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METHOD TO ESTIMATE AND REMOVE DIRECT ARRIVALS FROM ARRAYED
MARINE SOURCES

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims the benefit of U.S. Provisional Patent Application
62/309,062 filed 16 March 2016 entitled METHOD TO ESTIMATE AND REMOVE DIRECT

ARRIVALS FROM ARRAYED MARINE SOURCES, the entirety of which is incorporated

by reference herein.

FIELD OF THE INVENTION

[0002] Exemplary embodiments described herein generally pertain to the field of
geophysical prospecting and, more particularly, to marine seismic surveying and processing of
the measured data. The embodiments described herein can generate an estimate of a zero-
offset trace where direct arrival estimates are dominantly taken from active array near-field
hydrophone data and reflectivity estimates are dominantly estimated using passive array near-

field hydrophone data after mitigation for the direct arrival energy.

BACKGROUND

[0003] This section is intended to introduce various aspects of the art, which may be
associated with exemplary embodiments of the present invention. This discussion is believed
to assist in providing a framework to facilitate a better understanding of particular aspects of
the present invention. Accordingly, it should be understood that this section should be read in

this light, and not necessarily as admissions of prior art.

[0004] A common practice in the processing of seismic data is to remove the source and
receiver signatures from the seismic data. For marine seismic data acquisition, the removal of
the source signature requires accurate estimation of the notional signatures at each source
location in an array of sources. Since Zilkowski US4476550, there has been a continuous effort
to create a shot-by-shot estimate of the far-field signature of an air gun source array. Brac
US4827456 selected from a catalog of notional signatures based on key parameters measured
at the time of acquisition. Newman US4693336 fired a point source with a known far-field
signature just before the primary source array was fired and then computed a transfer function.
Parkes US7218572 applied calibration functions and measured physical parameters to the air
gun signature model. Hoogeveen US7539079 used separate seismic transmitters or the air guns

to locate the air gun sources via travel times. Hopperstad US7440357 proposed to include sea-
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surface and seafloor reflections of signals in Zilkowski's US4476550 formulation to compute
notional signatures. Yang US8917573 used GPS to measure the source array geometry. Laws
US20090073804 compensated for height and shape of the sea surface. Hopperstad US8605551
corrected the source array geometry using the near-field hydrophones in the active source array.
Hopperstad US8687462 quantified differences between two identical sources within the active
source array. Laws US20130279291 computed the notional source signature utilizing two near-
field hydrophones at each source location. Hegna US20150234071 redefined the traditional
definition of a notional source and computed a transfer function between two locations and
then used the transfer function to predict a third point. For seismic acquisition in shallow water,
all of these methodologies’ ability to compute an accurate far-field estimate is limited by the
presence of the ocean bottom and subsurface reflections and by the shot-to-shot variations in
the source array geometry. Consequently, estimating and removing surface and subsurface
reflection energy from near-field hydrophone data is a problem that conventional techniques

have not solved with respect to estimating a source array’s far-field signature.

[0005] It is common practice in the seismic industry to utilize two air gun source arrays to
acquire the data for a 3D or 4D seismic survey. This mode of operation is referred to as “flip-
flop” shooting. In this shooting mode, the two source arrays are side-by-side with a crossline
spacing of approximately 25 m between the physical centers of the two source arrays. This
acquisition arrangement is shown in Fig. 1, which illustrates a plan view of two successive
shots in a marine seismic survey using two air gun arrays in a flip-flop style shooting mode.
There are 18 gun stations 101 in each source array, with a near-field hydrophone (NFH)
disposed above each gun station. Gun stations 102 are two sources that are close enough
together (less than 1 m apart) to be treated as a single gun station. In this Fig. 1, two successive
shots are shown with the starboard array firing on shot N and the port array firing on shot N+1
(i.e. the flip and the flop of flip-flop). Seismic acquisition vessels can be configured with more

than two air gun arrays, but this is less common.

[0006] A common practice, as described in Mott-Smith US3893539, has been to place a
hydrophone close to each gun station in an air gun array. This practice is illustrated in Figure
1 by the small gray circles located at each gun station in the port and starboard source arrays.
The hydrophone at each gun station has come to be referred to as a near-field hydrophone,
NFH, because these hydrophones are typically placed approximately one meter above the air
gun(s) that are located at each gun station. This close proximity to an air gun source causes the

hydrophone to be within the near-field of the air gun(s) the hydrophone is located above. The
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NFH is typically a dynamic pressure sensor used to measure pressure and/or particle motion or
to measure analogs of pressure and/or particle motion. The term near-field hydrophone is a
simplification in regards to what the sensor is capable of measuring, as each sensor can measure

a myriad of signals when any or all of the air guns are fired.

[0007] Near-field hydrophones have been primarily used as quality control devices for the
individual air guns in an air gun array (Mott-Smith US3893539) and as a quality control for
the performance and variability of an air gun array (Parkes 1984, Ziolkowski 1997, Brink 1999,
Hegna US20080175102). Ziolkowski in US4476550 describes that “notional” air gun
signatures can be determined from near-field hydrophones placed at each air gun station and
that the notional signatures can be used to generate the far-field signature of the air gun array.
In this context, a notional source signature is the pressure field generated at an air gun station
without interaction with any other air gun sources and without any energy reflected from the
ocean surface, the ocean bottom or the ocean subsurface. Ziolkowski’s method uses nominal
geometry for the air gun locations and assumes that the air guns within a source array do not
interact. In practice, these assumptions break down because typical air gun towing
arrangements allow the spacing between the air gun strings to vary along a seismic line. This
variation is most evident in the bubble portion of the near-field hydrophone data and is the
basis of one technique used to identify changes in the air gun string geometry and changes in

the air guns used in a source array.

