to be applied in the wavefield separation for

the current %, and for a desired cross-streamer wavenumber range which is L times larger than

the Nyquist wavenumber range given by the data windows.

[0049] At step 33, the window from step 31 of the vertical particle velocity record is

padded with L times its number of traces by zero traces in the cross-streamer dimension. Here,

L is the maximum dealiasing order selected in step 26 of FIG. 2.

[0050] At step 34, the padded window from step 33 of the vertical particle velocity record

is padded with L times its number of samples in a trace by zero samples in the time dimension,

generating a first extended record. Here, L is the maximum dealiasing order selected in step 26

of FIG. 2.



[0044] At step 29, it is determined if any further slices with constant Icr
remain to be selected in step 23. If further slices remain to be selected,
then the process returns to step 23. If no further slices remain to be
selected, then the process proceeds to the next step, 30. [0045] At step
30, it is determined if any further blocks remain to be selected in step 21.

[004fi jfurther Qlocks renain 19 LR-REIRLISH. ARBNSIRE PIQSESTJGIAT gﬁzt&o%l@ By L traces
S

21. If no furt er blocks remain to be selected, the process ends for the

betHeRRAVER IV B Ry et %ﬁ%@%%%%cﬁfﬁc@%ﬂgd% 58 flowchart in FIG. 3.
[0051]046 WFiep 365 andlarechad iMustabngihel procRssineg sie Fi&l‘ﬁﬁ:ﬂnpartlcle velocity

diment o thod of th mventron for progess indows fro
rec R A S et e TS e o RS R G ine YOCEaRer (-
y) detepiB1Q thmfgeje@tey}wmdmmﬂ)ar effkb{/’abn@dﬁamn Stepspacofdl oY, tBe ding extended
recdf@oh BISSBHELPGRLA AN BRe QM A URIICAL AL G VBIRCONIRIB pectrum of

At step 32, a scaling filter Is computed to be app ie

the W&Q@%éﬁ@éﬁ%rﬁﬁ%@ forriécedtent ’eand foratbes ﬁf@@rtﬁrésscerr Amegpectively.
TheV\t?ééﬁ!@HEE}bﬁfdr%Q@anﬂm iskotimessarger than) %@Xﬂyﬁ%mﬁks as is

range given by the data windows. [ 0049{ At step 33, the window from step
presgit dp s QBRI PERTASVEBA IRk f %C%%&aéfawﬁﬂf lilestitsThe numbers of

sampwmberrmfﬁr@peﬁdyva@mrabasdaﬁhﬁl @Dﬁﬁr%&ﬁ@ﬁﬁﬂ@’p@ﬂ%@@ﬁd&@feﬁ@(ﬂ&o ks n, for
t e maximum deali der selected in ste gf FAG 2.J0050] A

the Beduay fin Brgd%nednwf% Focrlrross tep 336k e é\:/rtlamfﬂcaf SR RPRERA thely
[0058kord ArSSFm?oWedhwmq_unmEsa@wﬂﬁbeﬂmhsﬁmpmqmmmyszemd spectrum
fronfQMUPIRF:R R fiue, mensian (aenALANAG A sk é%&ﬁ]@??o{%ﬁ%‘évéiﬁﬁ%ers

L is the maximum dealiasing order selected in stef

1003051 P intisrepias: trafiramextried hedieisroin %ciéffim idperistidanpctrum, as

shrAREedb lsiR0es hatwaem@e ot WRHVEIERCRSIIFROEAINEBISESAPGhe second
extended recaord. [ 00(32 ] At step 36, the first and second extended

SPEQHR SR AR Phafi é%%éﬁ%%é%é%om steps 34 and 35,
[OOSS}BpeCAVetypam tﬂmsionmedakanbmemﬁm waenumben (ktkp W7demai second

sped] the freq gefgg agolfco\@ ?rsn The ctru aolfstr:rﬁelrs to as the
P extende regord from step 3% is reférred to a ec FU™i the

“thlfélmmﬁgn\ﬂm@khevsmctrum of the second extended record from step 35
[0()5% fe“%&‘?‘étéﬁ% 48, the séﬁﬂqgﬂﬁ&eﬁtﬁﬂ% gi%%ﬁt%%l}/hlrd panel from step 39 are sent

to step 41 of FIG. 4 for further processing. The process ends for the flowchart in FIG. 3 and
the process now proceeds to the flowchart in FIG. 4.

[0057] FIG. 4 is a flowchart illustrating the intermediate processing steps of an
embodiment of the method of the invention for processing spectral ratios from FIG. 3.

[0058] At step 41, the scaling filter and the third panel are obtained from step 40 of FIG. 3.
[0059] At step 42, the third panel from step 41 is divided into 2 times (L+/) stripes, each

.. N . . . .
with -2& samples in the wavenumber domain. The stripes are numbered from —L to L, that is,

from negative L indices to positive L indices.

[0060] At step 43, each two corresponding stripes are combined into a mask, moving the
stripe with a positive L index to the original positive wavenumber range and moving the stripe
with a negative L index to the original negative wavenumber range. If L is odd, exchange the
position of both stripes. In steps 42 and 43, (L+/) masks are created, each with n, times ny

samples.



