Interference Noise Attenuation Method and Apparatus BACKGROUND TECHNICAL FIELD
[0001]Embodiments of the subject matter disclosed herein generally relate to methods and systems for
removing interference noise in seismic data and, more patrticularly, to mechanisms and techniques for
identifying and subtracting seismic signals produced by a seismic source that is not part of the seismic
survey. DISCUSSIOMeHaieB@AOKESROLND 000 Jftedsnd cadat Apparisttisn and processing may
be used to generate a profile (image) of the geophysical structure under the ground (subsurface).
While this profile does not provide an accurate location for oil and gas reservoirs, it suggests, to those
trained in the field, the presence or absence of such reservoirs. Thus, providing a high-resolution
image of the subsurface is important, for 8AGISEBROtHBe who need to determine where oil and gas
reservoirs are located. [0003]Geophysical prospectors use a seismic source (e.g., air gun, explosive,
vibratoEEGEHNKARG HELdhd context), etc.) to generate seismic waves. The seismic waves propagate
thorough the water (in the case of a marine seismic survey) towards the sea bed. At the sea bed,
some d0®Rhaves entebtiirgeatbed tsermeieetrafidtiedibaltictal therseagembaad wisiletether are
refracted and continue to advance along the sea bed. Sooner or later most of the waves return to the
surfacenetfinedbhaodzysthms der corfivttgdrievarnensa meisadessereictetseande dnsubsurface) or

because they were refracted.
particularly, to mechanisms and techniques for identifying and subtracting seismic

signals produced by a seismic source that is not part of the seismic survey.

DISCUSSION OF THE BACKGROUND

[0002] Seismic data acquisition and processing may be used to generate a
profile (image) of the geophysical structure under the ground (subsurface). While
this profile does not provide an accurate location for oil and gas reservoirs, it
suggests, to those trained in the field, the presence or absence of such reservoirs.
Thus, providing a high-resolution image of the subsurface is important, for example,
to those who need to determine where oil and gas reservoirs are located.

[0003] Geophysical prospectors use a seismic source (e.g., air gun,
explosive, vibrators (in a marine or land context), etc.) o generate seismic waves.
The seismic waves propagate thorough the water (in the case of a marine seismic
survey) towards the sea bed. At the sea bed, some of the waves enter the sea bed,
some are reflected back to the sea surface while other are refracted and continue to
advance along the sea bed. Sooner or later most of the waves return fo the surface,
either because they were refiected at various interfaces under the sea bed

{subsurface) or because they were refracted.



[0004]An array of seismic sensors are deployed either on the ocean bottom (ocean bottom nodes or
cables) or close to the water surface (streamers). In a towed streamer context, the sensors may be
hydrophones and/or particle motion sensors (e.g., accelerometers) or a combination thereof For land
datasets, geophones may be used which measure one or more components of the acoustic and/or
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acquisition time largely depends on the survey size. ly, only one veSsel operatés at a time

in one diveRaeagARkicaljeRian o RRrBIMa-isterlan saubeXHeR fsmand iatagaypiion is
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seismic data from the sensors, the data is processed either on board of the vessel
towing the sensors or at dedicated facilities on the ground. One final product of the
processing is the generation of an image of the surveyed subsurface.

[0005] A marine seismic survey is now described for illustrating a problem that
is present at the processing phase. A narrow azimuth towed streamer 3-dimensional
{3D) acquisition includes a single vessel equipped with one or more seismic sources
and towing one or more streamers. The vessel is sailed over the survey area until
the area is fully covered. In addition, the vessel may be sailed to achieve
infill/reshoot data (e.g., to acquire seismic data for parts of the area that was not
covered or for which the data was detected to be bad). For a vessel with a given
number of streamers and sources, the acqguisition time largely depends on the
survey size.

[0006] Ideally, only one vessel operates at a time in one given geographical
region to perform a first seismic survey. When demand for acquisition is high, it is
not un-common for a second seismic survey to be carried on close to the first

seismic survey. While this allows data to be acquired quickly, interference noise will
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contaminate the seismic records. The sources may contain airguns, marine vibrators, or a combination
thereof. The interference noise is energy being recorded on the receivers of the first seismic survey
and originating from seismic sources of the second seismic survey. While the present example
considers one vessel per seismic survey, the interference noise also extends to more than two
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turns in-between. Generally, the source is not fired in the line turn, and as such,
interference noise wilt not be recorded. It is not uncommon for line turns to take two
or three hours. It is therefore advisable to de-synchronize the line turns so that the
vessels from the two or more surveys are not shot at the same time. This allows the
duration of the acquisition time free of interference noise to be maximized.

[0008] However, even under these considerations, interference noise may be
seen in the recorded data. For example, several sources of interference noise 100,
102, 104, and 106 can be observed on the shot gathers in Figure 1 in which at least
two other vessels operate in the survey area. Figure 1 plots the recorded traces in
time (s).

[0009] Various methods currently exist for removing the interference noise.
Some of the methods remove the noise through modeling while others use impulsive
denoise techniques. Some of the methods do not require knowledge of the relative
timing of the noise, while others calculate the relative timing from the data. In

addition, knowledge of the position of the source that generated the interference
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[0010]As the timing of the interference noise varies from shot to shot, it is well known that the timing of
the interference noise can appear random in other domains other than the shot domain (for example
receiver, cmp, offset volume domains). This random characteristic in the receiver domain can be used
to attenuate the interference noise with conventional impulsive denoise techniques, as described in
G“'“”ayr‘?éiék’C%EQTLFTQH‘%H%%C%H%@g ﬁ}tsg%ae%ge@bgm%%mt% lighgl, cRRLeLgnce meeting,
2004. The same principle i1s also Used in denoise techniques for simultanéous shooting, where two
sources gg F{rﬂﬂgf&f %i gﬂﬂa‘?f%? esyrvey. [0l h e fanterf ise
removal ut Pjes knowfgf%ie o‘a the relatlg\?é §m?{r{%g%thég%]tg?e%?hg@%&%ﬁ%?@%%ﬁ&ﬁe%%e of this
timing (cgh[%éated from the recorded data) can be used to align the noise, and at the same time
misalign the seismic data which we desire to be retained. When impulsive denoise algorithms are used
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survey.

[0011] Another category of interference noise removal utilizes knowledge of
the relative timing the interference source fired. The knowledge of this timing
(calculated from the recorded data) can be used to align the noise, and at the same
time misalign the seismic data which we desire {0 be retained. When impulsive
denoise algorithms are used on data aligned for the main seismic, an estimate of the
interference noise is made. When the interference noise is aligned, the denoise
procedure will make an estimate of the main seismic data. By iterating alignment
and iterative denoise, the amplitude of the seismic and the amplitude of the
interference noise can be driven down at the same time, often achieving results with
higher integrity.

[0012] Simultaneous modeling methods also make use of the knowledge of

the timing (calculated from the measured data) of the interfering source. This
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[0014]Thus, there is a need to develop a method that is capable of removing the interference noise
from the recorded data without calculating the relative timing of the sources producing the interference
noise so that the final image is more accurate. SUMMARY OF THE INVENTION [0015]According to
an exemplary embodiment, there is a method for determining interference noise recorded in a first
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timing of the interference noise is derived from the dataset (for exampie through
cross-correlations and peak picking). However, this step of calculating the relative
timing of the interference noise is prone to inaccuracies which negatively affects the
quality of the final image.