[0008] Near-field hydrophones used in source arrays differ from the hydrophones located
in the streamer cables. Table 1 compares the characteristics of streamer hydrophones and near-
field hydrophones. There clearly are differences but both sensors are designed to measure
dynamic changes in pressure with a significant level of fidelity over a significant range of
amplitudes. The principle difference between these sensors is that the near-field hydrophones
are designed to survive at pressures well in excess of one bar where streamer hydrophones are
designed to measure reflection signal amplitudes on the order of a few microbar. Since both
the streamer and near-field hydrophones have dynamic ranges of 90+ dB, their recording

ranges overlap for a significant portion of amplitude range exhibited by an air gun shot.

[0009] One very important additional difference between streamer hydrophones and near-
field hydrophones is the minimum offset that is recorded with the sensors. The near-field
hydrophones embedded in the active source array can record data that is substantially zero
offset data. In this context, substantial means the data recorded by the sensor is well within the

coherency distance associated with near surface reflection events and within a single binning
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cell used to process the seismic data. The near-field hydrophones in the inactive array acquire
near-zero offset data, typically 25 m offset data. The minimum offset the streamer hydrophones
can record is on the order of 90 to 100+ m because of the configuration used to tow the
streamers and the air gun arrays. This source to receiver distance results in data or traces
missing from the acquisition for the small offsets between source and nearest receivers in the
acquired seismic data records. Near offset data refers to data that would have been recorded by
areceiver that is closer to the source than any of the survey receivers on the streamers. In water
depths greater than 200 m, the minimum streamer offset of 90 to 100+ m poses some processing
issues but the problems can be surmounted. In water depths less than 200 m, the minimum
streamer offset causes important pre-critical water bottom reflection information to not be
recorded on the streamer hydrophones. This missing data can seriously impact the quality and

accuracy of the seismic image.

Table 1 Comparison of typical near-field hydrophones to streamer hydrophone

characteristics
Characteristic Near-field Streamer
Hydrophone Hydrophone
Construction Designed for large Designed for
amplitude signals small
in excess of 5 bar amplitude
signals as small
as microbars
Sensitivity (V/bar) 71010 20
Capacitance (nF) 8to 12 278
Typical digitizers 24-bit sigma delta 24-bit sigma
delta
Sampling interval 0.1t00.5 2
(ms)
Dynamic range 90 to 95 9510 105
(dB)
Acceleration No Yes
canceling
Number of One per gun 1 to 8 per
hydrophones per station group
data channel
Spatial dimension Single element 12.6
(m)
Acceleration No Yes
canceling
Minimum offset A few meters 100 130
(m)
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[0010] Since the air gun source array with the embedded NFH is being towed through the
water, the location of the NFH is somewhat spatially displaced with respect to the location
where the air guns were fired. Typically, air gun arrays are towed through the water at 5 knots
(2.5722 m/s). For nominal water velocities, a water depth of 100 m and a towing speed of 5
knots, the NFH would be displaced 0.34 m from the zero offset location. Although this distance
is non-zero, the term zero-offset will be used because seismic data measurements at this very
near zero offset distance are significant improvement over the 90 m to 150 m offsets that are

available from typical production seismic geometries.

[0011] The air gun is the most commonly used source generator for marine seismic
acquisition associated with petroleum exploration. In operation, the air gun is pressurized
(typical gun pressures range from 2000-2500 psi) which stores compressed air in a high
pressure chamber. Typically the volume of the high pressure chamber ranges from 20 cubic
inches to 350 cubic inches. After the air chamber is fully pressurized, the air gun is fired and
releases the compressed air into the water creating a primary pulse which has a typical duration
of 10 to 12 ms. Following the primary pulse, a series of additional bubble pulses are created by
the expansion-collapse cycles of the air bubble as it rises to the sea surface (Dragoset, 2000).
Depending on the depth at which the air gun is fired, the total air gun signature, which includes

the primary impulse and the bubble pulse train, can have a duration of 500 to 1000+ ms.

[0012] The time duration to the peak amplitude of the first bubble pulse is principally a
function of the volume of the high pressure chamber, the operating pressure, the depth of the
air gun and the type of air gun. This time duration increases as the volume of the high pressure
and the operating pressure are increased and it decreases as the depth of the air gun is increased.
Additionally, when multiple air guns are fired simultaneously, the character of the bubble pulse
train generated by an individual air gun can be altered by its proximity to the other air guns.
The pressure source response is further complicated by the mirror reflection from the ocean’s
surface of a pressure wave generated by a marine energy source. Mathematically the ocean
surface reflection is accommodated by including a so-called source ghost at the same distance
above the ocean surface as the true source is below the ocean surface. The pressure wave field
ghost response is polarity reversed compared to the true air gun source response and has a
magnitude proportional to sea surface reflectivity. The sea surface reflectivity magnitude
appears to be a function of frequency with an amplitude range from unity at zero frequency to
something with smaller magnitude at higher frequencies. The sea state and the reflection angle

alter the magnitude of the mirrored pressure response. High frequencies are scattered by a
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rough sea surface more than low frequencies effectively lowering the magnitude of their

comparative sea surface reflectivity.

