METHODS AND APPARATUS FOR SEI SM C EXPLORATI ON USI NG PRESSURE CHANGES CAUSED
BY SEA- SURFACE VARI ATI ONS | NVENTORS: STI AN HEGNA AND WALTER SOLLNER
BACKGROUND [ 0001] I n the oil and gas industry, geophysical prospecting is
commonly used to aid in the search for and eval uati on of subterranean

L

such as oil and natural gas. One technique of ophysi cal prospecting is a
seismc survey. In a nAMENEORS SHAN AND WY T PORINERsi gnal wil |l first
travel downwardly through a body of water overlying the subsurface of the
earth. [0002] Sei sm c energy sour cBACKGROIENBei sm ¢ sources) are generally
used to generate the seismc signal. Conventional energy sources for marine
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devi ces for generatl ng acoustic wave-forns. After the seismc signal

Propagat g LIRS Eﬁ'nor{ & suBreBhacE3Bhn ARLE! BeodtkBH1 81 RElY Subsurtace

seismc ref ors aret ces

bet ween su errane nfo ti av different el astic properties

speci fi cH° qume é‘PB\‘f Al ili‘ersgl?ﬁ?rfgg‘ﬁgwre \‘Rﬁﬁ'@ﬁa‘iﬂé’a‘?ﬂhlf%lsdﬁ?é’if%nces in
acoustic i npedance at the interfaces. [0003] The reflections my be detected
by mari néndiagsnd extsasting velugble stineral teeelireasc pirtiewlsiy hydracaroureddpysitsgsubbbdy  of
water or alternatively on the sea floor. Conventional types of marine
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wat er - pressure sensors (hydrophones) and ot her types of sensors. The
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[0002] Seismic energy sources (active seismic sources) are generally used to generate
the seismic signal. Conventional energy sources for marine seismic surveys include air
guns, water guns, marine vibrators, and other devices for generating acoustic wave-forms.
After the seismic signal propagates into the eélrth, it is at least partially reflected by
subsurface seismic reflectors. Such seismic reflectors are typically interfaces between
subterranean formations having different elastic properties, specifically wave velocity and

rock density, which lead to differences in acoustic impedance at the interfaces.

[0003] The reflections may be detected by marine seismic sensors (also called receivers)
in an overlying body of water or alternatively on the sea floor. Conventional types of marine
seismic sensors include particle-velocity sensors (geophones), water-pressure sensors
(hydrophones), and other types of sensors. The resulting seismic data may be recorded and

processed to yield information relating to the geologic structure and properties of the
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BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG. 1 is a cross-sectional view of marine-towed wave-field sensors in

accordance with an embodiment of the invention.

[0005] FIG. 2 is a plan view of the marine-towed wave-field sensors in accordance with

an embodiment of the invention.

[0006] FIG. 3 is a flow chart showing a method for marine seismic imaging using
pressure changes caused by sea-surface variations in accordance with an embodiment of the

invention.

[0007] FIG. 4 is a flow chart showing a method of generating down-going “source” and
up-going “receiver” wave-fields on an observation level in accordance with an embodiment

of the invention.

[0008] FIG. 5A and 5B are cross-sectional views depicting example ray paths

originating from a sea surface in accordance with an embodiment of the invention.

[0009] FIG. 6 1s a flow chart showing one method of generating seismic images using
the down-going “source” and up-going “receiver” wave-fields in accordance with an

embodiment of the invention.

[0010] FIG. 7 is a cross-sectional view depicting wave-field sensors and a seismic

source in accordance with an embodiment of the invention.

[0011] FIG. 8 is a plan view of the marine-towed wave-field sensors and a seismic

source in accordance with an embodiment of the invention.

[0012] FIG. 9A and 9B are cross-sectional views depicting example ray paths

originating from a sea surface and from an artificial seismic source in accordance with an



*@300002* BRI EF DESCRI PTION OF THE DRAWNGS [0004]FIG 1 is a
cross-sectional view of marine-towed wave-field sensors in accordance wth
an enbodi ment of the invention. [O0005]FIG 2 is a plan view of the

mar i ne-towed wave-field sensors in accordance with an enbodi nent of the
i-nvent i oembp@ia¥G} &1 tBe ilB/ensom fl ow chart showi ng a nmethod for marine seismc
| magi ng using pressure changes caused by sea-surface variations in
accordance wi th an enbodi ment of the invention. [0007]FIG 4 is a flow
chart sh&¥lldy a K& ABds dfloyehart showige dougihebion gariae seismic imagingpisingi ng
"receiver" wave-fields on an observation |evel in accordance with an

enbodi nmeptesafre thmgenvamntd nsea-surface variations and a seismic source in accordance with

an embodiment of the invention.

[0014] FIG. 11 1s a schematic diagram showing an example computer apparatus in

accordance with an embodiment of the invention.

[0015] Note that the figures provided herewith are not necessarily to scale. They are
provided for purposes of illustration to ease in the understanding of the presently-disclosed

invention.

DETAILED DESCRIPTION
[0016] The process of seismic inversion is highly sensitive to the frequency content of
the seismic sources. The seismic bandwidth relates directly to the image resolution while
the field strength at low frequencies is responsible for the depth penetration of the wave-
field. However, conventional active marine s¢ismic sources generate insufficient amplitudes
at low frequencies to stabilize the inversion process. As a consequence, applicants believe
that it is highly desirable to improve methods and apparatus for marine seismic imaging and
inversion by complementing the seismic bandwidth on the low-frequency end with

naturally-generated pressure changes of the time-varying sea surface.

[0017] The present disclosure provides methods and apparatus for marine seismic
1maging using pressure changes caused by sea-surface variations as a passive seismic source.
These sea-surface variations are time-varying displacements of the sea surface relative to an

idealized “flat” sea surface. In accordance with the seismic imaging technique disclosed



[ 0008] FIG 5A and 5B are cross-sectional views depicting exanple ray paths
originating froma sea surface in accordance with an embodi ment of the
invention. [0009]FIG 6 is a flow chart show ng one nethod of generating
seism c i mages using the down-going "source” and up-going "receiver”
wave- f i ehelsin, an acdersdamiesosirédis aot worbadiilyaoguindd, thoegh mue bt uswl in[88iGLFI G 7
IS a cross-sectional view depicting wave-field sensors and a sei sm c source
i n accor gamesaesofte€modi ment of the invention. [0011]FIG 8 is a plan
vi ew of the rine-towed wave-field sensors and a seismc source in
accordance with an enbodi nent of the invention. [0012]FIG 9A and 9B are
cross-sef018hal RiGewds alepsstdcrignaxiewpbEmuadye-patddsyoiet fipld sdnisarg 20riem a sea
surface and froman artificial seismc source in accordance with an

accordance with an embodiment of the invention. As shown, a plurality of sensors 20 may

be towed using a streamer 18. The sensors 20 may measure and record one or more wave-

fields over time. An array of sensors 20 towed on multiple streamers 18 may define a

smoothly-varying acquisition surface 104 below a sea surface 102. The smoothly-varying

acquisition surface 104 is not necessarily flat and may, in fact, change shape over time due

to weather conditions, variation of sea currents, and so forth.