[0014] Thus, there is a need to develop a method that is capable of removing
the interference noise from the recorded data without calculating the relative timing

of the sources producing the interference noise so that the final image is more

acourate.

SUMMARY OF THE INVENTION

[0015] According to an exemplary embodiment, there is a method for
determining interference noise recorded in a first seismic survey of a subsurface
generated by a source in a second seismic survey. The method inciudes receiving
seismic data recorded by seismic sensors of the first seismic survey, wherein the

seismic data includes seismic waves that originate from the first seismic survey and

5



[0017]According to still another exemplary embodiment, there is a computing device for determining
interference noise recorded in a first seismic survey of a subsurface generated by a source in a
second seismic survey. The computing device includes an interface that receives seismic data
recorded by seismic sensors of the first seismic survey, Wherein the seismic data includes seismic

waves thgé %% 1&5% gro atpg? é’?ﬁs 0 rﬁ slrvey.an 8 thgé ori aat&frg(n the second
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[0016] According to another exemplary embodiment, there is a method for
determining interference noise recorded in a first seismic survey of a subsurface
generated by a source in a second seismic survey. The method includes receiving
seismic data recorded by seismic sensors of the first seismic survey, wherein the
seismic data includes seismic waves that originate from the first seismic survey and
seismic waves that originate from the second seismic survey; receiving actual
shooting timing and coordinates of seismic sources of the first and second seismic
surveys; applying a processing algorithm to the seismic data to calculate the
interference noise, wherein the processing aigorithm that takes into consideration the
actual shooting timing and the coordinates of the seismic sources; and generating a
final image of the subsurface based on the recorded seismic data from which the
interference noise is subtracted.

[0017] According to still another exemplary embodiment, there is a computing
device for determining interference noise recorded in a first seismic survey of a
subsurface generated by a source in a second seismic survey. The computing
device includes an interface that receives seismic data recorded by seismic sensors

of the first seismic survey, wherein the seismic data includes seismic waves that
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noise; [0021]Figure 2 illustrates a setup for first and second seismic surveys; [0022]Figure 3 is a flow
chart of a method for determining interference noise according to an exemplary embodiment;
[0023]Figure 4 illustrates main signals and interference noise recorded by seismic sensors of a first
seismic survey according to an exemplary embodiment; [0024]Figure 5A illustrates seismic data

oSSR S L S R A S B e i s e
second seismic survey. The interface further receives actual relative shooting timing
of seismic sources of the first and second seismic surveys. The computing device
further includes a processor connected to the interface. The processor is configured
to apply a processing algorithm to the seismic data to calculate the interference
noise, wherein the processing algorithm that takes into consideration the actual
relative shooting timing of the seismic sources, and generate a final image of the
subsurface based on the recorded seismic data from which the interference noise is
subtracted.

[0018] According to stili another exemplary embodiment, there is a computer
readable medium including computer executable instructions, wherein the

instructions, when executed by a processor, implement a method for removing

interference noise as noted above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] For a more complete understanding of the present invention, reference
is now made to the following descriptions taken in conjunction with the

accompanying drawings, in which:

[0020] Figure 1 illustrates recorded seismic data that includes interference
noise,;

[0021] Figure 2 illustrates a setup for first and second seismic surveys;
[0022] Figure 3 is a flow chart of a method for determining interference noise

according to an exemplary embodiment;



the time-space domain and Figure 6B illustrates the same seismic data in the tau-p domain;
[0026]Figure 7A illustrates the seismic data in the tau-p domain and Figure 7B illustrates the impulsive
noise according to an exemplary embodiment; [0027]Figure 8 is a flowchart of a method illustrating an
iterative impulsive denoise mechanism according to an exemplary embodiment; [0028]Figure 9 is a

domains WOBing to SiOMLE MINR) SXBGHMIA AU 13 A S BAeR 6 STHetlod

T e o 2 S TB 2 SRRSO £2070 Figre 1154
[0024] Figure 5A illustrates seismic data corresponding to a first shot in the
time-space domain and Figure 5B illustrates the same seismic data in the tau-p
domain;

[0025] Figure BA iltustrates seismic data corresponding to a second shot in
the time-space domain and Figure 6B illustraies the same seismic data in the tau-p
domain,

[0026] Figure 7A illustrates the seismic data in the tau-p domain and Figure
7B illustrates the impulsive noise according to an exemplary embodiment;

[0027] Figure 8 is a flowchart of a method illustrating an iterative impulsive
denoise mechanism according to an exemplary embodiment;

[0028] Figure 9 is a flowchart of a method for illustrating the iterative impulsive
denoise mechanism performed in plural domains according to an exemplary
embodiment;

[0029] Figure 10 is a flowchart of a method illustrating a joint modeling
mechanism according to an exemplary embodiment;

[0030] Figure 11 is a schematic diagram of a computing device capable to

implement one or more of the methods discussed in the exemplary embodiments.

DETAILED DESCRIPTION OF THE INVENTION

[0031] The following description of the exemplary embodiments refers to the
accompanying drawings. The same reference numbers in different drawings identify

the same or similar elements. The following detailed description does not limit the
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implement one or more of the methods discussed in the exemplary embodiments. DETAILED
DESCRIPTION OF THE INVENTION [0031]The following description of the exemplary embodiments
refers to the accompanying drawings. The same reference numbers in different drawings identify the
same or similar elements. The following detailed description does not limit the 8 invention. Instead,
the scope 0of the invention,is, defined by.the appended. claims. %e llowing embodiments.-are
ciscuoae A G S A oS e RS SR SRR G R e EeTER W tem that
includes fIc\)/YE% seisrgiz%gg [rcg%tSHé)yé/e&{Seéuggee gnﬂbrosdlhrpqpllglt% ng giscu§§ec§‘nez<trar{a rtot limited to a
marine seISIC Fvey Or two Seismic sources Sithay's app e 1 1and SUt %ynbp%gggnﬁg tom

o)

survey. algo il afardet number clsourees el JORaRIRelerence throughout (e spegfication to one
embodiment” or *an empodiment mea%s?Wa% a particular egtu?e, HETED chardRististidescribed
in connegign wih-an smBodiment s ncludedinat least pre.cmbadiment of e sublject matter
disclosed. us,n%ﬁe appearance o The phrases "in one embodiMent 5 i an ermbodiment” in various
places throughout the sggc'ficatl nis no}n gessa ily referring to theDs me embodin]ent. FHrther, the

: S?isgplc sources pu maryq?]e appliedto Iand survey of dcean botion SUtvey., atso with 2
particular features, structures or characteristics may be combined in“any suitablé manner in one or
more emg?éjémr?ﬂr%sber of sources, etc.

[00632] Reference throughout the specification to “one embodiment” or “an

embodiment” means that a particular feature, structure or characteristic described in
connection with an embodiment is included in at least one embodiment of the subject
matter disclosed. Thus, the appearance of the phrases “in one embodiment” or “in
an embodiment” in various places throughout the specification is not necessarily
referring to the same embodiment. Further, the particular features, structures or
characteristics may be combined in any suitable manner in one or more
embodiments.