[0013] The interpretability of seismic data can be improved by improving the ratio of the
amplitude of the primary pulse to the amplitude of the initial bubble pulse for a seismic source.
This ratio is called the peak-to-bubble ratio. Increasing the peak-to-bubble ratio and the need
to have detectable reflection energy from a petroleum reservoir motivates the use of multiple
individual air guns in the air gun arrays used for marine seismic acquisition. A single air gun
with a specified gun volume typically has a fairly low primary-to-bubble ratio. An air gun
array with all guns of the same size would marginally improve the primary-to-bubble ratio.
Arranging air guns with different volumes in an array and aligning the primary pulses for the
individual air guns in the array causes the primary pulses to constructively sum while
simultaneously the bubble pulses from different gun volumes to destructively sum. Various
designs of air gun arrays are often introduced to meet other practical purposes as well, e.g.,
alter the bandwidth coverage. Usually a modern air gun array consists of two to four strings of
air guns with about 8 to 10 meters distance between the strings and having 10 to 16 air guns or

air gun clusters mounted at 6 to 8 gun stations on each string.

[0014] Figure 2 displays near-field hydrophone traces for two successive air gun shots
acquired in a flip-flop fashion, wherein a constant gain was used for all traces. The primary
pulse 201 and the bubble pulse train 202 are clearly evident on the near-field hydrophones
associated with the source array that is being fired, i.e. the active array. The mirrored reflection
from the sea surface 203 is difficult to identify because of its reduced amplitude due to 1/r
amplitude losses associated with its travel from the air gun to the surface and from the surface
back to the near-field hydrophone. The direct arrival 201 and the mirrored surface reflection
203 are much easier to see in the near-field hydrophones associated with the passive source
array, i.e. the inactive array. The direct arrivals include signals which travel directly from their
point of origin to the recording receivers without having undergone a reflection or refraction.
Additionally, the water bottom reflection 203 can be seen on the near-field hydrophones in the
inactive array due to the 1/r traveltime, amplitude reduction of the direct arrivals and the

mirrored surface reflection.

[0015] Applying a 200-ms AGC gain to the near-field hydrophone traces shown in Figure
2 and plotting a density display under the plotted traces, Figure 3, allows the water bottom
reflection 301, multiples of the water bottom reflection 302, subsurface reflections 303, and

direct arrivals 304 to be easily recognized. These same reflection events are also present on the

-6-
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near-field hydrophones in the active source array, but the events are obscured by the air gun
signature (i.e. the initial pressure pulse and the bubble train plus the surface mirroring). These
near-field hydrophone traces were acquired in a water depth of approximately 130 m. As the
water depth decreases, the events become more overlapped and increasingly difficult to

identify.

[0016] Clearly the direct arrival portion of the near-field trace could be attenuated with a
mute as suggested by Kragh US8958266, but doing so would discard a great deal of the near-
surface reflection events with the consequence that some shallow multiple generators will not
be identified. An alternate approach is suggested by analyzing the spectral content of an air gun
far-field signature as a function of time, i.e. a spectrogram. Such an analysis is shown in Figure
5, wherein the air gun signature that was analyzed in on the right side of the display and a plot
of the percent of the total energy as a function of time is plotted on the left side of the display.
From this analysis, after 250 to 300 ms, the air gun energy lies below 40 Hz. Applying a 40
Hz low-cut filter would allow some of the reflection events to be identified, but very near-
surface events would still be obscured and a significant portion of the usable seismic bandwidth
would have been discarded. Removing frequencies below 40 Hz would be especially
detrimental to full wavefield inversion (FWI) processing where the low frequency content is

so important.

[0017] The problem of obscuring reflection events is significantly reduced for the streamer
hydrophones because their minimum offset from the source arrays is large and the added
distance attenuates the amplitude of the ocean bottom and subsurface reflections. Figure 4 is
atypical common shot gather of streamer hydrophone traces that are nearest to the source array.
The water depth of approximately 130 ms separates the direct arrivals 401 from the ocean
bottom reflection 402 and the subsurface reflections 403. Unfortunately as the water depth

decreases, these events will unfortunately start to overlap.

[0018] Figure 6 illustrates a common shot, trace display of the near-field hydrophones for
string 2 gun station 2 and string 5 gun station 2. These two stations are in the same relative
position in source array 1 and source array 2. The trace amplitudes are in units of bar. As can
be seen in Figure 6, the air gun signature 603 duration is on the order of 500 to 1000 ms long.
Even when the initial air gun signature can be visually identified, the energy associated with
the ocean bottom 601 and subsurface reflection events 602 overlap and interfere. The degree

of overlap and interference increases as the water depth decreases.
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[0019] Converting the trace amplitudes shown Figure 6 to dB values allows the amplitude
disparities to be more easily quantified. In Figure 7, the direct arrivals 701 for the near-field
hydrophones in the active array are ~18 dB larger than the direct arrivals observed at the near-
field hydrophones in the inactive array. The water bottom reflection 702 is ~33 dB smaller than
the direct arrival at the active array and ~15 dB smaller than the direct arrival at the inactive
array. The subsurface reflections 703 are more than 24 dB smaller than the direct arrival at the
inactive array and more than 42 dB smaller than the direct arrival at the active array. Earlier it
was noted that the signature of an air gun is 500 to 1000+ ms in duration. This observation is
verified in Figure 7 where the amplitude of the active array trace does not drop below 40 dB

until sometime after 1000 ms.

[0020] Norris US8964502 provides a methodology to overcome these large amplitude
differences, but it requires the calculation of a statistical estimation of the direct arrivals and
assumes that the shot-to-shot variations in the air gun arrays are not significant. Depending on
the sea state and the condition of the air gun arrays, this is not always a valid assumption.
Additionally as noted in US8964502, the statistical estimation must be recomputed when air
guns are added to or dropped from the air gun arrays. This method does not mute the direct
arrivals so near-surface reflectors are preserved and it does not use frequency domain filters so
the near-field hydrophone data and the streamer hydrophone data share a common frequency
bandwidth. As noted in US8964502, once the direct arrival energy is removed, the near-field
hydrophone traces for a shot can be summed or manipulated to improve the signal-to-noise
ratio of the zero offset and near-zero offset near-field hydrophone traces. Removing the direct
arrivals from the near-field hydrophone traces, provides an array of subsurface, single sensor
data traces with varying offsets which are clustered around the zero offset location of the active
source array and around the near-zero offset point located at the center of the inactive source
array. It would be valuable to retain these positive characteristics provided by US8964502
while computing the direct arrival estimates on a shot-by-shot basis. Doing so could
incorporate shot-to-shot variations in the estimation of the direct arrivals and would

automatically accommodate shot-to-shot loss or addition of air guns.