The frequency and wavenumber ranges now have (L+I) times the number

of samples as is present in the original spectra of the windows selected in

step 25 of FIG. 2. The numbers of samples in the frequency wavenumber

domain of the original spectra are referred to as of for the frequency

dimension and nk for the cross-streamer wavenumber dimension, _
oofIsPechyaly, J90REILHBIER AL DR TRAUANEYIBAAES B! DO NGNS .
[ sp?ectrum anpd the sesgondgsf)egtrﬁlij%m %r%%‘n stlep()i IS’Vé are's ru%fgéersl,& P) stripes, each
witf GG AR e UNSHBESI AR AIRS or 80 MM SIIOR TR PR

At 8tep 38, a small amount of white noise Is ed to the secon

ctrum, as shrunken, from step 37. This addition of whjte poise.isto .,

[OOE?fve ntﬂgrsg?ﬂenfseﬂcﬁw 5"%%88%85 p%&&%sr%n%essfanrglﬁc/’vrﬁ%lﬁl elfisgléo ad g‘\hgﬁ’/i%)rv ing the
strifig thighrrexesstep /30 JE0SShADS By tie v atiy istaken mhihedfidtshoving the stripe
Witﬁ%ergﬁ'eﬂméc rom gle Po?tzeaxﬂggmﬁ ﬁ@g&%ﬂ% @W&%ﬁ@eﬁ?ﬁg%g%g?ﬁgﬁ% I§:r)(<jchange the

resulting ratio of the first and second spectra Is referre ‘
PosHitHet iRoiie iaRewirll. YOS 8F A0dtdf 46;Hheldatirgcfitiep s atsprsnding to the
(L+anehiRRsthisekRpRel B 5igR 39, ard 86 g tonSteP A 1A foR BUtRS oes of the

rocessing. The process ends for the flowchart in FIG. 3 and the process
WS proceeds to the flowchart in FIG. 4. 100571 FIG. 4 is a flowchart
[00fiR]stratngttipetinteimediatecpreicesgiofisiepmplan fambodimenteftie: frequency

of the, invention for processing spectral ratios from FIG. 3. [0058

A T S o et g e e
encgRRBOBINOSSAR shepaparated wivdipddrel from step 41 is divided into 2
[ookimes (i N5UPesR. %@ﬁ‘asﬁ’é{ﬁﬁl§gﬁ1@%%ﬁh%%‘i¥é¥%%ﬁ]9&ﬁé%’io&ﬁé't'ﬂeir €create the

stripes are numbered from -L to L, that is, from negative L indices to
serighaftigalingr{iiees. [0060] At step 43, each two corresponding stripes are
[006sMbinedisiag Masks: BIQIRGLAE FHHERWIBEIRIRIIE kindax{pdBs 51 of FIG.
5 for' inal positive wavenumber range and moving the stripe with a negative

" indexX F(Sot%eésbrhgginal negative wavenumber range. If L is odd, exchange
[0066¢ poElbNSfiboth Stripdartinilbiepsi4? ahd 4da(Lptpraasks arecreatetk second

=h with.qf times nt.. samples. 9 [0061] At step 44, the scaling filter from

e e o B By e R o R S S W
compaertisinBer GohairoT evstripesase dutaniveieairomAI G5 L1{0062] At

[00FHFP 45, RE SR QURIRANANGSHIRAS A RAMBIASI g At F RN
[0068}e At step 52, the series of scaling filters from step 51 are applied to the original

m

spectrum of the window of the vertical particle velocity record from step 25 of FIG. 2.

[0069] At step 53, all the resulting filtered spectra of the window of the vertical particle
velocity records from step 52 are summed. This sum yields the scaled spectrum of the vertical
particle velocity record in the window.

[0070] At step 54, the spectrum of the pressure record in the window from step 25 of FIG.
2 and the scaled spectrum of the vertical particle velocity record in the window from step 53
are combined. This yields the spectra of the upgoing and downgoing wavefields in the
window.

[0071] At step 55, all the spectra of the upgoing and downgoing wavefields from step 54
are inverse-transformed from the frequency-wavenumber (fk.-k) domain to the inline
wavenumber (z-k,-y) domain.

[0072] At step 56, the inverse-transformed spectra from step 55 are combined for all the

windows from step 24 of FIG. 2 in a slice of constant k.. This combination yields the upgoing
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stripe with a positive 1, index to the original positive wavenumber range
and moving the stripe with a negative L index to the original negative
wavemunber range. If L is odd, exchange the position of both stripes. In
steps 44 and 45, (L+I) filters are created, corresponding to the (L+J)
masks created in steps 42 and 43, and acting on the different

an mber.[RRYER Af themasks. [0063] At step 46, all vectors

consisting of the samples of all masks at the same frequency

[00F3vendthisérsammpib de AétendiioadsTnishomuainiagothésupgobmsand tdowngoing

waRITRIME TRt RXARERENRY J8ROIDagLced I tiRsSeparater wavelields ok, This
r‘{15064.] At step 47, the corresponding filters and masks are multiplied
CoO

Rt Yo et iirardserdRegtnecan g oy nanes Ay hslsing adosk e k-

v dahsgaling filters created in step 47 are sent to step 51 of FIG. 5 for further
cessi 0QG6].FIG. 5 is a flawchart illustratin étl[:qe final processing
[OOZ@ i?%t %@ lc(lj;eeur%%% an%tg%vizﬁéorlﬁlét%aa'e% CHURMRE s]%rtom step 57 are

ps of the Secdn en
inversparaniiiermpd ding drdidowvgoiegwbeefididy compondatk in BB tttualspace (t-x-y)
ns fream ' w14, [0067] At step 51, the .
éonzgriegfgg g:%%sr?g fiItelr(zﬁza?ri?g&b'g\ﬁii n%ﬁ %‘é\r{g %ﬁggiﬁi%&g?%%w%&fg%égfo AP g{lgrﬁ% in the
HmespaKe dupkE BY &BKIfky filters from step 51 are applied to the original