[0033} According to an exemplary embodiment, the relative timing of the
interference sources (i.e., at least seismic sources from a first seismic survey and
seismic sources from a second seismic survey) is not calculated as in the traditional
methods, but rather the actual relative timing s known from the operators of the
seismic surveys. In other words, when both surveys are being acquired by the same
company, or when there is co-operation between companies operating the vessels of
both surveys, it is possible to share the exact timing and optionally the location of the
seismic sources generating the interference noise. Thus, rather than calculating the
timing of the interference noise from the data itself, prior to denoise or as part of the

denoising algorithm, the timing could be known in advance in a precise manner.
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[0033]According to an exemplary embodiment, the relative timing of the interference sources (i.e., at
least seismic sources from a first seismic survey and seismic sources from a second seismic survey)
is not calculated as in the traditional methods, but rather the actual relative timing is known from the

operators of the seismic surveys. In other words, when both surveys are being acquired by the same

compan en there is go-operation between companies gperating the vessels of both surveys, it
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#
and one 8!’ more s?reamers

combination thereof. The streamer 206 includes plural seismic sensors 208. A seismic sensor may
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[0036] According to an exemplary embodiment illustrated in Figure 2, a
seismic survey system 200 includes at least one vessel 202 that tows a seismic
source 204 and one or more streamers 206. Source 204 may inciude at least one
airgun, vibratory source, or a combination thereof. The streamer 206 includes plural
seismic sensors 208. A seismic sensor may include a geophone, a hydrophone, an
accelerometer, a particle motion sensor, a differential pressure sensor, or other
sensors designed to receive acoustic or elastic energy, or a combination of them.
For example, a 4C seismic sensor may include a hydrophone and three
accelerometers. Birds 210 may be distributed along the streamers to achieve
desired shapes for them, e.g., curved shapes, straight lines, slanted shapes, etc.
[0037] A seismic wave 220a emitted by the source 204 propagates toward the
sea bed 222 and may get reflected. Source 204 may be a marine airgun, a marine
vibrator (towed or stationary), a land dynamite or vibrator, or other acoustic energy

source. The reflected wave 220b may be recorded by seismic sensor 208a. Of
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sea bed 222 and may get reflected. Source 204 may be a marine airgun, a marine vibrator (towed or
stationary), a land dynamite or vibrator, or other acoustic energy source. The reflected wave 220b may
be recorded by seismic sensor 208a. Of course, the seismic wave 220a may enter the subsurface 224
and get reflected there by an interface and then recorded by a sensor. All these elements discussed
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faC|I|ty, the recor € SeIsmic sensors IS rece In ste ed I gure 3.

B e L e N R SRS
i recen el Sar i B e e P ey 9'%%%“975# [E%"' oo

the rece nown ve S OOtI g uming o € Selsmic sources

of the f"?éé&‘?g g Y’ Ehéeéé”% il éﬁ%%mtt*ﬁréorfe%@?mh t%b%éé%ﬁ é?&' %3&5‘5 gy has a

single source otattian e second seismic surveyhas a sin UI‘CG atiss Ot at t2, the

actual relaliye sheoling Egﬂr}%&%tﬁ%s the interference noise.

[0039] The seismic vessel may also include a control device 230 (e.g.,
processing system) that is capable to receive and process the recorded seismic data
from the seismic sensors. Alternatively, the control device 203 may provide
minimum processing and the data is transferred to a ground faciiity for further
processing.

[0040] Either on the vessel in the control device or at the ground facility, the
recorded data from the seismic sensors is received in step 300 as illustrated in
Figure 3. Then, in step 302, the timing when the seismic sources of the first and
second seismic surveys is received from the operators of the surveys. As noted
above, this time is not calculated or determined from the recorded data as in the
traditional methods. In step 304, a processing method is applied to the received
seismic data, based on the known (actual) relative shooting timing of the seismic
sources of the first and second seismic surveys. Assuming for simplicity, that the
first seismic survey has a single source that is shot at t1 and the second seismic

survey has a single source that is shot at t2, the actual relative shooting timing is the
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value of t2-tl. However, this step may use the actual shooting timing (e.g., the values of tl and t2

instead of the actual relative shooting timing. The processing methods discussed herein are scalable

to n seismic survey, i.e., the methods may be applied when more than two seismic surveys are

performed at the same time. In this case, the actual relative shooting timing of the source of the first

survey and the ree of nth survz IS necessar e kn(% -rEt rocess methqd removes part
SQrer g suve | u.

or all of the fteTfefence notse’ Th % B F’d’c ing e é'w an%'m of methods to
be dlscussed ne tn st 06,[thccaj flnahlma fthe subsurfac ener d based on the seismic
data from Wlhléshet e interrerdhe i %r?r(')\(/eea ﬁfg ir\]/%l‘l Se rﬁroo ees%?%gmethods are

now dlscusstﬁd n Hrt]ore detail, Afrst e |tr)1l ntet hod is one in which the inter re ce noi eappears
Pt g

continuoUsin ?he St tomain: For éa m&j%‘?'r?é’?'ﬁ e terférends TOEEHRES 2| grent
apparent d| pjared to th&g‘t rn gelsrlnlr%sr naI the one Céﬁ; ng from, the seis rc sou eEof the first
seismic SLP eah Befiterad. ar?f'/’:3 t§/pecs cﬁeﬂfﬁ’f@ gd%? et ﬂheg pn% régs e.g.

r

muting |n the fr%%ue ;wavenumbe FK).domain me taurp o1n maln etc ternatively, a
]e elative shoo ey tming of the soy C]%O Irs e
convolutidh fiter caly be des igned to attehuate the energy at'the r el&vaR par nge. The input

for this a&onthm ﬂraxg 2D, z |%gré%m él e on)teg%t bIe b CeaSblle or SE}R psr receivers
located on mMore than o gb e. model m may be AErived el g a %lﬂal g ﬁé‘?\ \or example
0 n

the hydrophone, pr to, simulta ousl atis re th none com onent, for exa drophone and
A rﬁ%sr%ﬁ?éﬁeg%m Vs o TN e
ad
Sse

at least dne partic
interference n0|se oe %fo %beeé)rg Si Ce etCt'Pnét'ee g? et\ %tantlag/ dlrectlon
treamer. Tn the marin e rophonepon ton gcmg often means

perpendlcufgr o the's
3D transfor aren not possibl gplble to Gallastrh é:]) Howev w,pere agce etr‘ome are also available,
Wit e Is gengrare on seismic gx a Sy poice Dalse
the extra Information Irom the accelerometers may provide dedl lasing enefr S. ﬂ is'noted that
some sh% not be a ff(ected by the interference noise while others may be only marginally
e

affected e(ta”mmg of the interference noise is directly known, the interference noise model can
be restni the tlmjﬁ and offsets that are affeghed This would.invalve dflrst ly cal calc atlng AN

o]

interference ndise m Wit ”OUS&{ e existing O(rjsaacreeg?and?ﬁléﬁsmutlngt € n0|se model so it
may onl e H%Eﬁéffrn nticipated travel time d offsets.. n some _cases this Would mean
W%%%e Sl Ogdgs rpe] WS \hlhe zn ererenceo t gals canunuous In