[0021] Ideally, the streamer hydrophones would be deployed so the first streamer
hydrophone had a zero offset with respect to the center of the source array. Such a deployment
is not possible, nor practical, even in deep water because of the towing arrangement that is
currently used and the sensitivity and fragility of the streamer hydrophones. Shallow water only

exacerbates these 1ssues.
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SUMMARY

[0022] A method for obtaining zero-offset and near zero offset seismic data from a marine
survey, with separation of direct arrival information and reflectivity information, the method
including: modeling a direct arrival estimate at a passive near-field hydrophone array by using
a notional source separation on active near-field hydrophone data; generating reflection data
for the passive near-field hydrophone array by subtraction of the modeled direct wave from
data recorded by the passive near-field hydrophone array; generating near zero-offset
reflectivity traces by stacking the reflection data for the passive near-field hydrophone array
on a string-by-string basis or on a combination of strings basis; generating reflectivity
information at the active near-field hydrophone array by subtracting the direct arrival estimate
modeled using the notional source separation from the active near-field hydrophone data; and
generating an estimate of zero-offset reflectivity traces by calculating a cross-correlation
between the between the reflectivity information at the active near-field hydrophone array and
the near zero-offset traces and performing an optimized stacking with summation weights

based on coefficients of the cross-correlation.

[0023] The method can further include: generating a reflectivity estimate at the active near
field hydrophone locations by applying normal moveout timing corrections to the nearly zero-
offset reflectivity traces and stacking; generating active array near field hydrophone data
without reflectivity information by adaptively subtracting the reflectivity estimate at the active
array hydrophone locations; generating a notional source update using as input the active array
hydrophone data without reflectivity information; generating a reflectivity information update
at the active array hydrophone data locations by subtracting a direct arrival estimate modeled
using the notional source update; and generating an updated estimate of zero-offset reflectivity
traces by calculating a cross-correlation between the reflectivity information update at the
active array hydrophone data locations and the nearly zero-offset traces and performing an

optimized stacking with summation weights based on coefficients of the cross-correlation.

[0024] In the method, the generating the reflection data for the passive near-field
hydrophone array can include muting an early residual of the direct wave prior to the water

bottom reflection.

[0025] The method can further include generating far-field estimates for the active and
passive hydrophone arrays from notional source signatures generated from the notional source

separation.
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[0026] The method can further include: updating estimates for near-field hydrophone
geometry variations between the active and passive near-field hydrophone arrays by analyzing
a relative distance between the active and passive near-field hydrophone arrays compared to
timing differences measured on the direct arrivals in the data recorded by the passive near-field

hydrophone array.

[0027] The method can further include using updated string geometry as a data quality

indicator for a sail line.

[0028] The method can further include using variability of the far-field signatures and the
variability of the updated string geometry to rank the data quality for sail lines in a seismic

survey.

[0029] The method can further include conducting the seismic survey, wherein additional
near-field sensors are added to a source array in addition to near-field hydrophones disposed at

each source station.

[0030] The method can further include deriving notional signatures in the notional source
separation by computing an initial source separation in a frequency domain and using
frequency-domain-derived notional sources as initial guesses for a time-domain approach with

non-zero bubble velocity and non-zero vessel velocity.

[0031] In the method, a source array used in the marine survey can include at least two

different marine sources.

[0032] The method can further include: obtaining an estimation of seafloor reflectivity and
seafloor depth by computing the notional source separation and then modeling seafloor
reflected waves with a trial seafloor reflectivity and a trail seafloor depth; and minimizing a

misfit between arrival time and amplitude by comparing modeled and real data.

[0033] The method can further include: reconstructing missing near-offset streamer data
with an interpolation method and the estimate of zero-offset traces and the nearly zero-offset

traces.

[0034] In the method, the reconstructed missing near-offset streamer data can be used for
trace data estimation at small trace times and streamer data extrapolated to smaller offsets are

used at longer trace times.

[0035] In the method, the reconstructed missing near-offset streamer data generated

through the interpolation method and the streamer data that was extrapolated can be used to

-10-
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initialize an iterative estimation of primaries by sparse inversion (EPSI) algorithm or a closed-
loop surface-related multiple estimation (CLSRME) method that estimates an update to the

reconstructed missing near-offset streamer data and an update to predicted multiples.

[0036] The method can further include removing direct arrival energy from streamer data
using one or more of the modeled direct wave on the passive near-field hydrophone array or

the modeled direct wave on the active near-field hydrophone array.