[00$PECtrum abshewindayahthe YIlicALRRAIGIS LEIOG B FERAGE AN SRR tained
of FIG ¥OO69 At step all the resulting filtered spectra of the window

o B Sl AT tiy the M wrenT g @pdsdoareati ek frekicomponents

in thetmaeldsdhieraealed spectrum of the vertical particle velocity record in

window. [0070] At step 54, the spect of the .pressure record in the
10075 dow hom gl%é) 513%(})]? IJ-'IF enon & hgee é#g?leeé §%§§?ﬁm%é/f RS RIRgNe series of
magkgriieleaghlptigore dor dhinpeeswincionr drasrwste pig T oarbi ciombinédl. tikisries for the

verﬁf@l %9@@9&8&%%%%%&9@&@9%%%@8@& aﬁflﬁlg%&fg}tggmmon signals of
window. 10071] At step 55, all the spectra of the upgoing and downgoing

both teceriy dciforRhstip s And /B9 rinErsace Mb srodndnfrsemisteduced. The method aims

to predictemeyavanumReratdkiok) daseaisntodne-iHing WayanWReekdsses. The
omain. éOO?Zl ﬁ% C}SEE p 56, the inverse-transformed spectra from step 55
I

appg%“é’é‘rﬁ IR TSRS foHeapnsR et 11essach & dipmghod assumes a
limgedstamtdcrofMhialtpienationtyields the upgoing

[0077] The method of the invention is described above for the embodiment in which the
vertical particle velocity record is scaled and the pressure record is not. Alternatively, the
method of the invention includes the alternative embodiment in which the pressure record is
scaled and the vertical particle velocity record is not. The above discussion can be modified in
a straightforward manner to include this alternative embodiment. References to pressure
records and to vertical particle velocity records would merely have to be exchanged.

[0078] The invention has been discussed above as a method, for illustrative purposes only,
but can also be implemented as a system. The system of the invention is preferably
implemented by means of computers, in particular digital computers, along with other
conventional data processing equipment. Such data processing equipment, well known in the
art, will comprise any appropriate combination or network of computer processing equipment,
including, but not be limited to, hardware (processors, temporary and permanent storage
devices, and any other appropriate computer processing equipment), software (operating
systems, application programs, mathematics program libraries, and any other appropriate
software), connections (electrical, optical, wireless, or otherwise), and peripherals (input and
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10 and downgoing wavefields in a slice. [00731 At step 57, all the slices

from step 56 containing the upgoing and downgoing wavefields

calculated from the slices from step 23 of FIG. 2, are combined in a block.

This combination yields the records of the upgoing and downgoing

wavefields in a block in the t-k- y domain. [0074] At step 58, the upgoing

d i ayefield components from step, 57 are .. .

O D LT e bt sveh s
moggfart sl gser(t-stoyyeel oradin sathistrdiskormdation ibics thé apgothe appropriate
equiMéagoing wavefield components in the time-space _domain ina bIocI_<.

Q075] At step 59, the upgoing and downgoing wavefield components in a

(007 ok obtditanaifomnSlep B8t arsResABiR e 9y ideRAG th et aldopgeRigamntavefield

congowaggingovavefield sanpaients, E’hﬁhﬁeﬁﬁéﬁﬁﬁﬁ%ea@%ﬁ@'&f_bi@(&é; t_i_—lgeseries of
1metpﬂd of the inlvecmio can be further stabilized by calculating the series
S R4S BB R WS W e eSS VLo PR LB e At edibifhAYye in step
52 of W the Seyiesibmih eharexdivathpartiicieoietopitis retbirdthefasehtiier f the invention.
rmakzati | ignals.of h records.are :
e A e I B oL R et i shove
in ﬂéﬁnt%lqwiﬁ&@%{r@ﬁe Tafiost alrisbavariterofeatiedetodabrysirend dtstregtioeat with a

distiewesfresaentiesming Rppisation Qﬁwraﬁm&d\ﬁmQed%vgpémmcpggg—streamer
windows is desjred as the method assumes a limited number of locall

: | . . y
direfitin aad aRdinghserHeifstgd SPne HoveRESisvEcs saeriBer ibBudiipplice with
k.= theNemidediment in whithddenveideat pasbsieysieaits weadiesaaled a4 single

' [ f the invention
reﬂégg ress’fﬁra(;1 5etﬁord is not. Alternatively, the method o

cvVe ¢ corresporiding receiver host .
includes thé alternative embodiment imwhich the pressure record is

[00&Haled i this velitigahpditgietiel acityxreodedlisdptnthe akal/é the method of the

invelSEHSSIPILCEE) Qﬁ)%ogyi%gaMp% Sigig %tl%\fvgﬁ%rmr%&?c [0 {8 clude thllses for each

) Ry S&
alternative embodiment. References to pressure records and to vertical

wavgapRlerveldeity sty sieh i esedycnaniiditho mestormngerh 08778y Tertical lines

62. IMHEBtigRAS ReaPAiscHaseskrRIGUSAB-A Mmethosl, for illustrative purposes
only, %ﬂ can, alsg, be implemented as a system. The system of the
i

0% entibls Drefer sk HpIEFERREBY el S i eirRssitnheremple third
pandigitAICQNEPURIGS A101g Wi tthO¥IEpe S WTVEITON 2k S4AJRIORRS SHIGks 71 up to L~4.