not requiring ‘a NOISE hots that are known n Interference noise. This
approach alious imprayed pera dateg'%%“?a Admece pifecive noise allanyaltipn. [0dglangiher
processing meth |mpuIS|ve nGise. In the s omain the INtEHerence noise is CORtiRUous with
offset. H t e main mon ch ann |.domain, commaon middle
point (cn%\; f?rﬁ‘éﬁ%o@?’”%g o%n%{.%%e [ﬂe m't%ﬂiggge gegﬂgr ré‘bg d<fapr% .r%%%l%ﬁ‘)é".mr‘ fe
|mpuIS|v i %@ 3:1 %%3 f follo ow d b noise removal/signal
interpolatio § Jf#%%%%?o%#rﬁ?g escr .I%Y% u&%é%ézqgf%%l mic n?err?(ereﬁgciz %&gg‘b ©

attenuat y I confer % In thi dﬁ h
removal %naﬁnteﬂo%tro rﬁ%%%%cd%éﬁsedg ﬁ?@?@ﬁ%;% Qc‘%gr(? %vW%F’ée %ﬁdfr% d?tﬁ@es are
reconstryg %fﬁomét‘éﬁ’gﬂ %%Q@W%%AHS&% CRRIBIARAS By 1, fo'tlt‘% LRIRNSP LIS, Steeply
dipping signal can at i e mistaken for interference noise; 50 careful parameterization of the
method | Besigned to attenuate the energy at the relevant apparent dip range. The input for
this algorithm may be 2D, e.g., in the marine context cable-by-cable, or 3D by using
receivers located on more than one cable. The model may be derived using a singie
component, for example the hydrophone, or to simultaneously satisfy more than one
component, for example hydrophone and at least one particle velocity sensor.

Filtering in 3D may be more accurate, especially when the interference noise comes

from the broadside direction, i.e., travels substantially in a direction perpendicular to
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necessary. The application of impulsive denoise can be improved through use of a model space which
may partially distinguish signal and noise, for example based on apparent dip. Such a scheme is now
illustrated. [0044]Figure 4 shows interference noise regions 400 and 402 recorded together with the
main seismic data 404 and 406. When data corresponding to a first shot, see Figure 5A, is
transforrnﬁd in another aln for e%a%t'plehthe tau:p dorSalnd sillu tated in FlgCQI ure 5B, the

Hid! B SRR SR e

interference nt esaem enera 8 B1y et survey LTeEhs
interfere noise lar ocel ples iff en area oft space to the signal. For.a second shot
as |IIustr§t(Ee? i I§? (e 6% |RPer Z?Taln Uﬁt}ls % r}) tﬁ&’é’e&) gf}ZWQ/%r%t?ls%l[eaodﬁt%tr%ﬁt time than
the noise 502 O% 5 ;WQF he se smi data nth {e tau doma nas %lstrated in F&ggre TAis

nsta ?p

re- orderedetot e co Lhét 8rh”a%f%‘$ |iPus ft:ifﬁerée %ﬂ @ ThieferEREE Roise appears
random, X |m ulsw Aﬁhere is often already a separatlon between signal and noise in this domain,

oy,

the impu Sive o%ﬂ iS&'S¢N8me outlined earlier can be applied more effectively [0046]When the
interfere iseis | am I| dec to the Sig al, | flcult to arameterise
thresholg6 §&%entlfy tYé 8?§3%e5p§ma 8n]ere Eysi'&;%a?f %as aren nCloe\/%]en the timing of

the interfr(}er3esnec\evr |se ﬁsedlr ectl now the mter{ereﬂcetgglse\}nodz can be rest |cted to times and
offsets tha& are a ec tﬁ‘IIS an a ovylmpr% Jparametensapon nd moré]e ec?ve noise

attenuatlgtéggreerr]r&%d % sa' tr@&?@ %c';%%%(w%%te%r@n%@n%a? %&&l% an be) restricted to

the times and offsets that are affected. This would involve firstly calculating an
interference noise model with any of the existing approaches, and then muting the
noise model so it may only contain energy at the anticipated travel times and offsets.
In some cases this would mean not requiring a noise model for shots that are known
not fo be affected by interference noise. This approach aliows improved
parameterisation and more effective noise attenuation.

[0043] Another processing method is impulsive denoise. In the shot domain
the interference noise is continuous with offset. However, in other domains, e.g.,
receiver domain, common channel domain, common middie point (cmp) domain,
offset volume domain, etc., the interference noise appears impulsive. The impulsive
noise technique can be considered by: 1) noise flagging followed by 2) noise
removal/signal interpolation. Such an algorithm is described in Gulunay et al.,
“Seismic interference noise attenuation,” 74™ SEG international conference meeting,
2004. In this method the noise removal/signal interpolation step is comprised of fx
reconstruction where affected traces are reconstructed from surrounding data which
is not contaminated by the interference noise. Steeply dipping signal can at times be

mistaken for interference noise, so careful parameterization of the method is
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[0047]Impulsive denoise can be repeated in more than one domain. For example, the impulsive
denoise may be performed in the receiver domain and the common channel domain independently.
This approach provides two different estimates of noise which can be combined to improve the
interference noise attenuation. [0048]Another processing method is the iterative impulsive denoise.

When da'ta% Is §8§th i.?ha domain t\{\(/)rrn]er? 'lﬁb}e nptﬁ/rferenccle n0|s?1 pears Imgt{lhh g |ver
domain, common Xhanneeﬁggman copd %gﬁneoql%e? 58|ﬁﬁ1 o ;9?6 es %ISCUSSGd
above with r ﬁ goethehln]i)ulsw |s ay b be em og/te A 049 W en the m[erferen&e noise is
low in amp?u B3 pare S |gi ,ylt IS ik:] ﬁar%' opaara Btere %e a?goﬁ ﬁr?ﬁg f8ct|vely
attenuate the n ! @ ththe e time preserve pe signal. When this is the case, and when the
timing of REAGI |s spknown ina ceefsl nc Be? aa antageous to allgn the interference noise. This

(D

involves ing a different i Shlft for. each trace in the ather terferencge noise is
aligned. E&P‘% ning thf(!e—eﬁlllferfe%1 err'fowﬁ ?é%,% reemgn?at !asgpre S |mpu sqt/%?cg(ﬁ tk:éen be possible to
make a I d ith the.same |m Isive, denois hnjques qutline above when discussing the
|mpuIS|v2[‘gloge8at oIS |W r[\%gd]}ﬂ![n SSUBl riac%%%‘tﬁeﬁsﬁgnd:ﬁt&%d%om&ﬁ{t otrgeg y rcepsﬁual S|gnal may
once aga%ln peh ali ’ é‘}P‘g ver %%%%Ia(raqtjlén Iﬁf{lﬂlftt(s) %gpl Oorlnlgut]h%orewouslgtet%Elnally, a second
pass of impu RiVe' dehoisd Can he Use , this time bAtEnuAR the It rrerénc Prvise: ARYHE data is

ua
relatively signal free i s B9 PTIRIS BRI STh B3 ALYl Alian 0L deneisg S5 PR 458848

survey corresponds to 502. In this example the interference noise largely occupies a

3

different area of the tau-p space to the signal. For a second shot as illustrated in
Figure BA, the interference noise corresponds to 602, which is at a different time
than the noise 502.

[06045] When the seismic data in the tau-p domain as illustrated in Figure 7Ais
re-ordered to the constant p-shot domain as illustrated in Figure 7B, the interference
noise appears random, or impulisive. As there is often already a separation between
signal and noise in this domain, the impulsive denoise scheme outlined earlier can
be applied more effectively.