[0019] In one embodiment, each sensor 20 in the array may be a dual sensor including
two different types of sensors. The two different types of sensors may be co-located at
discrete positions which may be regularly-spaced along each streamer 18. The sensing
direction 21 of a directional sensor (such as a particle-velocity sensor, a particle-acceleration

sensor, or a pressure-gradient sensor) may be in a direction normal to the acquisition surface

104.

[0020] In one embodiment, a dual sensor may include a water-pressure sensor
(hydrophone) and a particle-velocity sensor (geophone). In an alternate embodiment, a dual
sensor may measure water pressure and particle acceleration. In another embodiment, the
sensors may measure water pressure and a pressure gradient (or pressure derivative), for
example, using a marine-towed over/under streamer. In other embodiments, other

combinations of sensor types may be used.

[0021] FIG. 2 is a plan view of the marine-towed wave-field sensors 20 in accordance

with an embodiment of the invention. As shown, the streamers 18 may be maintained in



enbodi mrent of the invention. [0013]FIG 10 is a flow chart show ng a net hod
for marine seism.c i nmagi ng using pressure changes caused by sea-surface
viari ations and a seismc source in accordance with an enbodi rent of the
invention. [0014]FIG 11 is a schematic di agram show ng an exanpl e conputer

appar at ushcimnrehdeeo tataaicadibiditudimab phsitiimerith @bpdch® thavesstli Wnusifgdodag\ot e
that the figures provided herewith are not necessarily to scale. They are
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present|y-di scl osed I nventron. pr? hs‘of
seismc inversion is.highly sensitive.t he fregquency cqntent of the
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resolution while the field strength at | ow frequencies is responsible for

t he dept he psadeo reqordtimgfdepersdenasigndls eliteined-bythearray ob sansonsi20rvgingaowied by
marine seismc sources generate insufficient anplitudes at | ow frequencies
t o st abi tHezesdeh@0.i nver si on process. As a consequence, applicants believe
that it is highly desirable to inprove nethods and apparatus for narine
seism c inmagi ng and inversion by conplenenting the seismc bandw dth on the
| ow-freq umgy enxingg thp stieangral§ pregewed. dhevelpeinsefithelagdial sreamerf me yament

ti me-varying sea surface. [0017] The present disclosure provides nethods and
appar at uss thken it dcoeurs @o detednine the dual wave-fields in fixed receiver positions.

Alternatively, instead of using moving receivers (towed streamers), stationary receivers may

be used. The stationary receivers may be, for example, ocean bottom cables or nodes.

[0023] Note that no active seismic source is shown in FIGS. 1 and 2. This is because
the presently-disclosed technique does not necessarily require such an active source.
Instead, the technique takes advantage of passive sources (primarily pressure changes caused

by sea-surface variations) to perform seismic imaging.

[0024] FIG. 3 is a flow chart showing a method 300 for marine seismic imaging using
pressure changes caused by sea-surface variations in accordance with an embodiment of the
invention. Such seismic imaging may be used to retrieve material properties and geological
structure of subsurfaces below the sea floor. The method 300 of FIG. 3 may be performed
using a computer apparatus, and the seismic images generated by the method 300 may be,

for example, printed on paper or displayed on a monitor of the computer apparatus.

[0025] As shown, dual wave-fields may be obtained 302 by a computer. The dual wave-
fields may be time-dependent wave-fields that are measured at an acquisition surface 104

below a sea surface 102.

[0026] In accordance with an embodiment of the invention, the measured wave-field
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i magi ng usi ng pressure changes caused by sea-surface variations as a

passi ve seism c source. These sea-surface variations are time-varying

di spl acenents of the sea surface relative to an idealized "flat" sea
surface. In accordance with the seism c imging technique discl osed

herei n, dmaafinterestdeinsnfrequeacy mege subsnhtinBclessathah prevesiisifregdendidsaised foray be
used in addition to the passive source. [0018]FIG 1 is a cross-sectional

vi ew of Hﬁﬁh@@e‘:igrﬁ%%a@ﬁ&\geﬁ)} @)la‘#rllp?@rllﬁ@fréql%]gcﬂl FanBE 6PMARRE talikibe Ry FIPOI ment

of the invention. As shown, a plurality of senSors 20 may be towed using a

t 18. T 2 d -field
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a snoot hl y-varying acqui sition surface 104 bel ow a sea surface 102. The
snoot hl yPhy isgaaens Al dhe sesudeger ace 104 is not necessarily flat and may,
in fact, change shape over tine due to weather conditions, variation of sea

currents soqforth. [0 In one enbpdi ment, each sensor, 20 in the
array may"%ZF a glijhael ({ugg‘ﬁ%%er'g%jﬁ% FOaPAYy tf’v\?oaqg?rf?te‘?’%vﬁf ﬁ‘%%ilgpﬂf‘y B%ﬂ?ﬁ%?‘ﬂfhe
two different types of sensaors may he co-located at discrete positions

whi ch ma§ Syae HEghysupl waysatield satsshiy [ aamcmbodiment: ongof theaneasyied Mgveri r ect i on
21 of a directional sensor (such as a particle-velocity sensor, a

parti cl efialdsignetsahinobe setmsme (withioua dyec®sasl engjtivity erd magmiade ontyesigiad), i N a
direction normal to the acquisition surface 104. [0020] I n one enbodi nent, a

dual sengf anbfyer ioh el sredad £ 6 -FRAES ShHILmE S BS AlredtIMET QRN ERecBBfhI 2
particle-velocity sensor (geophone). In an alternate enbodi nent, a dual

Sensor MeySfIRAS Y & UAbEGaR PSRN hﬁﬁﬁmt%g{ah%&]aeﬁx%{v}%sis‘agr;%t&%ﬁéﬁ m%%%gg{ ent

enbodi nment, sensors nmeasur e wa rressure and a pressure-g

or pressure derivatjve), fqr ex e, using a narine-taqowed over/under
gt r egmer PIeFHTOIVHET 8#456%%5}%@3@ ?’y&r‘r’}ﬁé‘i’ne@oﬁ’r’gi argernshwavs fidd maybera pagdcleray pe
used. [0021]FIG 2 is a plan view of the marine-towed wave-field sensors 20
i n accor "elpeity wirtchiield neaabrdd he geonbbnesh éOthenvtypesi afrwavadiebdsonmy, be measstaddaner s
18 may be maintained in
other implementations.