Theemqays. srg?enghoswur(f I?l e"’r‘tr?oﬁﬁ%ﬁ%t?gﬁ? \%91%&?{? gt%% 6e 1Jr|1 l%[}%/vg Ir}igc]:ﬁ mask has the same
number of samples as the original spectrum of the vertical particle velocity record.

[0083] FIGS. 8-11 shows a comparison between the modeled ghost-free pressure field
(reference) and the estimated one for trace number 11. FIG. 8 shows a graph of the amplitude
spectra 81 of the reference trace compared with the results 82 of the method of the invention
for different maximum dealiasing orders L. FIG. 9 shows a graph of the amplitude spectra 91
of the reference trace compared with more results 92 of the method of the invention for
different maximum dealiasing orders L. The higher the chosen dealiasing order, the higher is
the frequency up to which the spectrum of the estimated trace equals the spectrum of the
reference trace.

[0084] FIG. 10 shows a graph of the signal 101 estimated by the method of the invention
and its difference 102 to the reference trace for dealiasing order L=0. FIG. 11 shows a graph
of the signal 111 estimated by the method of the invention and its difference 112 to the
reference trace for dealiasing order L=5.

[0085] It should be understood that the preceding is merely a detailed description of
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art, will comprise any appropriate combination or network of computer
processing equipment, including, but not be limited to, hardware
(processors, temporary and permanent storage devices, and any other
appropriate computer processing equipment), software (operating
systems, application programs, mathematics program libraries, and any

speBHIET aRRIGRIAIE SPMwarel anneciong (elacttical, opieal, Weless Qlions, and
otherwise), and peripherals (input anlgl 11 output devices stich as ’

altqeagtiessripsthsolisgingdeviiesimaet seam he rvadisilagedelices witthastisclosure here

witHyRiepsand PORLEIS ssiptagennedichaush a8 disks.and nard eivesn@Bfre, is not
any other,a;f%ropnate equipment). [00791 Additionally; note that

meglh Sating (e G5einglala doRting Rabetele copRpotetts, Aneomis to be

detstefnbd of 75 1 agrhRpadaimed alanypeintaier the series of
scaling filters are applied to the vertical particle velocity spectrum in a
window, above in step 52 of FIG. 5. Any resulting change in the order of
steps is within the method of the invention. 10080] The procedure of
creating the masks and the effect of the proposed method is shown in the
following figures. The used data have been forward modeled using 23
streamers with a distance of 25 m. The model consists of a single
reflector with a dip of 60 in cross-streamer direction and no dip in
streamer direction. The following figures show results for the slice with
kx=0. No windowing in the time dimension has been applied as the data
contain only a. single reflection event and the corresponding receiver
ghost. [00811 FIG. 6 is a diagram illustrating an example third panel as
used in the method of the invention. FIG. 6 shows an example third panel
after reduction to n1 samples for each wavenumber. The stripes 61 which
are used to build the masks are separated by vertical lines 62. The
stripes are numbered and labeled from L=-5 to L=5. [00821 FIG. 7 is a
diagram illustrating masks created from the stripes in the example third.
panel in FIG. 6. FIGS. 7 shows the stripes of FIG. 6 rearranged into
masks 71 up to L=4. The masks are shown after normalization, which is
step 46 in FIG. 4. Each mask has the same number of samples as the
original spectrum of the vertical particle velocity record. [0083] FIGS. 8-11
shows a comparison between the modeled ghost-free pressure field
(reference) and the estimated one for trace number 11. FIG. 8 shows a
graph of the amplitude spectra 81 of the reference trace compared with
the results 82 of the method of the invention
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for different maximum dealiasing orders L. FIG. 9 shows a graph of the
amplitude spectra 91 of the reference trace compared with more results

92 of the method of the invention for different maximum dealiasing Orderﬁ/iCSLL b
L. The higher the chosen dealiasing order, the higher is the frequency up i
to which the spectrum of the estimated trace equals the spectrum of the
reference trace. [0084] FIG. 10 shows a graph of the signal 101 estimated

by the method of the invention andGisAdifference 102 to the reference

trace for dealiasing order L=0. FIG. 11 shows a graph of the signal 111
estimated by the method of the invention and its difference 112 to the
referedcentetvalfdodealiasitgerdbr dusl. [R085] Itosholilditveraerddrstodeio noise-
at{ggtutgd%do(ﬁg%egiq igs%\%(ely a detailed description of 12 specific_ o
embodiments of this invention and that numerous changes, modifications,

and afternetives fdthdudisclosed embulinteatscadde mepkedpntative of carth's

%%%8{%%9%%3"5 Hﬂ&@iﬁe%grggfsyn@% witheyt derasting frora the s6ene0f an area

the Invention. The prec déscription, thérefore, is not meant to limit
théhscopd 'oftiveliriventiohcRatericthelsropenictheniiove mion ising lsé least one of