[0046) When the interference noise is low in amplifude compared to the
signal, it can be difficult to parameterise thresholds to identify the noise, especially
where the signal has high apparent dip. When the timing of the interference noise is
directly known, the interference noise model can be restricted to times and offsets
that are affected. This can allow improved parameterisation and more effective

noise attenuation. The model domain may be in 2D (e.g., tau-p) or 3D (e.qg., tau-px-

py).
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[0051]The procedure just discussed can be summarized as an iterative process as follows: in step 800
as shown in Figure 8, sort the recorded seismic data to a domain where the interference noise
appears impulsive; in step 802 align the interference noise - this is achieved based on the knowledge
of the shooting timing of the sources in the first and second seismic survey and it is provided in step
803; in Stﬁ 4‘3& remoye th mai % nal with |mpuIS| n0|se at nuatlon nd add the main signal

estimate gnal oupﬁf‘dsé\{gse %‘ta'ep O%earﬁ:”gD aln gfge Tgp BOFIBMOTE the

dataset %ﬁit%"'%&%&gt@ﬁt"ﬁé?t%%%%éfg%%%é’é’é‘a%!%% ) e%&%%%‘*“ﬁ‘é‘ri%ﬁft AL eps it

necessary. T The ste s may e rep eated a cgns an tﬂbtmber of tlrpﬁes based ﬁ&é test% or by iterating
"eREdiie ﬁgpe@eren df th n&ﬂ)tp(?i%?a? é’s%’é%%s %r%ﬁ} the noise and

until a user spec |f|e percen agae
signal modet}s} E gB%]To bta e denoised 812 btr t the mterference noise model
SN

made from & |v80a{B%I|ca fonst Q?e‘p‘grﬁ%? ?o mth 8rf§5?£ﬁ%% UtHaR%hd then generate
in step 81 t tejaférb al image of the subsurface from the denoised data. The process can be extended to
the case W Cre thite is more than one source of interference noise apparent in the data by aligning
the differ, ﬁjbt ererenﬁe ! |sesr%r{1:%SaSttg tlmetr[o g above proceﬁure uwes wledge of the
relative thning of the noisa: This timing edd'be Carct ted fom the Jat. S’(\ff; Ve up t?gﬂt with

knowled%%t%fithet (ét%oft n%r\fNr%Jr_lé:ehnms %oueré%%eﬁal kgow ed en(})f[tjhe timing and duration of
the noise cah BE Use fedtict he nolse moder with each a |cgpon o quswef fehoise. The

process |IIustrateg

igure 8 can be repeated in.mare than one d For ex Ie as illustrated
g g R fel Prgdshveny

in Fi
in Flgurerg ?hvee[)rocrggs m ?/m@%n fformed in srpeprb(%n OemreE e|\9 ?% n? ik ih sf;ep 902 in
the com man channel d%m in The tw 1;(% 0, dlffe %s timates of the main signal and
foCesses dise %sse Sove W é%ﬁt alsive noise nia Pé
the mterftere en 58, Which can be comb ined 0|mprove the IRtefférente noise

attenuatl%q1 based on the results of step 904 the final image of the subsurface may be

generate ﬁstye 906. [0054]sStill another processing method is the joint modelling. This alternative

algorlth iues mocw}'s1 of tth]e meln S naI and mterference n0|§{e glmultane Iy a single inversion
& inte %nlelsi {7 AORH ompare

problem rocessmg may reqwre Ratthe saismic data B ored &8 dom aln Where the

mterferegr?eP P'?ecésn'@é)hlg getand theéflaatévetﬂren onthhet eeﬁ%c lve o{sé aen V\énn%lther through
calculatidrPiom the data or |ng provided in a

while at the same time preserve the signal. When this is the case, and when the
timing of the noise is known in advance, it can be advantageous to align the
interference noise. This involves applying a different timeshift for each trace in the
gather so that the interference noise is aligned. By aligning the interference noise,
the signal appears as impulsive. It can then be possible to make a signal model with
the same impulsive denoise technigues outline above when discussing the impulsive
denoising.

[0050] After subtracting the signal mode! from the data, any residual signal
may once again be aligned (by the reverse of the time shifts applied in the previous
step). Finally, a second pass of impulsive denoise can be used, this time to
attenuate the interference noise. As the data is relatively signal free at this point,

more harsh parameterisation of denoise can be used.
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[0055]The seismic data (referred to herein as "seismic data d") corresponds to the actual data
measured by the seismic sensors due to the firings of the seismic sources. The seismic sources
include the one or more seismic sources of the first seismic survey as well as the one or more seismic
sources of the second seismic survey (i.e., the interfering seismic surveys). The simultaneous or near
simultan ring of seismic, sources causes significant ene fro aII of t L—r%es firings to be
present TO0E Letomic Sl et AN ot ESERb e G & Source eneray
are associated with I#n ar opera BFat d scrrbe tlge cs of t sour echanrsm the wave
propagabi s e SES U SR Re SR e ngtr%e% CHh U s a
function fth dels n the I|n aro erators. LOOSG%In the eneral sen é% I|n r model m is
ng %@oi‘@a % Ve’LﬁHS%Reg |g%'e input data

derived for |n a{a, A2 following g TAliBh1eeasts

f.‘.)

(e.g., a graup. o traces 0 i he.mod Jofth dat limitin include FK domain, linear
Radon, pzﬁg%gr FISSCPO %y&é'r%f) i@RA %%e% rﬂ%eirR%% E?pé;r%t%'ﬁ‘rﬁ %11 é'%gtﬁig}%srtron from
the model ace to the da space The abaov uation ma ved inm calculating
the inverse of L : Lf)rﬁj%% r%e{ﬁlger 5‘%&@ 15 ecdc?rsne&)sr |Co?1ur Iesé ﬁésct%r? ?a%%‘%ﬁc%&gﬁrﬁ”me case
ofjorntm de , fwo mo Isaefou imultaneous or main signal e for the
nterfereR e e SR e A AR S R B B R D c

'3

Prors S ;
O A G 0 LB e S R ey
noise mqup 808 remove the interference noise with impulsive denoise attenation and add

the noise estimate to a noise output dataset. In step 810, determine if necessary to

repeat steps 802 to 808 and repeat these steps if necessary. The steps may be

repeated a constant number of times based on user tests, or by iterating until a user

specified percentage of the energy of the input data has been described by the noise

and signal models.

[0052] To obtain the denoised data, in step 812 subtract the interference noise

model made from successive applications of steps 802 to 808 from the original input

data and then generate in step 814 the final image of the subsurface from the

denoised data. The process can be extended to the case where there is more than

one source of interference noise apparent in the data by aligning the different

interference noises one at a time.