[0037] A non-transitory computer readable storage medium, encoded with instructions,
which when executed by a computer causes the computer to implement a method for obtaining
zero-offset and near zero offset seismic data from a marine survey, with separation of direct
arrival information and reflectivity information, the method including: modeling a direct arrival
estimate at a passive near-field hydrophone array by using a notional source separation on
active near-field hydrophone data; generating reflection data for the passive near-field
hydrophone array by subtraction of the modeled direct wave from data recorded by the passive
near-field hydrophone array; generating near zero-offset reflectivity traces by stacking the
reflection data for the passive near-field hydrophone array on a string-by-string basis or on a
combination of strings basis; generating reflectivity information at the active near-field
hydrophone array by subtracting the direct arrival estimate modeled using the notional source
separation from the active near-field hydrophone data; and generating an estimate of zero-
offset reflectivity traces by calculating a cross-correlation between the between the reflectivity
information at the active near-field hydrophone array and the near zero-offset traces and
performing an optimized stacking with summation weights based on coefficients of the cross-

correlation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0038] While the present disclosure is susceptible to various modifications and alternative
forms, specific example embodiments thereof have been shown in the drawings and are herein
described in detail. It should be understood, however, that the description herein of specific
example embodiments is not intended to limit the disclosure to the particular forms disclosed
herein, but on the contrary, this disclosure is to cover all modifications and equivalents as
defined by the appended claims. It should also be understood that the drawings are not
necessarily to scale, emphasis instead being placed upon clearly illustrating principles of
exemplary embodiments of the present invention. Moreover, certain dimensions may be
exaggerated to help visually convey such principles.

[0039] Fig. 1 is an exemplary plan view of two successive shots in a marine seismic survey.
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[0040] Fig. 2 is an exemplary trace display of the near-field hydrophone data associated

with two successive shots using a flip-flop mode.

[0041] Fig. 3 is an exemplary trace display with a variable density underlay of the near-

field hydrophone data associated with two successive shots using a flip-flop mode.

[0042] Fig. 4 is an exemplary common shot gather of the streamer hydrophone traces that

are nearest to the source array.

[0043] Fig. 5 is an exemplary time-variant analysis of an air gun far-field signature.
[0044] Fig. 6 is an exemplary common shot, trace display of the near-field hydrophone.
[0045] Fig. 7 is an exemplary common shot, trace display of the near-field hydrophone.

[0046] Fig. 8 is an exemplary method of implementing the present technological

advancement.
[0047] Fig. 9 illustrates synthetic near-field signatures for the air gun array.

[0048] Fig. 10 illustrates synthetic common shot gather showing traces from the active and

inactive source arrays.

[0049] Fig. 11 illustrates exemplary far-field source signatures derived from the data

shown in Fig. 10 and their power spectra.

[0050] Fig. 12 is an exemplary plan view of two successive shots in a marine seismic

survey.

[0051] Fig. 13 is an exemplary computer system that can implement the present

technological advancement.

DETAILED DESCRIPTION

[0052] Exemplary embodiments are described herein. However, to the extent that the
following description is specific to a particular, this is intended to be for exemplary purposes
only and simply provides a description of the exemplary embodiments. Accordingly, the
invention is not limited to the specific embodiments described below, but rather, it includes all
alternatives, modifications, and equivalents falling within the true spirit and scope of the

appended claims.

[0053] The present technological advancement provides a method to remove direct arrivals
from the near-field hydrophone data while preserving both the near-surface events and the full

spectral content. Once the direct arrival is removed, the near-field hydrophone data is

-12-



WO 2017/160424 PCT/US2017/016972

equivalent to having zero offset and near-zero offset streamer hydrophone data except for the
array associated with the streamer hydrophone data and the differences in the impulse
responses of the acquisition hardware used to record the streamer hydrophone data and the
near-field hydrophone data. Typically streamer data channels are a group of hydrophones
spaced along the streamer that are analog summed together to produce a single hydrophone
signal. Also the NFH and streamer data are recorded as different sampling intervals on different
acquisition systems. The differences in the spatial response and the acquisition systems are
known and can be accommodated for over a frequency band that is significant to seismic data
processing. Some of the differences between NFHs and streamer hydrophones are noted in
Table 1. The present technological advancement is also extendable to marine source arrays

other than air gun arrays or to marine source arrays with combinations of source types.

[0054] The estimation of notional source signatures for marine sources within a source
array can be improved by utilizing the source array’s actual geometry at the time the source
array 1s fired and by incorporating information from one or more of: 1) the near-field
hydrophones embedded in the active source array, 2) the near-field hydrophones embedded in
the inactive source array and 3) additional near-field hydrophones that are not located directly
above an air gun station. Additional improvements can be gained by including estimates of the
ocean surface reflectivity and measured air gun firing errors. A method to achieve
improvements in removing the direct arrival energy from near-field hydrophone traces can
include: step 1, from the active near-field hydrophone data, run an expanded notional source
separation and model the direct wave on the passive near-field hydrophone array; step 2,
adaptively subtract the modeled direct wave from the data on passive near-field hydrophone
array and mute the early residual of the direct wave (the output from this step is ideally
reflection data on the passive near-field hydrophone array). (A “residual” is the difference
between the recorded data and the predicted data. When the notional source iterations have
progressed to a point where the predicted direct arrival data are very accurate, the residual of
the direct arrival will be close to zero. For early iterations, errors will still be there. The portion
of the direct arrival residual above the water bottom reflection event can be interpreted and
muted. In shallow water, the direct arrivals include energy that overlaps with the water bottom
reflection events. That portion of the direct arrival cannot be muted. It would be unexpected if
the initial estimate of the direct arrivals was exactly correct. There will be some differences.
This mute eliminates the portion of direct arrivals that remains so estimates of the reflection
data can be made. After sufficient iterations the estimate of the direct arrivals should be

sufficiently good to eliminate the need to mute the residuals.); step 3, stack the reflection data
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on the passive near-field hydrophone array on a string-by-string basis or on a combination of
strings basis, and obtain nearly zero-offset traces; step 4, apply NMO (normal moveout (NMO)
describes the temporal change associated with a reflection event associated with a change in
the distance between a source and receiver. A standard reference for NMO well-known to all
practitioners of seismic data processing is Sheriff. The near-field hydrophones have a spatial
extent. To correctly sum them to a zero-offset trace you can first apply a normal moveout
correction to correct for the time delay introduced by travel through the earth.) to nearly zero-
offset traces and adaptively subtract (or simply subtract) the traces from the real data on the
active near-field hydrophone array (the output from this step is ideally the direct wave on the
active near-field hydrophone array), (potentially return to step 1 and iterate the process); step
5, model the direct wave on the active near-field hydrophone array and subtract from real data
(the output from this step is ideally the zero-offset reflection data), (however, the processing
residuals on the active near-field hydrophones may be large enough to overshadow deeper
reflection data); and step 6, calculate the cross-correlation between the outputs from step 5 and
step 3, and then perform optimized stacking based on the cross-correlation coefficient,
outputting the zero-offset trace. Pseudo code for the iterative process is provided in Appendix