[0028] An observation level may be selected 304 by the computer. The observation
level may be flat and at an arbitrary depth. Such an observation level 110 is depicted, for

example, in FIGS. 5A and 5B.

[0029] The computer may then generate 306, at the observation level, a “source” wave-
field of down-going energy and a “receiver” wave-field of up-going energy. One method
400 of determining the down-going wave-field and the up-going wave-field at the
observation level is described below in relation to FIG. 4. In accordance with an
embodiment of the invention, if the energetic source for the wave-fields is pressure changes
caused by sea-surface variations, then the frequency range of the wave-fields may be a low

frequency range (for example, below five hertz).

[0030] Using the down-going and up-going wave-fields, the computer may generate 308



their relative lateral and |ongitudinal positions with respect to the
vessel 10 using tow ng equi pnent 23. It is contenplated that a wide variety
of tow ng equi prent may be enpl oyed, both currently avail able and to be
devel oped. A data recording system 12 on the vessel may be used to record
t-i me- depegisiantinsipgnalvarion &iptieldvély. DRe ntHoayb00fof gemne ety bnieingedsauRd by
the vessel 10. [0022] Since the streaners 18 are towed, the velocity of the
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novi ng receivers (towed streangers), stationary.receiyvers may be used. The
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[ 0023] Note that no active seismc source is shown in FIGS. 1 and 2. This is

b e . ' require such
ecause [(iB31Pr esapt by £h56! @ Igg}tlée i EQhQH{%tH&Qﬁ)O f;freﬁ‘é’rgtgtyo \Hp-g%légq

an active source. Instead, t i que takes advant ve sources

i il ressuyre changes. caused sea-syrface variations) to perform
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mari ne seismc irrgfrgi ng using pressure changes. caused by sea-surface
vari at i ofgbpdimeatef thamyentivn: Bleak 30 b lke Atmast be implemensed, iforexa®pld usisg s ¢
i magi ng may be used to retrieve material properties and geol ogi cal

struct ur ehiomethobd 00 &eethelbahidith bets sRrifatioOmethbde i HeedeSOOmplentdnc. 3 may
be perforned using a conputer apparatus, and the selsnm c imges generated

by the mpihededGQrigys be, for exanple, printed on paper or displayed on a
noni tor of the conputer apparatus. [0025] As shown, dual wave-fields may be

obtai ned 302 by a conmputer. The dual wave- fields may be tinme-dependent
wave- fi eloghg t hatAsstevneiadiGed thé dea tiargdipshddndwaseHitRIS €astfidashRianmir sea
surface 102.
acquisition surface) may be transformed 402 by a computer from a time domain to a
frequency domain. This results in the generation of dual transformed wave-fields. In
accordance with an embodiment of the invention, the frequency domain of the dual
transformed wave-fields may include a low-frequency range substantially below what is
used for imaging in conventional marine seismic data (for example, up to and below one

hertz) so as to include wave-fields originating from pressure changes due to sea-surface

variations as a primary source.

[0033] Using the dual transformed wave-fields, down-going and up-going transformed
wave-fields may be determined 404 on the observation level. The down-going and up-going
transformed wave-fields may then be inverse transformed 406 to generate the down-going

and up-going time-dependent wave-fields at the observation level.

[0034] FIG. 5A is a cross-sectional view depicting example ray paths (502 and 504) for
down-going wave-field components at the observation level in accordance with an

embodiment of the invention. The first example ray path 502 depicts the path of a down-



[ 0026] I n accordance with an enbodi nent of the invention, the neasured
wave-field data.of interest is in a frequency range substantially | ower
than previous frequencies used for mari ne seismc imagi ng. For exanple, the
frequency range of interest may be below five hertz, preferably bel ow one
hertz. Sgoinglvowefftebdjcempeonenawkich iceinds dia¢celydruns €, seabulf&@sbuicd. B¢ becoby

vari ations of the sea surface. [0027] The dual wave-fields conprise two
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directional (wWwth a directional sensitivity or a vector signal). In one

i npl emrenfermagan baurdars 108 kcdow thakseadiper 106kland iragflpdeddprmsads Gomethesdd el d
measur ed by hydrophones, and a second wave-field may be a particle-velocity

wave- f i ekatfaeeasnr dteteiard @0 phaHs s midkifide of ydsaphathourt blighsts FoaytHeQea
measured in other inplenmentations. [0028] An observation Tevel may be

sel ect ed s394te0¥2 LHE NG Bifal “&g}eaﬁ) Qéxﬁg-égfdgcl}{%gl L%Vtﬁé olggyvaggn fle%\f%f ﬂ{kd at an

arbitrary depth. Such an obser Ion I's depi ct or exanple, in

FI GS. 5A.and 5B. [002 he.copput er y.then generate 306, at the

obser vat QRN TSRS ‘,L'ava?'t?elégﬂtr the 'Oggﬁ\//aglong?‘él Bep(S?se’gtﬁ 2 YSIR GURHehgy Ogﬁlél such
"receiver" wave-field of up-going energy. One nethod 400 of determ ning the
down- goi AgWieEeEEVaiedigdd gompenants goi ng wave-fiel d at the observation |evel
is described belowin relation to FIG 4. In accordance with an enbodi nent

of the i ion.. 4 fot.he energetic source for the vvave-{]ilié % i S, ssure
changes MBba "I/ Cs B S f PR ACE AP S b G PR RS Y Sathsrcl! EYD 8T 1 he
wave-fields may be a | ow frequency range (for exanple, below five hertz).
[ 0030] Us MRgoingavai6uiield eomnponents aj thegdiseryatien/eveliie peeprdange Wi enehodiragnt
generate 308

of the invention. The first example ray path 512 is a continuation of the first example ray

path 502 of FIG. 5A. This ray path 512 starts downward at the observation level and is

reflected upwards by the rock-formation boundary 108 below the sea floor 106 before

reaching the observation level in an up-going direction. The second example ray path 514 is

a continuation of the second example ray path 504 of FIG. 5A. This ray path 514 starts

downward at the observation level and is reflected upwards from the rock-formation

boundary 108 before reaching the observation level in an up-going direction. There are, of

course, a multitude of such ray paths for wave-fields that have as a final “leg” an up-going

path to the observation level. The up-going wave-field at the observation level represents

the vector summation of all such up-going wave-field components.