%eé‘fég%ﬁgpa '8'%%0%%&88?ﬂ??&g&%‘i@%&&qs&ﬁ%r&% -%Iﬁl%ssc]a:lged seismic data

LLP CLAI 1. A'method for converting 3D dual'Sensor towed
witkahrengataiitelisolsdedteonuatsidglata, comprising: 5 converting 3D

dual sensgr towed;streamer,data, represenialive of a1 SUBSIIARR from the

and acquired by deploying a plurality of seismic sensors proximate an
area ofttaentisisubsinfaretnbeaveruareds s JEismine setgppsn and

generating, af Jeast one of aprelectrical:and Opical.SigRAl IR IESPARSER particle

seismic energy, Into scaled seismic data with aliasing noise attenuated,

comprisiigitroraenisfoshiserprédiéngevarsras beid varieH madtiefvéiscgics of
recordg fiom Hikrsteamer daterlp NG inennling WaveRUMPRraRssiNEinge and

space domain and applying a series of scaling filters to the transformed
verticalngalpkiealadbis tFaeesr s s h ol ReiFBIG SVRIHE HB S RINEFeReBakRear;
of the serigg,fining the transformed pressure records and the scaled vertical particle
velocity records to separate upgoing and downgoing wavefield components; and
inverse-transforming the separated upgoing and downgoing wavefield

components back to the time-space domain, wherein the inverse-transformed

upgoing wavefield component is the noise-attenuated data.

2. The method of claim 1, wherein transforming pressure records and vertical
particle velocity records from the streamer data to the inline wavenumber domain
comprises:
retrieving pressure records and vertical particle velocity records from
pressure recorders and vertical particle velocity recorders, respectively, mounted
in the towed streamer;
selecting a plurality of blocks in the streamer data with each block
containing all traces in cross-streamer dimension, all trace sample points in time
dimension, and only enough traces in the inline dimension so that all seismic

events inside each block are approximately linear;
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scaling filters is calculated for a different cross-streamer wavenumber
range and 15 in blocks of inline traces in which all seismic events are

approximately linear; combining the transformed pressure records and the MCSLLP

scaled vertical particle velocity records to separate upgoing and

downgoing wavefield components; and inverse-transforming the

separated upgoing and downgoing wavefield components back to the
time-spaceugdomaimgvhessindhednversetrpasiolamedodty usgoidg in cach of the
wavefigld companentis e noissaltanaied.daiR. 4 Hignethod of claim

1, Wherelnstrans%rmlng pressure records and ertlca? particle velocity

records frofactivegstrelamétdefaltectheithlimestanvidnlinsberdamairer in cach of the
comp -ir%e%o%% égtgil%\éilpsg pressure records and vertical particle velocity

records from pressure recorders and vertical particle velocity recorders,
respectivetparaountedcin shectointsd strekmadity selectiiglavpiurality epch window

blocks i i sireamer dala Nt Rach blpck FANATIRG,Al races in

cross-streamegglmensmn, all trace sample points in time 30 dimension,
and only perforghingtiesii ethvanaline disher dlohve@dhaBall seismic events

inside each hiack A€ ARAAXIMARMUIFRN o kM G ik Riteapsforming
pressure and vertical particle velocity records in each of the blocks to
time-inline wewenutite~-crebisindlispdes denaline sarsong boplandiity ot selected

slices with cqnstan}ipling WaMGIYTRGEINEBCA of the transformed blocks;

5 separating each slice into a plurality of windows with each window
containing albaditiag thavedossvsthezairef erateislgs A pasfoRis i a first
following for gﬁgg@dtp&gymdows: selecting a maximum dealiasing order L

for the window; computing a scaling filter for the inline wavenumber and

for a selectedettpfaer)l orerviss-stheamst waerAt b Wadtity fisee  samples,

window with é&(@r&"tﬁ‘&% g&gg@&;tg@&@@l@%g&neraﬂng a first
transforming the first and second extended records to the frequency-
wavenumber domain, generating a first and second spectrum,
respectively;
shrinking the first and second spectra; and
taking the ratio of the first spectrum to the second spectrum, generating a

third panel.

3. The method of claim 2, wherein the selected range of cross-streamer

wavenumbers is L times larger than a Nyquist wavenumber range for the window.

4. The method of claim 2, wherein padding the window with zero traces and zero
samples comprises:
padding the window with L times the number of traces in the window by
zero traces in the cross-streamer dimension; and
padding the window with L times the number of samples in a trace by zero

samples in the time dimension.
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extended record; periodically zeroing the first extended record with zero

samples, generating a second extended record; s transforming the first

and second extended records to the frequency- wavenumber domain, MCSLLP
generating a first and second spectrum, respectively; shrinking the first

and second spectra; and taking the ratio of the first spectrum to the

second spectrum, generating a 20 third panel. 3. The method of claim 2,
swhereiméhe aletiedctaing @ ofvbross: steeiarheal lwavernumber SiistLetitmeded record

ger than a Nsy urigt wavenumber range for the window. 25 4. The

la |
‘Yﬁétﬁ%a oite allf:m , Wherin padding the window with zero traces and zero
samples pemplisaty paddiggthkesevindbex withed timeslthe huimlses btween every

traces in tpe indow by zero traces in the cross-streamer dimension; and
.tW({ 1ve ra&es. : . .
padding the window with L times the number of samples in a trace by zero

so samples in the time dimension. 15 NI CSLLP 5. The method of claim

&, Wharein perlodieaty giping the (rsheXianAed I R dniINE8 decond  specira
Samples comprises: periodically zeroing the second extended record by L
ctrapesdsetween every two live traces. 5 6. The method of claim 2, wherein

shrinking the first and. s e omprises: shrinkin ) "
Tnges o T N e P RE T S I S EREY o he
frequenoyrrange equatin wite taheEnambrgs! endtefueticteddnttise number of

ranstorgeduediselnarisleaslosbgeR Ry 1 B Rhedafclaim 2
wherein taking the ratio of the first spectra to the second
7. The method of claim 2, wherein taking the ratio of the first spectra to the second
spectra comprises:

adding a small amount of white noise to the second spectrum before

dividing.