A

[0055] This workflow can provide: 1) an estimate of the notional signatures for the active
source array on a shot by shot basis, 2) a substantially zero-offset trace, 3) a near-zero-offset
trace at the crossline offset between the source arrays, and 4) shot-by-shot estimates of the real
time source array geometry. The initial arrival on the zero-offset and near-zero-offset traces
can be used to estimate the water depth at each source location. The notional signatures and the
updated source geometry allow shot-by-shot estimates of the far-field signature and the direct
arrival at the streamer sensor sets to be computed. Since the notional signatures, the zero-offset
trace and the near-zero-offset trace are computed on a shot-by-shot basis, shot-to-shot
variations in the source array signatures can automatically compensate for changes in the air

gun configuration and the air gun array geometry.

[0056] By substituting different starting source models, the method is applicable to other

types of marine sources other than marine air gun sources.

Method for notional source inversion

[0057] Near-field hydrophones record the signals from all the active air guns. Based on
this idea, Ziolkowski et al. (1982) and Parkes et al. (1984) proposed that the superposition of
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the direct and reflected waves from N air gun sources can be combined to create the predicted

pressure field at any near-field hydrophone.

[0058] For fixed source and receiver locations, the pressure response pi(w) at the i near-
field hydrophone would be the sum of the responses due to N air guns, each with notional
source gj(w) at location (X;,;,z;). The origin for the vertical z axis is taken to be sea surface.
Then the distance between the j source and the i near-field hydrophone is r; and the distance

between the j ghost source and the i near-field hydrophone is taken to be pj.

n =) () +(a-2)
Py :\/(xi _xj)2+(yi _yj)2+(zi +Zj)2

[0059] Using the method of images, the near-field hydrophone pressure is straightforward

(1)

to compute at receiver di. The velocity of sound in water is denoted by ¢. The sea surface

reflectivity is taken to be Rs(w,[,4) and is negative one at zero frequency.

7 £y

N ior;/c iop;/c
L e e

[0060] A common model for the sea surface reflectivity as a function of the sea state 4
(which is specified in meters), the angular frequency o, and the cosine of the reflection angle
relative to the sea surface fis given below (Equation 3). A variation on this model for sea
surface reflectivity includes an additional scale factor denoted by gamma with a value slightly
less than one (such as a value of gamma equal to 0.995). The locations of each ghost source
relative to each near-field hydrophone receiver are known, so the cosine of the angle of the sea
surface reflection for each source ghost term can be computed. Ziolkowski did not consider
dependencies on the sea state, the angular frequency, or the cosine of the sea surface reflection
angle for the sea surface reflectivity. He simply used a number close to minus one.

R, (a),ﬂ,h) = —;/e_z(%)Z
y=1

3)

[0061] Firing an air gun generates an air bubble that rises in the water with velocity Vsussze
over time to reach sea surface. The bubble velocity is close to vertical and is dependent upon
the size of the air gun’s high pressure chamber with bubbles generated by large chamber
volumes rising faster than bubbles generated by smaller chamber volumes. Consequently the

equation below has a subscript j on the viusse parameter. A near-field hydrophone moves with
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the velocity of the tow vessel or viear Over time in the x direction. Therefore if x; and z are
redefined to be the x location of the near-field hydrophone at zero time and the vertical location
of the source at zero time respectively, these distance terms have the following temporal

dependencies.

"y (t) B \/(x’  Voou _xf)z + (y' Y )2 * (Z’ 4t (Vbubble )j t)z

4)
p,(1)= \/(x, +vboatt_xj)2 +(y, -y, )2 +(z, +z, _(vbubble)j t)

2

[0062] Given the temporal dependencies of the distance terms between the sources and
receivers, perhaps it is better to write out the response as a convolution in the time domain

using the delta function notation.

il S(t—r,(t)/c S(t—p, (1) c
202 (’)*{ Lo 2 )} ¥
[0063] Traditionally, marine acoustic sources are measured in units of bar-meters. A bar-
meter is defined to be the number of bars of pressure that is measured by a pressure sensor
located one meter away from a source. The choice of a reference distance, 7r.r, to be one meter
is arbitrary. The monopole acoustic Green’s function suggests an amplitude of one and the
associated time delay of 1 meter divided by the velocity of water for areference receiver located

one meter away from a notional source.

rref

g (6)

[0064] If the notional source g(t) at the true source location is redefined in terms of g’(%),
the pressure recorded a reference distance away from the true source location, then the equation

above must be modified as follows.

c

s-¢[r )0 o

[0065] Then the notional source g '(¢) and the recorded hydrophone data d(?) have the same
units of pressure. Ziolkowski’s formulation has been modified so that the reference distance
for each air gun can vary. This flexibility is needed to match the geometry variations observed

in marine seismic acquisition geometries.
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& ), NEIGRAOK) S(t=p,(0)1¢)
di(t)—;gj[t+ . ](r,ef)] {T+Rs(t,ﬂ,h) T}(8)

[0066] Therefore, the Ziolkowski-style inversion problem of interest is to estimate the
notional sources g’(?) given the near-field hydrophone pressure data d(?) and all of the pertinent
geometry information for the acquisition configuration. Ziolkowski simplifies this problem to
a Gauss-Seidel style solution method by taking Rs to be a constant and by assuming that the
only near-field hydrophone receiver locations available are one meter away from each source

location. Then, the following recursion formula can be iterated to get a solution.