[0036] Above the observation level, there are primary and secondary sources
contributing to the down-going “source” wave-field. In accordance with an embodiment of

the invention, the primary sources include “passive” or naturally-generated sources, such as,



seismc images at various depth levels. One nethod 600 of generating
sei sm c i mages using the down-going and up-going wave-fields is described
bel ow-in relation to FIG 6. The seismic inmages may then be displayed on a
nonitor or printed by the conmputer, for exanple. [0031]FIG 4 is a flow
c hart s hﬁvﬁaxgmpleeprmﬁdnmdar@i@nmﬂucgmmeaaﬁﬂfm wikoes -diretctngdiagon b£6iT abhdlentes goi ng
"receiver" wave-fields at an observation |evel in accordance with an
enmbodi mego @fe &b @ur‘f&\éelmér&ﬁ'mngba%e&% dubtabd Gayd, TRYotRE: didRASITRRLS %A{]
éxanpl e, using this nethod . I'n other enbodinents, alternative ods
may be u 0 BNt Iock 306 in §h i.n.FIG 4, the
dual tlné&;g%g%gﬁﬂ? Wave: e@Fﬂ?“%%“"ﬁ%é%ﬁF%%”ﬁéugﬁ (%gau?§¥?f8ﬁn%urface)
may be transforned 402 by a conputer froma tinme domain to a frequency
donmi n. EeICEated RIS SPWCEH Sugfedsetony ersionalfseisgus squresssinaddisioniavhe paseivels. | n
accordance with an enbodi nent of the invention, the frequency domain of the
dual tr apsfrossgedihesacendarg balscesaypniribttingle the Idomfgoawufxy: wargeld may
substantially bel ow what is used for inmaging in conventional marine seismc

data (f oincRrRMRWa-goi bkr@Nstalld ol e RIghZeba SRR drQt AiChddRnWEE- fi el ds
originating from pressure changes due to sea-surface variations as a

primary t f d. wave-fi e down-
and up- ggﬁﬁggﬁrlg%quﬁ E?\g%eekb?mgll'egjel ’fﬂe@% sgc{g)gﬁ Iy SOUrces e zllge foE f];lxamrge
observatlﬁ | evel he down- goi nq ?fgeﬁUp goj n transformed wave-fiel ds may
then be AlourSEass SIS AR] HOM R g EsErus uhich BaoAR i niseandowp-a98ieng

ti me- dependent wave-fields at the observation level. [0034]FIG 5A is a

cr oss- setrevamath toiteswhepiation leyelexanpl e ray paths (502 and 504) for

down- goi ng wave-field corrponents at t he observation | evel in accordance

with an i t of t elnven heflrgt exanpl e ray path 502 depicts
t he pat hﬁgggg dodriow thop 5“@189% ETVF R Ho%RIBH SHSECINRTI é"f?VchWé%mBY Pectly from

t he sea-surface source. The second exanple ray path 504 depicts the path of
a doubl yconsideset adzederated doisnbsunkaoerdiieetiahsod tipotent-gehg Chouoed”giavatfedd.f r om
the sea-surface source, is reflected upwards froma rock-formati on boundary

108 bel ow pditiciiga tHe doom-ddifg s@mek waveteid meay Berdiruewar Bsunliaesy Behvedea
surface 102. There are, of course, a multitude of such ray pat hs t hat
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path to the observati on own- gm ng wave- ation
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[0038] As described herein, the combination of the down-going “source” wave-field and
the up-going “receiver” wave-field allows for the extraction of the subsurface reflectivity
function. This is because, in accordance with an embodiment of the invention, at any depth
level below the sea surface, the up-going “receiver” wave-field may be considered to be the
subsurface reflectivity convolved with the down-going “source” wave-field. As such, the
subsurface reflectivity function at a specific depth level may be extracted by deconvolution

of the down-going and up-going wave-fields at that depth level.

[0039] FIG. 6 1s a flow chart showing one method 600 of generating seismic images

using the down-going “source” and up-going “receiver” wave-fields in accordance with an



[0035]FIG 5B is a cross-sectional view depicting exanple ray paths (512
and 514) for up-going wave-field conponents at the observation level in
accordance with an enbodi nent of the invention. The first exanple ray path
512 is a continuation of the first exanple ray path 502 of FIG 5A This
ray pat hemnbadigtedt $&thd awenas) Block Be8 BDEIE. Bahiyoit ingl@herdédudise thef hegbed
upwar ds by the rock-formation boundary 108 bel ow the sea roor 106 before
reachi ngghde observation level in an up-going direction. The second exanple
ray path 514 is a continuation of the second exanple ray path 504 of FIG
5A. This ray path 514 starts downward at the observation level and is

ref | ect efbodppar dsiveid ctmdolael-g@ﬁgaﬁdwrg@ihgmvabeimdﬁraythﬂe(&%lebeﬁ@b@ervﬁ%hi ng the
observation | evel in an up-going direction. There are, of course,
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up- goi ng path vatron Ieve he up- 90|ng wa
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vave-fi el'@ &GS ﬁ%?ﬂyp([epﬁﬁ(%%] i% ‘%ﬁ%&?&‘)&? Olwé\/%‘fmg ?‘?‘fg?}?eg%lgg pri mary
and secondary sources contributin ﬁhto t he down-goi ng "source" wave-field.

In accor #&He Clﬂistaha BaTtiepodipieley clgfelavn the absemetiamlevelhbie ormegojngs waves e s

i ncl ude "passive" or naturally-generated sources, such as, for exanple,

pr essur efivldris ptopagsedistep-ivisesid-B dorfraedinvinie & thdipagictlar aetithltldwan and thad up-
turbul ences into the sea surface, interactions between sea-surface waves,

and ot hepgiak Walvé”'ﬁeﬁpl@ ?(ﬁﬁgat@(f@e?%% 6@&@ HakkW 1Qrin gg'leqw’thet SRl R éﬁ sources

may al so i nclude "active" ificrally- generat sei sm c sources, such
as convepyi sei.si c in addition to . the passive urc s ) The
secondarg slgter?ecc avelation ?ffs)tg? gor% eguffnﬁg 8RR g ‘g’o%ﬂe%w%‘?/gsﬁ tg

i ncl ude down-g energy scattered fromthe rough sea-surface or at any
posi t i onpﬁlc‘ﬁaﬂlﬁpgu lezgkmasthen ba perfernad S04 e ebiain ¢ Bibstdacs|reflentiaife funstondar y
sources include, for exanple, all subsurface reflections and

mul t i pl eatrtbétl depthi loved, anddli activvohdivensisna (2D pslice’df aglirea-dilnewsicpal (3@)tsedngd pat h
to t he observation |evel. [0037] Bel ow t he observation |evel, the up-going

"recei vefmagtay s, fd fneralle08e iR i @ﬁé&@@%&%ﬁ %@ih%ﬁdéam ﬁe%ns Lifei 8RRk
refl ections of the dovvn goi ng "source" wave-f n particul ar, the

ai 11 o7 enb ol e YRR Soplty F¥isoS pr S dlfﬁ%ﬁf ﬁwégétné’ﬁ%%‘ﬁ@ﬁaary s

at the sea flqor 106 and anot her, such boundary nmay be at a boundary 108
bet ween P%f&kanfimfam éWE‘WIE‘T)P}QBT%‘OH&@ﬁI@équP&]@Vﬁ topgamagadbi nati on of the
down- goi ng "source" wave-field and

[0041] Other methods for generating seismic images using the low-frequency down-
going “source” and up-going “receiver” wave-fields may also be implemented. For
example, one alternative method involves correlating the forward-propagated down-going

wave-field with the backward-propagated up-going wave-field to image the subsurface.