8. The method of claim 2, wherein applying a series of scaling filters comprises:
dividing the third panel into 2(L+1) stripes numbered from —L to L;
combining each two correspondingly-numbered stripes into a mask;
dividing the scaling filter into 2(L+1) stripes numbered from —L to L;
combining each two correspondingly-numbered stripes into a filter;
normalizing the masks;
multiplying the corresponding filters and masks together, generating a series

of scaling filters; and
applying the series of scaling filters to the transformed vertical particle

velocity records.
9. The method of claim 8, wherein the each of the stripes comprises half the

number of samples in the cross-streamer wavenumber dimension as in the transformed

vertical particle velocity records.
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spectra comprises: adding a small amount of white noise to the second

spectrum before 15 dividing. 8. The method of claim 2, wherein applying  yMcsLLp

a series of scaling filters comprises: dividing the third panel into 2(L+1)

stripes numbered from - L to L; combining each two
correspondingly-numbered stripes into a mask; 20 dividing the scaling

filter into 2(L+1) stripes numbered from -L to L; combining each two
leorresppadieglydnefiobered, stlipasiniensbiilies; eackmalizingdtye ndasks numbered
multiplying (ﬂe corresponding filters and masks together, generating a
SEEPRed M} A4 AtEYLS%nd 25 applying the series of scaling filters to the
transforme@ viedidal paricleitveladitysécords. SosTihe: mathadabalaimes,

wherein the each of the stripes comprises h@lf‘ the number of samples in
the cross SHUBRAIALURbBF RS S or SN SRR S e ond

0
vertical pasti¢iengelgaity pesoics of hMEHIdsPf 1@ dde method of claim 8,
wherein combining each two correspondingly-numbered stripes into a filter
comprises moving the stripe with positive L to the positive wavenumber
Irange;Theauingothefsthipe Bjithhregatherhaddrthe thegatives waverisenber

range; and Se changjrl'uq/th Iposiﬁtion of the stri%es igsLI is qd&l} 11. Th i
method of’ 8f§?ran%l,n\%/herelﬁcn%rsm% izsﬁlra%lr% masks J[(?Lom%ri%es: hormaliZing <Y
all vectarscafistinplasgn. all masks at the same frequency- wavenumber
sample. t0 12. The method of claim 8, wherein combining the pressure
spectrum and the scaled vertical particle velocity spectrum comprises:
Iummilig: afictthe dilt€ rdal tréhn sfbemeed cventicahpahtichecysloctyaecordsad the scaled

vertical particle velocity spectrum comprises:

summing all the filtered transformed vertical particle velocity records,
generating the scaled vertical particle velocity spectrum in the window;

combining the pressure spectrum and the scaled vertical particle velocity
spectrum in the window, generating the spectra of the upgoing and downgoing
wavefield components in the window;

inverse-transforming the spectra of the upgoing and downgoing wavefield
components from the frequency-wavenumber domain to the inline wavenumber
domain;

combining the inverse-transformed spectra of upgoing and downgoing
wavefield components in all windows into the slice of constant k,, generating the
upgoing and downgoing wavefield components in a slice;

combining the upgoing and downgoing wavefield components in all slices
into the block, generating the upgoing and downgoing wavefield components in
the block;

inverse-transforming the upgoing and downgoing wavefield components in
the block to the time-space domain; and

combining the upgoing and downgoing wavefield components in all blocks,

generating the separated upgoing and downgoing wavefield components.
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generating the scaled vertical particle velocity spectrum in the window; 15
combining the pressure spectrum and the scaled vertical particle velocity

spectrum in the window, generating the spectra of the upgoing and MCSLLP

downgoing wavefield components in the window; inverse-transforming

the spectra of the upgoing and downgoing wavefield components from

the frequency-wavenumber domain to the inline wavenumiber 20 domain;
IGombiningytheninversestrassfogniddl sipettransbupgeing andadowngoingnto noise-
V\{avef{eclg C mgonents in all windows into the slice of constant k,

attenua et dafﬁ, omprising: : . . .
generating the up%omggand downgoing wavefield components in a slice;
combiningnthéoupgoigtand Howhgbirgsvaviefield sormponedisinrafirstiogstive of
eza?tlllnstgu%]s%r%%%!(hrgg ngg%t&p %}leg R tﬁ‘gﬂ a%?ﬁ%%%@gae%%\ﬁ%{@gcomprising:
components In "the block; inverse-transtorming the upgoing and
downgoingresavefistdocdenpendntstincahpalsdk (¢ the timecsplice domist in the
and cqq .algkgemﬁeypr%%migggr%% DGNARIEIAECMANBEEAA records.
blocks; generating the separated upgoing and downgoing wavefiel
comporergiiiyMCSL.LIP 13. A system for converting 3D dual sensor

fowed SRR a2 IR RIS 2 FUAIEC AR COMBTMEL M SRRRARY yclociy

converting dual sensor towed streamer data, representative of earth's
subsutfacedintesciiedseisnic Edgatovitte diasing neiseaserapubgegrossline space
compriging;2 prgssure recorders and vertical particle velocity recorders
mounted in the towed streamer, recording pressure records and vertical
particle velseity recotorly s sestiietyomatsgofitraistorii g praosies vertical

records, and VeHicahPAEGIAVRIQGHY (IReRIdS oM, SUsRRE! 9%1@ 80 the series

time-inline wavenumbcr-crossline space 10 domain; and means for
applying soéniesiberscialien ditteies tthe diEpstorsregsvrteaer wavenumber range

and in blocks of inline traces in which all seismic events are approximately

linear;

means for combining the transformed pressure records and the scaled vertical
particle velocity records to separate upgoing and downgoing wavefield components;
and

means for inverse-transforming the separated upgoing and downgoing wavefield
components back to the time-space domain, wherein the inverse-transformed upgoing

wavefield component is the noise-attenuated data.