[0053] The above procedure requires knowledge of the relative timing of the

noise. This timing can be calculated from the data, or provided up front with

knowledge of the timing of the interference noise source. Also, knowledge of the

timing and duration of the noise can be used to restrict the noise model with each

application of impulsive denoise. The process illustrated in Figure 8 can be repeated
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[0058]The linear operators may represent, but are not limited to, the reverse slant stack or reverse
parabolic stack. In one application, the same linear operator can be used for the main signal and
interference noise, i.e., Ls = L, = L. In another application different linear operators may be used. For
example, the Ls operator may be a reverse parabolic stack, and the L, operator may be a reverse slant

stack. [005 é)rgtF(% a?nle%sét 88uares r ﬁ:esxentat on of p ci f‘E’L e be ound, it is usually
necessary 0 ake s Rew SolUfEH wi %oadBPs%a%Seivﬁesigﬁ mgg "rhi acﬁlélj ved %l?e%}lly with an
11 norm soIveI[f ?'lrrnb ClWel ht| tﬁle linear transfer,matrices % ed on tg It frgm a previous
iteration. Rll%rngtwe Y, he'w ngo We| T Ean e gg{rbaa ¥ earfier QE% eab(? %(Fg?fgperhce noise
from the reV|o grogens& Ay met ods 0060 E%s mmétf;fze theé nt model pgeprocessm in step
1000 the data 13 sort ted o a omam?her e ntEfe R nce n ﬁwnf)a % f‘e“S‘ To?iﬁ e known

relative tlmcp of .t 8 et%rnfr re p}ge noise.i recelved In %1 004 tw .Q(E‘] gels rndvan m are
S|multaneous y ca“cu ated % dsoh“he rel%?lve ?mlng erh?g?% nH?Eé X 0 operators Ls

and L. In ter;? 1006 anie s&ilel tWlth odelbéjseéa a?ttll:]n Eé)e{;fo%r &ﬁn%m\s 591008 the final

image ot't e su sur ace’l ga cu aate tIsno ove pr cessmg mefﬁods work best
when a good recprdln %f the main spl(g aI and |g %gere ré%ge is achieved. For this reason, it is

preferred t o%wa?(eacon oﬁg rgg mg%eﬂﬁre |sn|“c(5:%I fa; i.e., to record even durlng a

oy s R U T e e T

impleme&tggrigpl% derives models of the main signal and interference noise simuiltaneously in
a single inversion problem. This processing may require that the seismic data be
sorted to a domain where the interference noise is impulsive and the relative timing
of the interference noise is known either through calculation from the data or by
being provided in advance.
[0055] The seismic data (referred to herein as "seismic data d"} corresponds
to the actual data measured by the seismic sensors due to the firings of the seismic
sources. The seismic sources include the one or more seismic sources of the first
seismic survey as weli as the one or more seismic sources of the second seismic
survey (i.e., the interfering seismic surveys). The simultaneous or near simultaneous
firing of the seismic sources causes significant energy from all of these firings to be
present in the seismic data vector d. Models that describe the geology that affects
the source energy are associated with linear operators L that describe the physics of
the source mechanisms, the wave propagation and the survey geometry. The

seismic data vector d may then be characterized as a function of the models and the

linear operators.
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computing system specifically configured to calculate the interference noise. An example of a
representative computing system capable of carrying out operations in accordance with the exemplary
embodiments is illustrated in Figure 11. Hardware, firmware, software or a combination thereof may be
used to perform the various steps and operations described herein. [0063]The exemplary computing

itable f; forming th ivities d ibed i | bodi
molude SVEP 101, SULE SENLPL TOT Rl 10l K SE A Bk QB (e 1109 pled fo &
d RAM) 1604 -onl OM) 1106. The ROM 1106
o0 be QUol L By e REHS oSN GRr A LD S BrogTarH RO (oRoh),
ble PROM (EPRO . 1h 102 : [ ith other i | and
cxcernal SEBOHRS (o i L TEH ) GRELARS 108 A HALEHE L [REh a5 brSvide sontrol
signals and the like. Thzs%rﬁpcessor 19 Earries uta%ari{'atyéoffu ctiongs as ig known in the art, as

2
dictated 8}9 Tttwarean AR St @tﬁj(%]s. BBE4 THhe sgﬂ?er} 176 Fn%?y fdMR&Ude one or

more data storglogeihda%wceﬁééntﬂg%gg s%tlrg}ar drlv&%lr%z D-ROM, drives,1114. and er hardware

capable oPred ing ndnsy storing in oAt oSl heal ‘,S%?é:.%ootrﬁ}ee edr% oa?r%%%t, sOftware for

carrying OBE y‘lge ab(%% rqlisc&l‘Jsaed %ﬁ(\a/‘gé may br? storeg %nd dist‘lrébtjt%ad op a CD-ROM. 1616, removable
memory %ewceeﬁl‘i o St 16rRY o médi %a{mgf)&fg of pg"rtacﬁy%%lj% I O'Prﬁ%flsoen% ese storage

media may be inserted.intq, and read by, devices-such as the CD-ROM drive 1614, the disk drive
T2 e e e R R L L 5 ary e of known
display resentation screen suc?.as lICD isplays, LED gi lays,.plasma display, cathode ray
GOSN i
mechanisms su Iéas a.mouse kefpoard micropho touch pad, tquch.screen, voice-recognition
retem S B RS A ) A R e e T Ee: YRR faeline
and/or wireless terminals via a network. Th rver may be part of a larger network configuration as in

a global 8PERbsBNBIRGE AN Kstidhas thér t;ﬁ},% e RnierpAiBvesinginraetonttetitiopdiecte
various landline and/or mobile client devices. The computing device may be implemented on a vehicle
that perfénmsirailendfsgismmitsareeie noise, L. is the linear operator for the main signal, L,is
the linear operator for the interference noise, m; is the signal model, and m, is the
noise model.
[0058] The linear operators may represent, but are not limited to, the reverse
slant stack or reverse parabolic stack. In one application, the same linear operator
can be used for the main signal and interference noise, i.e., Ly =L, = L. In another
application different linear operators may be used. For example, the L operator may
be a reverse parabolic stack, and the L, operator may be a reverse slant stack.
[0059] Once a least squares representation of the models have been found, it
is usually necessary o make a new solution with model space weighting. This can
be achieved directly with an |1 norm solver, or by weighting the linear transfer
matrices based on the result from a previous iteration. Aliernatively, the model

weights can be set based on an earlier estimate of interference noise from the

previous processing methods.
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[0066]The disclosed exemplary embodiments provide a system and a method for removing or
reducing interference noise in seismic data. It should be understood that this description is not
intended to limit the invention. On the contrary, the exemplary embodiments are intended to cover
alternatives, modifications and equivalents, which are included in the spirit and scope of the invention

amero 0S8Rk ceras S8 SRR LA LRI 2 CormRanEnSIoE JACCr LR A B e
R L N T LR O
Cloment EOSTR LB iDL Ao L SHhCs R S ARt YGRS B e ol KA e B various
comb?na_tgqons ith or without]other features and el ments di clos%dtiher iin.. 006f8 This v_vritten
Goscript O JoSe b5 PO D HE RL oo L HEATGELA 1 6 S Ay BUASGR defiet i he artt
R s SR A o
e St eI U PR e 8, o FRe Pl mendc o be

subsurface is calculated.

[0061] It is noted that the above processing methods work best when a good

recording of the main signal and interference noise is achieved. For this reason, it is

preferred to make a continuous recording of the seismic data, i.e., {o record even

during a conventional ‘lag time’ of 1 to 2 seconds between trace recordings or

otherwise potential interference noise in the lag time may be missed.

[0062] The above methods and mechanisms may be implemented in a

computing system specifically configured to calculate the interference noise. An

example of a representative computing system capable of carrying out operations in

accordance with the exemplary embodiments is illustrated in Figure 11. Hardware,

firmware, software or a combination thereof may be used to perform the various

steps and operations described herein.