[0042] FIG. 7 is a cross-sectional view depicting wave-field sensors 20 and a seismic
source 14 in accordance with an embodiment of the invention. While one active sources is
depicted in this embodiment, other embodiments may have two or more active sources. As
shown in the plan view of FIG. 8, the seismic source 14 (or sources) may be towed behind

the vessel.
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the up-going "receiver" wave-field allows for the extraction of the
subsurface reflectivity function. This is because, in accordance with an
enbodi-ment of the invention, at any depth | evel below the sea surface, the
up-goi ng "receiver" wave-field nmay be considered to be the subsurface

r-efl ecti J0043] corfiGl. 9AcndidBhart b sslevetiogdi vigws depiktting exwmple-rhy phtdls As such,
the subsurface reflectivity function at a specific depth |evel may be

extract egrBMaGeresmal 4 | f elalE - U OQ [ at
Ehat - depe il sy TofoEh P 1R RNt RE A0 e R I AR O

generating seismc, i es usi ng.the down-going." ce!' .and -gQin
"receive geﬂé@%@?@?ﬁggfwe%%?%% etﬁggﬁthg(éﬂ%gg‘brfg‘rﬁnwg&‘%@ &’ﬁ\?g‘hti on.
Block 308 in FIG 3 may be inplenented using this nethod 600. [0040] G ven

t he downsyéicad0Airadaseribedi abgveumslatipe teEIGE. SPhandsd. elotadditiops BIGROAomd) evel |
step-w se propagation may be perfornmed to determ ne the down-going and

up- goi ng9Batepict areéxhmnpié ra3Patii@ORI9 1R poredinating RN thecdetiag sodrée et erm ne t he
down- goi ng and up-goi ng wave-fields at a particular depth | evel below the
observation |evel, the down-going wave-field is propagated step-w se 602-D
forward [404¢] me RIS PAShpws thecrpapleglippchray gdl 902:geing fiem ihe spoirergldnave- f i el d
i's propagated step-wi se 602-U backward in tinme to the particular depth

| evel . Déownwaldub itterobsérvatien leowl F10e qlherecyre, dd\0urg @i atguldidicwd-s@e g paths
wave-fields at the particular depth Ievel may then be perforned 604 to
obtain_ A(RUAPHATaACES REGRIH Wubdes] 1Rk Diichls thilt B IR find1 OKB o BRAL. 2

t wo- di nensi onal (2D) slice of a three-dinensional (3D) seisitic | mage may be
generate i§106atfgrtorﬁ]?et e rrvetfil e '%,i vﬂ@y function at that depth | evel. Per block
608, if 8p 8238 TUTPHEF! AL tf‘} vels to be seismcally-inmged, then the
met hod 600 | oop back and perform step-w se propagation to the next depth
|evel toydasi magmd oAk ObiGI01MRARE 10T oBRARFiRkdHe RG1AMH f0d gTagEe USi g

the | owfrequency down- going "source" and up-going "recéiver" wave-fields

may al soghe i nted. Fore.8xanpl e ne. al ternative nethod.i nyol ves
correl at ?%g T;hgéog glrﬂa 1\1/\?adrergy B ?tgp? alg at ed wdfor\/e\/ﬁ9§31|gﬁlé’ %@eﬁ T é}feds"\k%f‘frffwf ﬁBund%ry
backvvard-@éopagat ed up-go%‘r/bg wave-field to i mage the subsurface. [0042]FI G
7 is a clfkackde thepbservatianeyedil®: i Hrproareeot soarss. aavlionde ofpughmypathsi sii ¢
source 14 in accordance with an enbodi nent of the invention. Wiile one

acti ve stumces-fieklsdbgihaveds & findlhiey” antupdioimnpath at the bbsamandinient $10rmy have
two or nore active sources. As shown in the plan view of FIG 8, the

seismc sogurce 14 (or.sources) may be towed behind the vessel.
[0046] FIG. 10 is a flow chart showing a method for marine seismic imaging using

pressure changes caused by sea-surface variations and at least 6ne active seismic source in
accordance with an embodiment of the invention. The method 1000 begins by actuating
1002 the one or more active seismic sources. Subsequently, dual time-dependent wave-
fields may be measured 1004 at the acquisition surface below the sea surface. The measured
wave-fields include both low-frequency data due to pressure changes caused by sea-surface
variations (and other low-frequency soufces) and higher-frequency data due to the one or
more active seismic sources (and other higher-frequency sources). Filtering may be used to

separate the low-frequency wave-field data from the higher-frequency wave-field data.

[0047] The low-frequency and high-frequency wave-field data may be processed
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[0043] FIG 9A and 9B are cross-sectional views depicting exanple ray paths
originating froma sea surface 102 and froman active seismc source 14 in
accordance with an enbodi nrent of the invention. The exanple ray path
(504/514) originating fromthe sea surface 102 is described above in

r-el at i ons¢pardt¢lGEl006/And 1008 Bespentiedyli tThenowHtdghenQAvaediddBdste piagtbean exanpl e
ray path (902/912) originating fromthe active source 14. [0044]FI G 9A
shows t hgrRxamp!isr SlahGd, af ax%o%wa@&% iggw&gdafnwwitmﬁe et ggééf fRygrd to

the observation level '110. There are, course, a nmult such ray

paths (fromprimary .and segondar ources) f ve-fields that have as a
final "I &g e&%%%?/cd&aﬁas- S@l"ﬂ“gb&r‘%@“‘c‘%g E\V&ﬁe&ﬁ@%w%f&cers&éﬂ The
exanpl e ray path 912 _shown in FIG 9B continues the ray path 902 of FIG
9A. Thi scxdmipmsdgsqribgd pabrS. Satent Appkesian Pabliestion ANy 1849008 b8A yhe
subsurface boundary 108 back to the observation |level 110. There are, of
cour se, @veniotd $tirheH efnaané Gregyy BaidasPdres, pableshéd BndarytldaR0tae as a fi nal
"l eg" an up-going path to the observation |level 110. [0046]FIG 10 is a

f1 ow chagisciobgdion &hfchT8 hBeely fiRbrpBRdted Sy RdreiicC AHRILAB iR RS !%%ﬁx?l’c{ﬁd_
changes caused by sea-surface variations and at | east one acylve el’sm ¢