14. The system of claim 13, wherein the means for transforming pressure records
and vertical particle velocity records from the streamer data to the inline wavenumber
domain comprises:
means for selecting a plurality of blocks in the streamer data with each block
containing all traces in cross-streamer dimension, all trace sample points in time
dimension, and only enough traces in the inline dimension so that all seismic
events inside each block are approximately linear;
means for transforming pressure and vertical particle velocity records in each

of the blocks to time-inline wavenumber-crossline space domain;
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particle velocity records at each inline wavenumber, wherein each of the
series of sealing filters is calculated for a different cross-streamer

wavenumber range and in blocks of inline traces in which all seismic MCSLLP

events are approximately 15 linear; means for combining the transformed
pressure records and the scaled vertical particle velocity records to

separate upgoing and downgoing wavefield components; and means for
inverse-transferfoing thaise papatediypgoshigeandi tovomg imginanefieldn20ber in

components back 10.1he fime;space domain, wherein the
inverse-transformed upgoing wavefield component is the

noise-attencateddatapiitinige whtahiqu 3 na_l@,uwﬁﬁ@yghf thendreansifidh each
ransforming, RISssHI[aPIAz.and verisel apricle valncivgegrds from

the streamer data to the inline wavenumber 25 domain comprises: means

for se!eptmgaaqsfuradifngf@ﬁblmzﬂse if@lt}@evm@%)mg&@agtéthﬂtwi@é@wmlock .
containing all (aaes . eiess SUeAME, AITEDSAT AIbHRTS SAMBLE. AR,

in time dimension, and only ehough traces In the inline dimension so that

all seismic eweats ifisidenepisinblockading dpmroskimateiplimear 3oundgnsgnd for a

for transformy%ge@[re%% e%@qr\égg'gisqfaéa%;igjgv\ég{%g&ggcords in each of

the blocks to time-inline wavenumber-crossline space domain; 18 NilC;
SLL P meansfarsdiectingansiutaity ofdsiicewilithresndtagasintig zero samples,

wavcnurnbergighggaqg1 _fathgs{rgggggg@?&gl&cks; means for separating

each slice into a plurality of windows with each window containing all
traces in the eress streanseiodimdisioriomad hméasis fskopéefbriafgdthwith zero

following for eaq 18£,tg&\441 \doscansRnSenaaleetingia maximum

dealiasing order L for the window; means for computing a scaling filter for
the inline wavesAihber diadoraing Badirhngd sterpdssstienisrerecords to the

vvave?umberﬁé@%ﬁ@@@é&%@lﬁiﬂ&%ﬂiﬂ?@%%ﬁ@emﬂﬁ%%Qo%argpectmm,
sampies,
P respectively;

means for shrinking the first and second spectra; and
means for taking the ratio of the first spectrum to the second spectrum,

generating a third panel.

15. The system of claim 14, wherein the selected range of cross-streamer

wavenumbers is L times larger than a Nyquist wavenumber range for the window.

16.  The system of claim 14, wherein the means for padding the window with zero
traces and zero samples comprises:
means for padding the window with L times the number of traces in the
window by zero traces in the cross-streamer dimension; and
means for padding the window with L times the number of samples in a

trace by zero samples in the time dimension.

17.  The system of claim 14, wherein the means for periodically zeroing the first

extended record with zero samples comprises:
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to generating a first extended record; means for periodically zeroing the
first extended record with zero samples, generating a second extended

record; means for transforming the first and second extended records to  pcsLLp

the frequency-wavcnurnber domain, generating a first and second

spectrum, 15 respectively; means for shrinking the first and second

spectra; and means for taking the ratio of the first spectrum to the second
spectrummganeiatingea dhicd hareto 2@ libe Thesybtencoficlaircdd] by L traces
Where{En tt\ggeselgglteq | range 82 gross-streamer wavenumbers is T. times

larger Ran anl\?qu?fst Wavenumber range for the window. 16. The system

of claim 14, wherein the means for padding the window with zero traces

I%Od Z‘i‘; eesr?arér}%?lso?ocﬂ?ﬂsff : \%ge%%‘ Ei%ifv %ge%%gq{&gsg}ﬁlﬂl{gd% \MTSQ Idnd second

times er of traces in the win y zero traces inthe
spross-streantes dimension; and means for padding the window with L

times the pumber, of SAMPISSIA ARG DU ASIQ SATRIES R 108 U006hd spectra 1o
m of cl

dimension. 30 17. The system Im 14, wherein the means for
periodiballiypreroirg taefitet exledtisgeecordudencaer sanmigledo the number of

COmpgﬁ%ﬁée}xgiéé%%le%‘am&%etp(/&ﬁ@%%%ﬂqglg%%?&Qgg§l}gc%?&§) d

n
exten ecord by L traces between every two live traces. 18. The
system of claim 14, wherein the means for shrinking the first and second

19 SPECHA COMPKISEE: RSANFAOLFRIRKING NG reayeney rAnaGs AfdREf She first

and second spectra to the innermost samples with frequency range equal
siresivetedhhsasantbercstrdreuuintses in the transformed vertical particle

velocity, I8eOFd5 40i 19  TheE BV L Flaifd oD eseif N BIGRRR {8m before
taking (;[he_d(atlo of the tirst spectra to the second spectra comprises:
viding.