[0063] The exemplary computing system 1700 suitable for performing the

activities described in the exemplary embodiments may include server 1101. Such a

server 1101 may include a central processor (CPU) 1102 coupled to a random

access memory (RAM) 1604 and to a read-only memory (ROM) 1106. The ROM

1106 may also be other types of storage media to store programs, such as

programmable ROM (PROM), erasable PROM (EPROM), etc. The processor 1102
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1. A method for determining interference noise recorded in a first seismic survey of a subsurface
generated by a source in a second seismic survey, the method comprising: receiving seismic data
recorded by seismic sensors of the first seismic survey, wherein the seismic data includes seismic
waves that originate from the first seismic survey and seismic waves that originate from the second

seismic surveg re.ceivinxgit C'[lflﬁ| relative ?hootin timiQ%of seismigs urcehof thei/first and second
P ta

seismic ﬂ?yey.gfnmur%{%%ﬁ?/i g ! s%@%@é‘ﬁ’tﬁ 0 M SEIERE (oo (s AL tﬂgtmférference

noise, w in the pro ing algorithm t akes inta consideration the actual relative_shootin
seaeley1 T A i G o R A
recorded seismic dqt?of om which the interferepce naise is subgacted.. 2. The etEa d of Claim 1,
wherein P18 TEE8 e QISR T-24 o PIRL HERSIS BRce NAE LS A S REESST energy
from the geco?d seismi%/s . The method of Claim 1 or 2, wherein the step of applying

comprises‘{{ &3 E’Har&% éjllérilllre Wnge&sr%‘d&‘Eélﬁmic data in the shot domain; and filtering out the
R e R R U 0 apes i m e
including a hard drive 1112, CD-ROM drives 1114, and other hardware capable of
reading and/or storing information such as DVD, efc. In one embodiment, software
for carrying out the above discussed steps may be stored and distributed on a CD-
ROM 1616, removable memory device 1118 or other form of media capable of
portably storing information. These storage media may be inserted into, and read
by, devices such as the CD-ROM drive 1614, the disk drive 1112, etc. The server
1101 may be coupled to a display 1120, which may be any type of known display or
presentation screen, such as LCD displays, LED displays, plasma display, cathode
ray tubes (CRT), etc. A user input interface 1122 is provided, including one or more
user interface mechanisms such as a mouse, keyboard, microphone, touch pad,
touch screen, voice-recognition system, etc.
[0065] The server 1101 may be coupled to other computing devices, such as
the landline and/or wireless terminals via a network. The server may be part of a
larger network configuration as in a global area network (GAN) such as the Internet
1128, which aliows ultimate connection to the various landline and/or mobile client
devices. The computing device may be implemented on a vehicle that performs a
land seismic survey.
[0066] The disclosed exemplary embodiments provide a system and a method

for removing or reducing interference noise in seismic data. It should be understood
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muting in the radon domain. 5. The method of Claim 1 or 2, wherein the step of applying comprises:
sorting the recorded seismic data in a domain in which the interference noise appears imulsive; and
applying impulsive denoise. 6. The method of Claim 1 or 2, wherein the step of applying comprises:
transforming the recorded seismic data to a model space that may at least partially separate signal

and interference noise in which the interference ngise appears impulsive; and applyjng impulsive
tha%r_ﬂﬁ escm%tg)gfl%pofe "ﬁt@onr ’ﬁ]ﬁeﬁr@&] IRB&H{}PQD&%J the: &815 rag@%@

. (2] ] .
denoise. e me aim hé step 0 ing COmprises: sorting the
recorded seism;c data Eo 8.domf5\in Whelie the 'n(terferencef nois aeosoear(ijn];l ulsive; aligning the
: exempidry smpodimients are Inlendeg (o cover alternatives, mo ifications an :
interference noise; removing a main signal with impulSive denoise attenuation; aligning the main
signal;

equivalents, which are included in the spirit and scope of the invention as defined by
the appended claims. Further, in the detailed description of the exemplary
embodiments, numerous specific details are set forth in order to provide a
comprehensive understanding of the claimed invention. However, one skilled in the
art would understand that various embodiments may be practiced without such
specific details.

[0067] Although the features and elements of the present exemplary
embodiments are described in the embodiments in particular combinations, each
feature or element can be used alone without the other features and elements of the
embodiments or in various combinations with or without other features and elements
disciosed herein.

[0068] This written description uses exampiles of the subject matter disclosed to
enable any person skilled in the art to practice the same, including making and using
any devices or systems and performing any incorporated methods. The patentable
scope of the subject matter is defined by the claims, and may include other examples
that occur to those skilled in the art. Such other examples are intended to be within the

scope of the claims.
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removing the interfence noise with impulsive denoise attenuation; and subtracting the interference
noise from the recorded seismic data. = 8. The method of Claim 1 or 2, wherein the step of applying
comprises: sorting the recorded seismic data into a domain in which the interference noise is
impulsive; simultaneously calculating a main signal model and a noise model based on the
recorded seismic data, an operator for the main signal, an operator for the interference noise, and an
operator that takes into account the shooting timing; and calculating the recorded seismic data

from Whmi i%%ﬁézmn iSe is subtracted. 9. The method of any of the preceding claims,
further c ing: | dCtual positions of the seismic sources of the first and second seismic
surveys. 12. éhe %eé?ﬁd c§ ny of the Prec din'%] claims, Where(ig éh,e recorded seismic data is
continuously recofd & "8§ r}/ﬁ'é‘.mng R RSN SIIHE B dRl W ms, wherein
the actual reIativ«1=t shooting. timing of the seismic sources is the difference.in actual shooting timing of

the seismiltl Gol b SUPSU5CR Gl aIaR Py ReTRHFT IRt S RISIDUC SURYEEdtIfa first seismic

survey of a%u%surface.generated by a source in a second seismic survey, the method comprising:
mefhod comprising:

receiving seismic data recorded by seismic sensors of the first seismic survey,
wherein the seismic data includes seismic waves that originate from the first seismic
survey and seismic waves that originate from the second seismic survey;

receiving actual relative shooting timing of seismic sources of the first and
second seismic surveys;

applying a processing algorithm to the seismic data to calculate the
interference noise, wherein the processing algorithm that takes into consideration the
actual relative shooting timing of the seismic sources; and

generating a final image of the subsurface based on the recorded seismic

data from which the interference noise is subtracted.

2. The method of Claim 1, wherein the recorded seismic data from which the

interference noise is subtracted is free of energy from the second seismic survey.

3. The method of Claim 1 or 2, wherein the step of applying comprises:
sorting or receiving the recorded seismic data in the shot domain; and

filtering out the interference noise.