source i r G ith _an _enbodi ment the inventiop. The nethod 1000
begi ne by BeFas G E HshlbRl TR AIITE Rleplu Rl eRecypoe o nigher
Subsequent |y, dual time-dependent wave-fields may be neasured 1004 at the
acqui si t FEAISAGY Pavetisk dalp mAk be BEpcstsed nestheryathoph separagingdhem priet tas i ncl ude
both | ow frequency data due to pressure changes caused by sea-surface

vari at i opweessing).ot her | ow frequency sources) and hi gher-frequency data due

to the one or nore active seismc sources (and other higher-frequency

sources), Filtering my be used to separate the | owfrequency wave-field
data f romﬂt“ﬁL hiﬂdam1 1 fsrae%fg@ﬁé?c fiagrany fhomdngafh %i‘.a“[%@mlﬁ‘ﬂ@ appfisdd@ity and

hi gh-frequency wave-field data may be processed
accordance with an embodiment of the invention. The computer apparatus 1100 may be

configured with executable instructions so as to perform the data processing methods
described herein. FIG. 11 shows just one example of a computer which may be used to
perform the data processing methods described herein. Many other types of computers may
also be employed, such as multi-processor computers, server computers, cloud computing

via a computer network, and so forth.

[0049] The computer apparatus 1100 may include a processor 1101, such as those from
the Intel Corporation of Santa Clara, California, for example. The cofnputer appératus 1100
may have one or rﬁore buses 1103 communicatively interconnecting its various components.
The computer apparatus 1100 may include one or more user input devices 1102 (e.g.,
keyboard, mouse), one or more data storage devices 1106 (e.g., hard drive, optical disk,
USB memory), a display monitor 1104 (e.g., LCD, flat panel monitor, CRT), a computer

network interface 1105 (e.g., network adapter, modem), and a main memory 1110 (e.g.,



separately (1006 and 1008, respectively). The | owfrequency wave-field data
may be processed, for exanple, as described above in accordance with the
met hod 300 of FIG 3 to generate seism c images. The hi gher-frequency
wave-field data may be processed, for exanple, as described in U S. Patent
Appl i cat R&YMPubl i cati on No. US 2010/0008184 by inventors Stian Hegna and
Gregory Ernest Parkes, published January 14, 2010, the disclosure of which
is hereby incorporated by reference. Qher techniques may be enployed to
process 1HBOhi ghinfthegparty olelie 11 i e thammemory 1 Binaclndes axecuthlgde code 1112

| ow- f requency and hi gher-frequency wave-field data may be processed

t oget her agdlithdbil4. SEipagxetitaliec ichéem 112 iy tdnprisecomputtsreadh®lO$8dracodd is a
schemati ¢ di agram showi hg an exanpl e conput er apparatus 1100 in accordance

with an erEbadhmaRh Bhpblkad OMERLO e 190R GRAPHE A PRALAI T IR B D

configured wth execu e Instructions so as to perform

processi ng. net hods scribed.herejin. FIG Wws _just one exanple of a
conput er TRmER 1 g’ @E%@CP%OI})@F #J‘Srpﬁ?cteﬁ“@rii?];h%rp&gs%‘ rﬁge FRIMELE PEcri bed
herein. Many other types of conputers may al so be enpl oyed, such as

mul ti-prét %@Yb@éwﬁ%ﬂﬁﬁhwI@@bﬂ@ﬂ“ﬁbﬁpmpeﬁﬁygGm@muhggﬁpﬁﬁﬂhgfvia a conput er
network, and so forth. [0049] The conputer apparatus 1100 nmay include a
processo 1, h.as those.fromthe Inte rporation of Santa C ara,
i+ for n 05t o7 BYR RS WaRE g st sp e 8- e0 ha) B Bife or rore
buses 1103 conmmuni catively interconnecting its various conponents. The
conput er theppiehamderstending paymbadimeats ofike igventinne Hovegver, tipraboye dessaiptian 02
(e.g., keyboard, nouse), one or nore data storage devices 1106 (e.g., hard
drive, opfillnatrated skpodiiBntseifitiieyinyeriodiis ptaytenadsa tb e exAOdti¢E€odto linkiChe 1 at
panel nonitor, CRT), a conputer network interface 1105 (e.g., network

adapt er , if{RAgsH to tBPredisEBdrths MIPIs¥d. LBAO skifle@in the RAMant 1:9Q791dcB dibeax Al e
of FIG 11, the main nenory 1110 includes executable code 1112 and data

1114. Th e 1112 .may conpri se .comput.er-readabl e.program code
(i.e., s%Fﬁﬁg%g 3§%h%§ﬁ%§?%%-1#5“¥wg§&§gmﬁgg§5§§?wﬁﬁﬁfﬁv&dgﬁgﬂgpﬁ age

devi ce 110qlto the main nmenory 1110 for execution by the processor 1101. In
par ti cul Bethodpeoponeitaiste lasther 1nsiancen ol knogmSTyciuEss of ePgretiowsars nofe dat a
processi ng net hods described herein. [0051]1n the above description,

nuner ous shyyecérfdescritetlan Hetad teagiid ebscudng pspectd ef thetihvenbioghWhildepeifandi ng of

enbodi nents of the invention. However, the above description of illustrated

embodi meghBodinehRf] AMeRbinPIes ifsr, MHetini datieR dRAIE &G HRA HerdhFbs il Vegrafile tO i Mit
the invention to the precise fornms disclosed. One skilled in the rel evant

art wll B%@?%E?g&%@#g?@wﬁlgﬁ Hléﬁ{ﬁgefto{oﬁg #ﬁ&f%@SWlﬁﬁﬁ lhceesgcép\r’]% (gsfqﬁéé {n(\:/gn eor{l?lél or €

of the s S, or wmt s, conpon 8% her

i nst ances, l.] - kno tructur or qperations are not shown or descri bed
in detaiﬁ“?%gﬁbﬁfﬂtﬁ%?%ﬂ@ﬂhﬁ13§§6E?§“6? the invention. Wile specific
enbodi nents of, and exanples for, the invention are described herein for

|11 uSt T alods) PUrRRSERodRAGH TR Y ik e Rlnlibs B BR3¢ AP flibh W thi n

the scope of the Invention, as those skilled iIn I"eva

recogni ze. . . . . .
9 gescrlptlon. The terms used in the following claims should not be construed to limit the

invention to the specific embodiments disclosed in the specification and the claims. Rather,
the scope of the invention is to be determined by the following claims, which are to be

construed in accordance with established doctrines of claim interpretation.
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[ 0052] These nodifications can be nade to the invention in light of the
above detailed description. The terns used in the follow ng clainms should
not be construed to limt the invention to the specific enbodi nents

di sclosed in the specification and the clains. Rather, the scope of the
i-nvention is to be determ ned by thecialj\/gm ng clains, which are to be
construed in accordance with established doctrines of claiminterpretation.
CLAIMS WHAT IS CLAIMED IS: 1. A nethod for seismc exploration, the nethod
conprisiggé usi ng pressure changes caused by variations of a sea
surface Al B&lAMER]rency sei smic energy source; obtaining dual
wave-fiel ds neasured bel ow the sea surface; selecting an observation |evel;
deconposi ng, by conputer, the dual wave-fields into a down-going wave-field
and an up-going wave-field at the observation |evel; and generating, by

conputer ; sei ST Gl FRGSiHSL Qﬂ)l})rggongfn%%iog%o%rﬁldlsilrjlgz_ goi ng wave- fields.