20.  The system of claim 14, wherein the means for applying a series of scaling
filters comprises:
means for dividing the third panel into 2(L.+1) stripes numbered from —L to
L;
means for combining each two correspondingly-numbered stripes into a
mask;
means for dividing the scaling filter into 2(L.+1) stripes numbered from -L to
L;
means for combining each two correspondingly-numbered stripes into a
filter;
means for normalizing the masks;
means for multiplying the corresponding filters and masks together,
generating a series of scaling filters; and
means for applying the series of scaling filters to the transformed vertical

particle velocity records.

21.  The system of claim 20, wherein the each of the stripes comprises half the
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means for adding a small amount of white noise to the second spectrum
before dividing. 15 20. The system of claim 14, wherein the means for

applying a series of scaling filters comprises: means for dividing the third MCSLLP

panel into 2(L+) stripes numbered from -L to L; means for combining

each two correspondingly-numbered stripes into a 20 mask. means for
dividing the scaling filter into 2(L+1) stripes numbered from -L to L; means
rfombemifinimgpéacin o corespamdinglyrmmbbeedistkipesine a filtetra@Sormed

Jmean for.n%r@ﬁlisz}gréhergwgsks; means for multiplying the

artl OCl1 ords . . .
corresﬁ’on(ﬁng ilters and masks together, generating a series of scaling

filters; and means for applying the series of scaling filters to the

ansformed vertical jarticle vwelocity records. 30 21. The system of claim
S e o AR B e T RN e e
courripenditsdmplesizrdd ettmssistrednter ovaventember dimension as in

the tranSf%{e & vsrugal, rt@ﬁées\{ﬁ Cily; %%rs(iit?vg% I@?h%yﬁgeg%\% A Mumber
i Chitwo s

20, wherein the means forcombining each‘tw
correspoigdingly-numbered stripes into a filter comprises means for

moving th&é&ﬁ?%‘{’”}@o& .ti%ﬁee, t&‘?p@%vﬁf?sﬂg GuVave %J%efle 9 wavenumber

means for moving the stripe with negative L t© the negative wavenumber
range;rargs1@¥heans for exchanging the position of the stripes if L is odd.

means for exchanging the position of the stripes if L is odd.

23. The system of claim 20, wherein the means for normalizing the masks
comprises:
means for normalizing all vectors of samples on all masks at the same

frequency-wavenumber sample.

24. The system of claim 20, wherein the means for combining the pressure spectrum
and the scaled vertical particle velocity spectrum comprises:
means for summing all the filtered transformed vertical particle velocity
records, generating the scaled vertical particle velocity spectrum in the window;
means for combining the pressure spectrum and the scaled vertical particle
velocity spectrum in the window, generating the spectra of the upgoing and
downgoing wavefield components in the window;
means for inverse-transforming the spectra of the upgoing and downgoing
wavefield components from the frequency-wavenumber domain to the inline
wavenumber domain;
means for combining the inverse-transformed spectra of upgoing and
downgoing wavefield components in all windows into the slice of constant 4,
generating the upgoing and downgoing wavefield components in a slice;
means for combining the upgoing and downgoing wavefield components in

all slices into the block, generating the upgoing and downgoing wavefield

21



23. The system of claim 20, wherein the means for normalizing the masks
comprises: means for normalizing all vectors of samples on all masks at
the same 15 frequency-wavenumber sample. 24. The system of claim 20
wherein the means for combining the pressure spectrum and the scaled
vertical particle velocity spectrum comprises: means for summing all the
filtered transformed vertical particle velocity 20 records, generating the
scalectventicadpaiticle Wwddotity spectrum in the window; means for
combining the pressure spectrum and the,scaled vertica| icl ci

spectru m%}le?ﬁeg W?ﬁdglv\\//fﬂg%ﬁrear% |R§H%hneg %hgct}g%?lﬂﬁ%e %&%ﬁ&’ §%§éﬁ{§ Wavefield
downgoimgwavsfielthediogbrets imthesnwicdbuwnameand for

inverse-transformin .spectra of oJofeY % ' o
wavefieldHclte)erlnnf)(Igl(}llé%t{i's?l rbﬁrgn%%%r%a gﬁ%y%%a%%ﬁ& (gggvé}gr%%}%lé)%ﬁgpomms .
inline allavidncdimbegedoraaig rleansforaembinggthe inderdevtrgngformedelicld
spectrgo% upg J'[Q‘g and downgoing wavefield components in all windows

into the s |%e of constant kx, generating the upgoing and downgoing

wavefield components in a slice; 30 means for combining the upgoing and
downgoing wavefield components in all slices into the block, generating

the upgoing and downgoing wavefield 21 MCSSLLP components in the

block; means for inverse-transforming the upgoing and downgoing

wavefield components in the block to the time-space domain; and means

for combining the upgoing and downgoing wavefield components in 5 all
blocks, generating the separated upgoing and downgoing wavefield
components. 77

" MCSLLP

22