~
el

), 5(t—}’lj(l‘)/c+(rmf)j/c)+R 8(t=py (1)l e+ (), ) ©)
= () 7 (1) S 2, (1)

[0067] The initial value for each g i(?) can be set to the original near-field hydrophone data
di(t) to start the recursion.

[0068] This seemingly simple formula typically converges quickly, but not necessarily to
a desired solution because of the inaccurate geometry information. In the near-field of the
source array, 0.5 m error could lead to a large residual behind the primary peak. It has been
found that including a damping term 4 term (0.5<4 <l) in the recursion formula sometimes

helps to mitigate errors due to inaccurate geometry information.

(- éeit))i —ftig; " E:;)) \ {5(t—’§y (;) (/; /) x 5(t-p, S) (/tf;mf / C)} (10)

"
[0069] In any case, new acquisition geometry designs may include more near-field
hydrophone receivers than sources for each air gun array and therefore the present
technological advancement can use an inversion algorithm that is different from Ziolkowski to
account for the additional information available and to enable inversion for the desired
geometry corrections. The notional source separation can be implemented either in the
frequency or in the time domain. In the time domain, the implementation of time-dependent
distances is straightforward, but it requires intensive time interpolation and can be more
computationally expensive. In the frequency domain, on the other hand, the implementation of
time-dependent distances is not straightforward, but the solution is purely linear algebra with
zero bubble and vessel velocities, and is easy to solve. Therefore, the composite workflow is
to first compute notional source separation in the frequency domain and then refine the solution

via computations using more parameters in the time domain. First we can compute the initial
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notional source separation in the frequency domain by setting bubble velocity and vessel
velocity to zero. Then the notional sources can be used as the initial guesses for the time-

domain approach with non-zero bubble velocity and vessel velocity.

[0070] Additionally, available sea-state information is honored, and near-field hydrophone
information from both the active and passive air gun arrays is included in the inversions.
Streamer data can also be incorporated in the inversion if the instrument and hydrophone
response differences for each receiver are understood and the instrumentation response of the

near-field hydrophones and the streamer hydrophones can be made common.

Updaz‘ing source array geomeltry

[0071] A better solution to the geometry issue is straightforward: updating the geometry
information during notional source separation. Niang et al. (2013) and Ni et al. (2014) proposed
to use the passive near-field hydrophone array for the geometry information update by using
an undisclosed optimization method.

[0072] The travel time information in seismic data is directly linked to the geometric
information, which is the idea behind seismic tomography. Each near-field hydrophone
receiver records the energy emitted from all the active air guns for a single shot. For a near-
field hydrophone picking the arrival times from individual active air gun sources is impossible
except for the air gun that is typically one meter below an active NFH. But each string of active
air guns will result in a peak in each near-field hydrophone record, which is easy to pick. By
minimizing the picked peak time and modeled peak time, the geometric information can be
updated. An assumption could be made to further simplify the problem: air guns only deviate
in the cross-string direction from their nominal locations. This assumption is mostly true
because of the mechanical configuration of the air gun array fixes the distance between air guns
in the in-string direction. The angles and distances between air gun strings commonly vary as
the seismic acquisition vessel moves through the water.

[0073] One complicating factor that may occur in some geologic settings is gas bubbles
seeping into the water or near-surface fresh water channels. When that happens, the water
velocity is greatly reduced and travel times are lengthened due to the changes in water velocity.
More often, any larger or smaller travel times between the active and passive gun arrays are
due to changes in the separation distance rather than changes in water velocity. Changes in the
water velocity are typically monitored by placing velocimeters in the streamer cables or in the
air gun source arrays. This measured velocity information can be used to identify traveltime

variations that are due to changes in the velocity of sound in water.
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[0074] A second complication is the true firing times of air guns can vary from shot-to-
shot. This is especially true for large volume air guns which can typically vary as much as and
sometimes more than +1 ms from the aiming point. The method described inherently takes this
variability into account and can utilize firing time information provided by the air gun
controller. Just as the method accommodates unplanned air gun timing errors, it can also
accommodate intentional firing time delays used when multiple sources are fired in a
programmed sequence for simultaneous marine source acquisition.

[0075] All of the near-field hydrophones should be used during the geometry updating
including both the active and passive air gun arrays, in order to take full advantage of the
information contained in the data. Incorporating additional near-field hydrophone receivers
between air gun array positions and/or between the air gun strings can also help constrain an
inversion for both notional sources and air gun array positioning. Moreover, the geometry
updating could be automatic if the real geometry does not deviate too much from the nominal
geometry. In this case, a windowed cross-correlation between real data and modeled data could
be used to extract the travel time differences for each peak generated by each string of air guns,

which are then minimized to update the source array geometry.