using pressure changes caused by variations of a sea surface as a low-frequency

seismic energy source;
obtaining dual wave-fields measured below the sea surface;
selecting an observation level;

decomposing, by computer, the dual wave-fields into a down-going wave-field and

an up-going wave-field at the observation level; and

generating, by computer, seismic images using the down-going and up-going wave-

fields.

2. The method of claim 1, wherein the low-frequency seismic energy source includes

wave energy at frequencies less than five hertz.

3. The method of claim 1, wherein an active seismic source is also used.

-14 -



2. The nethod of claim1l1, wherein the | owfrequency seismc energy source

i ncl udes wave energy at frequencies |less than five hertz. 3. The nethod of
claiml, wherein an active seismc source is also used. 4. The met hod of
claim1l1, wherein generating the seism c imges conprises using the

down- goi Ag waThe hiethadl @fslAmSQwheesimgstrdting|the &i@niUSﬂnB%std@ﬂlpﬂiﬁesgﬁiiﬂyhe
wave-field as a receiver wave-field. 5. The nethod of claim4, wherein

gener at | QewhinalMl el HBIESEONRYJ RER dnll BAL WALy AL LALETHH o3 ePW se

pr opagati on OowWn- gol Ng source wave- intinme to a depth
| evel ; . Stepwi.se propagation of the up-going receiver wave-field
*RIVET WEYY Do

backwar d e depth | evel; and appl yi ng a deconvol ution
i mgi ng condition to the source and receiver wave-fields to obtain a
reflectivity function at the depth level. 6. The nmethod of claim 4,

wherein generating the seismc inmges using the down-goi ng source and
up-goi ng recei ver wave-fields conprises applying an imging condition to
t he downsgoi ndhe owetledl afiethimive wherajio pergratmgehe edisnva iRagdsebaprices iedditiely
seismic image data. 7. The nethod of claim 1, wherein a first wave-field
of the dyalforraMe-fields conprises a pressure wave-field.

stepwise propagation of the down-going source wave-field forward in time to a depth

level;

stepwise propagation of the up-going receiver wave-field backward in time to the

depth level; and

applying a deconvolution imaging condition to the source and receiver wave-fields to

obtain a reflectivity function at the depth level.

6. The method of claim 4, wherein generating the seismic images using the down-going
source and up-going receiver wave-fields comprises applying an imaging condition to the

down-going source and the up-going receiver wave-fields to obtain seismic image data.

7. The method of claim 1, wherein a first wave-field of the dual wave-fields comprises

a pressure wave-field.
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conprises a velocity wave-field. 9. The nethod of claim8, wherein the
pressure and vel ocity wave-fields are recorded using a marine-towed

dual -sensor streaner. 10. The method of claim@8, wherein the pressure and
vel ocity wave-fields are recorded using an ocean bottom cabl e or node
system 811. Themwegiddad chiimCl, aiheteln a whohé wave-fisRCaMBe @l evave-Setlisof t he dual
wave-fields conprises a pressure-derivative wave-field. 12. The nethod of
claim1l i . and pressure-derivative wave-fields are
fecordedC%s nﬁggQﬁggﬁﬁg@?ga%r'over/under streaner. 13. The nethod of claim

3, further conprising: determ ni ng a down-goi ng source wave-field and
an up-goi ng receiver wave-field at higher frequencies on the observation
| evel fromthe dual wave-fields; and generating seismc inmages using

t he domn-goin% source and up-going receiver wave-fields at the higher
frequencfes, Themethogipdiclaim & Whetearmthy psessereand yelogine wiksr Eelids ategscarded he

hi gher frequencies conprises an artificial underwater seism c energy source
whi ch gensngt emrmn-tawedidddl-censay etrdanedrd.

10. The method of claim 8, wherein the pressure and velocity wave-fields are recorded

using an ocean bottom cable or node system.

11. The method of claim 7, wherein a second wave-field of the dual wave-fields

comprises a pressure-derivative wave-field.

12. The method of claim 11, wherein the pressure and pressure-derivative wave-fields

are recorded using a marine-towed over/under streamer.

13. The method of claim 3, further comprising:

determining a down-going source wave-field and an up-going receiver wave-field at

higher frequencies on the observation level from the dual wave-fields; and

generating seismic images using the down-going source and up-going receiver wave-

fields at the higher frequencies,
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14. An apparatus configured to generate seism c inmges using pressure
changes caused by variations in a sea surface as a | owfrequency seismc
energy source, the apparatus conprising: nenory configured to store .
processor - execut abl e code and dat a; at | east one processor configured
to execut e sawdtepingpsmary @xeebatheevavedridat #s Higherditylishciadicdmpatbes an
processor-execut abl e code configured to obtain dual wave-fields neasured
bel ow t he- R SHIE-RARr sRERLEDERY, SBHRE WHAK SnEQHIR ﬁ%&asge Wade My pel ect an
observation | evel; processor - execut abl e code configured to deconpose
t he dual wave-fields into a down-going wave-field and an up-going
wave-field at the observation |evel; and processor - execut abl e code
configured to generate seisnic inmages using, at least in part,

| ow f requency conponents of the down-going and up-goi ng wave-fields. 15.
The appaft us ASFAPPREYHCORIZHIRG FegGhCrakSCiHC fTRAZRT INIPY PESEYS KBaNESs Catsedide
frequencies less than five hertz, and wherein a primry source for the

| ow f r eqbie Mayatmospom egatserfocngrd lowsfrpuessyuseisivia ehagy sngc fthesgpamitust ace
waves. 16. The apparatus of claim 14, wherein the processor-executable
code contégpfigflg:t 0 generate the seisnmc inmages uses the down-going
wave-field as a source wave-field and the up-going wave-field as a receiver

wave-field. 17. The apparatus of claim 16, further conpri sing:
memory configured to store processor-executable code and data;

at least one processor configured to execute said processor-executable code so as to

modify said data;

processor-executable code configured to obtain dual wave-fields measured below the

sea surface;
processor-executable code configured to select an observation level;

processor-executable code configured to decompose the dual wave-fields into a

down-going wave-field and an up-going wave-field at the observation level; and

processor-executable code configured to generate seismic images using, at least in

part, low-frequency components of the down-going and up-going wave-fields.