4. The method of Claim 3, wherein the step of filtering out comprises:
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receiving seismic data recorded by seismic sensors of the first seismic survey, wherein the seismic
data includes seismic waves that originate from the first seismic survey and seismic waves that
originate from the second seismic survey; receiving actual shooting timing and coordinates of
seismic sources of the first and second seismic surveys; applying a processing algorithm to the
seismic data to nqs%lgulaite {ﬁe xirgegga%ng% Q\PiS%’ n\%he%r?g tgienprorcessing algorithm that takes into
consideration the actdal shoo m% t|m|r¥g e Lo dRAR o the seismic sources; and
generating a final image (t)t];t e subaurface based on the recorded seismic data from which the
; mu inggiB 5] ad,l-p OT?ER, or . . .. . .
interference noise Is Subtracted. . A'computing device for determining interference noise
recorded in a first eismici surv%géofaa subsurface generated by a source in a second seismic survey,
. muting in the.radon domain, . . T

the computing device’comprising: an interface that receives seismic data recorded by seismic
sensors of the first seismic survey, wherein the seismic data includes seismic waves that originate
from the first seismic survey and seismic waves that originate from the second seismic survey; the
interface furthe%re[cheives %ctgal fr@a'r,iveého tin timingt fs ismi? sources of the first and second

o . method of Clan 1.0 v%)leref ﬁe e ¢ aﬁPl g fRnorisgs, .
seismic surveys; and a processor connected to thé mterface and co u;}/ur 0 apply a processing
algorithm to the s%smlghdata to gal ulate tlhe d'gtterifgre e g%l]?ﬁ}, V\\/{\ﬁr}gﬁetlg etggtg;‘%ggggg%ggggnthm that

. S reco 21SMIC
takes into consm%rar%%n teﬁe ac uae1 relative shooting timing of the seiSmic sources, an

appears imulsive; and

applying impulsive denoise.

6. The method of Claim 1 or 2, wherein the step of applying comprises:

transforming the recorded seismic data to a model space that may at least
partially separate signal and interference noise in which the interference noise
appears impulsive; and

applying impulsive denoise.

7. The method of Claim 1 or 2, wherein the step of applying comprises:

sorting the recorded seismic data to a domain where the interference noise
appear impulsive;

aligning the interference noise;

removing a main signal with impulsive denoise attenuation;

aligning the main signal;

removing the interfence noise with impulsive denoise attenuation; and

subftracting the interference noise from the recorded seismic data.
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generate a final image of the subsurface based on the recorded seismic data from which the
interference noise is subtracted. 14. The device of Claim 13, wherein the recorded seismic data
from which the interference noise is subtracted is free of energy from the second seismic survey.

15. The device of Claim 13 or 14, Wherein the processor is further configured to: sort or receiving the
recorded seis é ta |n gh?t oma| gd filter aut Rhe Tterf&renc noise. 16. The device of
Claim 15, wheré€in th% lE‘ro €ss ?urrnhe ni’%u?e%l% NSRBI HES:

frequency- Wavenu ber domain, or, mute a n n the tau-p,domai ute a noise model in
the radon domaiR "9 tT? r‘?ﬁgrggglgg ‘SFti‘fa‘?% g (WP]%'R%IH Yﬁ@?ﬁlo% Q(g? iSFark&r configured

to: saort.the. recordFd seismic data in a domain in which the interference noise appears imulsive;
and appl?/ mpuﬁswé’ﬁeno&e

simultaneously calculating a main signal model and a noise model based on
the recorded seismic data, an operator for the main signal, an operator for the
interference noise, and an operator that takes info account the shooting timing; and

calculating the recorded seismic data from which the interference noise is

subtracted.

9. The method of any of the preceding claims, further comprising:
receiving actual positions of the seismic sources of the first and second

seismic surveys.

10. The method of any of the preceding claims, wherein the recorded seismic

data is continuously recorded with no lag time.

11. The method of any of the preceding claims, wherein the actual relative
shooting timing of the seismic sources is the difference in actual shooting timing of

the seismic sources.
12. A method for determining interference noise recorded in a first seismic

survey of a subsurface generated by a source in a second seismic survey, the

method comprising:
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18. The device of Claim 13 or 14, wherein the processor is further configured to: transform the
recorded seismic data to a model space that may at least partially separate signal and interference
noise in which the interference noise appears impulsive; and apply impulsive denoise. 19 The device

of Claim 13 or 14, wherein the processor is further configured to: sort the recorded seismic data to
@ domain where g plerierence Nolse Spperr mpYsive: 2/ ed NP RS aRlsso gy, @ mein
signal with |mqué|ve JEh3R BN TAS Y.

wherein the seismic data includes seismic waves that originate from the first seismic
survey and seismic waves that originate from the second seismic survey;

receiving actual shooting timing and cocrdinates of seismic sources of the first
and second seismic surveys;

applying a processing algorithm to the seismic data to calculate the
interference noise, wherein the processing algorithm that takes into consideration the
actual shooting timing and the coordinates of the seismic sources; and

generating a final image of the subsurface based on the recorded seismic

data from which the interference noise is subtracted.

13. A computing device for determining interference noise recorded in a first
seismic survey of a subsurface generated by a source in a second seismic survey,
the computing device comprising:

an interface that receives seismic data recorded by seismic sensors of the
first seismic survey, wherein the seismic data includes seismic waves that originate
from the first seismic survey and seismic waves that originate from the second
seismic survey;

the interface further receives actual relative shooting timing of seismic
sources of the first and second seismic surveys; and

a processor connected {o the interface and configured to

apply a processing algorithm to the seismic data to calculate the interference
noise, wherein the processing algorithm that takes into consideration the actual

relative shooting timing of the seismic sources, and
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align the main signal; remove the interfence noise with impulsive denoise attenuation; and subtract the
interference noise from the recorded seismic data. 20. The device of Claim 13 or 14, wherein the

processor is further configured to: sort the recorded seismic data into a domain in which the
interference noise is impulsive' simultaneously calculate a main signal model and a noise model
based on the record da erator for the aln n ope (%or for the interference
noise, and an o%erat%grt% ta?< esin g’ égRun % |ng Il‘%ﬁ% %éﬁorec "5 S?a?&he$e€:orded
seismic raot%fr Wlﬂ'\e sr%?grf f grence r ?Sls ubct sul?trélcted

14. The device of Claim 13, wherein the recorded seismic data from which the

interference noise is subtracted is free of energy from the second seismic survey.

15. The device of Claim 13 or 14, wherein the processor is further configured
to:
sort or receiving the recorded seismic data in the shot domain; and

filter out the interference noise.

16. The device of Claim 15, wherein the processor is further configured to:
mute a noise model in the frequency-wavenumber domain, or
mute a noise model in the tau-p domain, or

mute a noise model in the radon domain.

17. The device of Claim 13 or 14, wherein the processor is further configured

to:

sort the recorded seismic data in a domain in which the interference noise
appears imulsive; and

apply impulsive denoise.

18. The device of Claim 13 or 14, wherein the processor is further configured

to:
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transform the recorded seismic data to a model space that may at least
partially separate signal and interference noise in which the interference noise
appears impulsive; and

apply impulsive denoise.

19. The device of Claim 13 or 14, wherein the processor is further configured
to:

sort the recorded seismic data to a domain where the interference noise
appear impulsive;

align the interference noise;

remove a main signal with impuisive denoise attenuation;

align the main signai;

remove the interfence noise with impulsive denoise attenuation; and

subtract the interference noise from the recorded seismic data.

20. The device of Claim 13 or 14, wherein the processor is further configured
to:

sort the recorded seismic data into a domain in which the interference noise is
impulsive;

simultaneously calculate a main signal model and a noise model based on the
recorded seismic data, an operator for the main signal, an operator for the
interference noise, and an operator that takes into account the shooting timing; and

calculate the recorded seismic data from which the interference noise is

subtracted.
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