15. The apparatus of claim 14, wherein the low-frequency components include
frequencies less than five hertz, and wherein a primary source for the low-frequency

components comprises pressure-variations of sea-surface waves.
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processor-executabl e code configured to iteratively performa) stepw se
propagati on of the down-going source wave-field forward in tine to a depth
I‘evel ; b) stepw se propagation of the up-going receiver wave-field backward
intinme to the depth level, and c) applying a deconvol ution imaging
condi ti oh6t o fThe apmuatoeotiiainr &4 evheetin egroldssdrdxetwtaliibaddconfigafedaect i vi ty
function at the depth level. 18. The apparatus of claim 16, further

conpri si Beerate the scRIAE BRARE uSAIRYUARH ot @@dv%smﬁ# Uy &l OV SR figh ah& e
down- goi ng source and up-goi ng receiver Wwave-fields to obtain seismc inage
data. 19, The a us_of claiml14,. . wherein a first wave-field of the
dual mang'og% §R%§%%é?%%gmgwﬁ?gggﬁﬁngHve-fieId, a second wave-field of

t he dual wave-fields conprises a velocity wave-field, and the pressure and
velocity wave-fields are measured using a narine-towed dual - sensor.
streaner. 20. The apparatus of claim 14, wherein a first wave-field of the
dual wave-fields conprises a pressure wave-field, a second wave-field of

t he dual lwaveThe eprisatupefelaise o, durthmresmprisingder i vati ve wave-field, and the
pressure and pressure-derivative wave-fields are neasured using a

mari ne-towed over/under streamer. 21. The apparatus of claim 15, further
conpri si ng: processBF‘S%eé’é‘?bl:e-cé’ggEﬁ‘ié%r@ tt?dfféﬁ&?[%ﬂ? FB @) fIEPHEE SFPR2gRIOD

down- goi ng source wave-field and an up-going receiver wave-field at higher
fr equencPg@e@ﬁ“@f@mﬁ%@mﬁaﬁa‘@rﬁﬂl@maﬂ iorfiméte aidepth leaeleby iswpdsse and
processor - execut abl e code configured to generate seism c inmges using the
down- goi p@pagationef aicupigoiggragiveeaaie ficldwavievirdeh dfeab tdephi BHE! and c)
frequenci es, wherein a primary source for the wave-fields at the

hi gher fpequa %id%éorﬁxafmirohﬁﬁa%iggg@ﬁig{ﬂaw Bk s ENPLELiv Sl AL el 8E Baif OUr C€

whi ch generaté&s an acoustic
a reflectivity function at the depth level.

18.  The apparatus of claim 16, further comprising:

processor-executable code configured to correlate the down-going source and up-

going receiver wave-fields to obtain seismic image data.

19. The apparatus of claim 14, wherein a first wave-field of the dual wave-fields
comprises a pressure wave-field, a second wave-field of the dual wave-fields comprises a
velocity wave-field, and the pressure and velocity wave-fields are measured using a marine-

towed dual-sensor streamer.

20. The apparatus of claim 14, wherein a first wave-field of the dual wave-fields

comprises a pressure wave-field, a second wave-field of the dual wave-fields comprises a
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22. A marine seismc inmaging system conpri sing: mari ne seismc
wave-field acquisition apparatus configured to neasure and record dual
wave-tield data; and data processi ng apparatus configured to generate
seismc images fromthe dual wave-field data, the data processi ng apparatus

i*ncl udi ngresmiredyrivoint wWgve ditld, and therppepuecnd podssaseietiv ableavaedil@nde dat a,
a processor configured to execute said processor-executable code so as to

modi fy s@iedaféd Ging amaﬁne-_tovp&p&\%'?/ﬁﬁﬁér%&@ﬁﬁ%@bl e code configured to
deconpose the dual” wave-field data 1nto a down-goi ng source wave-field and

an up-goi ng receiver wave-field at a selected observation |evel; and
processor-execut abl e code configured to generate seismc inages using, at

| east in part, |ow frequency conponents of the down-going source and

up- goi ng receiver wave-fields, wherein an energy source for the

| ow  r eqdbncy The Apwsras of defp} s dwthes samstsipgce vari ations. 23. The system
of claim22, wherein the | owfrequency conponents include frequencies |ess

i . | ai . f h i Sing:
aritic el anpercadie LR RUE Rl D e il do) e ATRE s el
wayv e-

and an up-going receiver wave-field at higher frequencies on the observation level from the

dual wave-fields; and

processor-executable code configured to generate seismic images using the down-

going source and up-going receiver wave-fields at the higher frequencies,

wherein a primary source for the wave-fields at the higher frequencies comprises an

artificial underwater seismic energy source which generates an acoustic wave-field.

22. A marine seismic imaging system comprising:

marine seismic wave-field acquisition apparatus configured to measure and record

dual wave-field data; and

data processing apparatus configured to generate seismic images from the dual wave-

field data, the data processing apparatus including
memory configured to store processor-executable code and data,

a processor configured to execute said processor-executable code so as to modify

said data,
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field. 25. At |east one tangi ble conputer-readable storage nmediumwth
execut abl e code stored thereon which, when executed by one or nore
processors, perforns steps conprising: obt ai ni ng dual wave-fi el ds
measured bel ow a sea surface, wherein the dual wave-fields include

Fow- f r equency poeaponendcatabhosde eosfigiresliccempostnhc 88 waaefirld dsingd aa sea
surface; deconposi ng the dual wave-fields into a down-goi ng

vave- fi eligwandifsodRe $vRGiNBYRr i L?'g(g\%é {&@iv@p\%%éfﬁglh%'a Lay&kd ?@S{Eﬂ/eation

generating seismc inmages using th requency conponents o
domn-goiﬂgeﬁggéce and up-going receiver wave-fields.

processor-executable code configured to generate seismic images using, at least in
part, low-frequency components of the down-going source and up-going receiver wave-
fields, wherein an energy source for the low-frequency components comprises sea-surface

variations.

23, The system of claim 22, wherein the low-frequency components include frequencies

less than five hertz.

24. The system of claim 23, further comprising:

an artificial underwater seismic energy source which generates an acoustic wave-

field.

25. At least one tangible computer-readable storage medium with executable code stored

thereon which, when executed by one or more processors, performs steps comprising:

obtaining dual wave-fields measured below a sea surface, wherein the dual wave-

fields include low-frequency components whose energy source comprises variations of a sea

surface;



decomposing the dual wave-fields into a down-going wave-field and an up-going

wave-field at an observation level; and

generating seismic images using the low-frequency components of the down-going

source and up-going receiver wave-fields.