Remove reflection data from active-near field hvdrophone data in shallow water environment

[0076] In ultra-shallow water environments, i.e. water depths less than 50 m, shallow
reflections are of appreciable amplitude compared to the direct wave, see Figure 3, and cannot
be neglected during notional source separation and subsequent far-field source wavelet
modeling. Therefore, a pre-processing step can be used to incorporate the shallow reflection
data (mainly seafloor reflection and its multiples) into the notional source separation process
by adding extra terms to the equation (1.8). Hopperstad et al. (2006) proposed to include
seafloor reflection in the equation (1), in order to eliminate the reflection data. Alternately the
pre-processing step could remove the shallow reflection data from the active near-field
hydrophone data. Ni et al. (2015) proposed a so-called “de-blending method” to separate the
reflection data from the direct wave, using careful spectrum filtering. Kragh et al. (2000)
proposed the use of beam-forming to generate reflection data and subtract it from near-field
hydrophone record. This approach might not work well in an ultra-shallow water case because
of the strong overlapping of direct wave and reflections. Kragh US8958266 proposed to mute
the direct arrivals which in moderate to shallow water depths would remove the shallow
reflectors which act as multiple generators. Removing the multiple generator reflections would

significantly complicate multiple attenuation for the seismic data volume.
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[0077] In the pre-processing step, processed passive near-field hydrophone data are used
as templates to be adaptively subtracted from active near-field hydrophone data. Adaptive
subtraction is used to remove the predicted energy from the recorded seismic data. The
predicted data are used as a “template” and are filtered and the filtered result is subtracted from
the recorded data. The design of the filter for adaptive subtraction is typically done by
minimizing the sum of the square of the residuals (the L2 norm) or by minimizing the sum of
the absolute value of the residuals (the L1 norm) but can also be done by other filter designs.
The act of filtering enables small adjustments to be made for variations in the amplitude and
phase of the predicted direct arrival versus the recorded direct arrival. The use of adaptive
subtraction adds robustness to the process but direct subtraction can be used if all acquisition
parameters are fully calibrated and compensated properly with great accuracy. The predicted
energy or template for the reflectivity estimate in this step comes from the “processed passive
array near field hydrophone data™ with the direct arrival information removed. In a prior step,
the predicted energy or template for the direct arrival estimate comes from the notional source
inversion from the active array near field hydrophone data plus a modeling step using equation
8. Then the direct arrival estimate is removed from the passive array near field hydrophone
data by adaptive subtraction. Here, “processed passive near-field hydrophone data” means the
direct wave has been removed (at least partially) from passive near-field hydrophone data.
Reflection events are distinct on passive near-field hydrophone data. Simply muting the direct
wave can remove the early peaks of direct wave from the passive near-field hydrophone data
but doing so leaves residuals that are mostly low frequency bubble energy which is mixed with
reflections. Given the fact that the low frequency end of passive near-field hydrophone data
can be modeled fairly well using separated notional sources, we propose to first subtract the
modeled direct wave from passive near-field hydrophone data and then mute the early residual
that appears at the early part of the direct wave. Therefore, we can obtain clean reflection data,
which has a little move-out compared to the reflection on active near-field hydrophone data.
Then adaptive subtraction will accommodate the little move-out and output a relatively clean
direct wave from active near-field hydrophone data. A workflow using this approach is
discussed in the next section. This approach differs from the approach by Ni et al. (2015),
because Ni et al first subtract data with average signature (requiring bathymetry variations) and
then subtract further the high-pass filtered data, which might remove high frequency

information from direct wave.

[0078] Altematively, if the seafloor reflected wave and its multiples are the only strong

reflection events that complicate the notional source separation, they can be included in the
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notional source separation process. For example, if the primary seafloor reflection is included

in equation (1.8), we arrive at the following equation:

(1D
where R, is seafloor reflectivity and the subscripts f1, {2, {3 and {4 on the (1)) terms denote

the travel distances for primary seafloor reflection and its three ghosts. Higher-order multiples

of seafloor reflection could be added to equation 11 depending on their amplitude.

[0079] A seafloor reflectivity coefficient and an accurate seafloor depth could be derived
beforehand, which would benefit shallow-water de-multiple processing aiming at the water-
layer peg-legs. First, run a notional source separation and then model the seafloor reflected
waves with a trial seafloor reflectivity and a seafloor depth. Any misfit between the arrival time
and amplitude can then be minimized by comparing the modeled and real data, which provide

good estimations of seafloor reflectivity and seafloor depth.

Processing workflow to generate zero-offset and nearly zero-offset traces

[0080] Active near-field hydrophone array data are dominated by the active air guns
located approximately 1 m below the near-field hydrophone. The most distinct arrivals are the
primary pulse and bubble pulses. Reflected wave amplitudes are very small compared to the
direct wave amplitudes on active near-field hydrophone array data, so small errors in
processing to mitigate the direct arrivals might introduce large errors in the resulting estimates
for active array reflectivity information. Reflection data are comparatively larger relative to the
direct arrivals on passive near-field hydrophone array data, so reflectivity estimates from the
passive near-field hydrophone data are less sensitive to small errors in mitigating the direct
arrivals. Therefore, we propose the workflow in Figure 8 where direct-arrival estimates are
dominantly taken from active array near-field hydrophone data and reflectivity estimates are
dominantly estimated using the passive near-field hydrophone array data after mitigation for
the direct arrival energy. Then the reflectivity estimates are adaptively subtracted from the

active near-field hydrophone array data and the process is iterated. For the present
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technological advancement, regardless of the step, direct subtraction is an option instead of
adaptive subtraction if every aspect of the acquisition system has been fully calibrated and
compensated with appropriate filters. Adaptive subtraction adds robustness to the process. The
goal is to get both direct arrival and reflectivity estimates from both active and passive near-
field hydrophone data using information from the combination of both types of data.

[0081] In step 801, for the first iteration, the active NFH data is used (direct arrivals at the
active NFH are not available for the first iteration). In step 802, from the active near-field
hydrophone data, an expanded notional source separation is run and step 803 models the direct
wave on the passive near-field hydrophone array.

[0082] In step 804, the passive NFH data is obtained and in step 805, adaptive subtraction
is used to subtract the modeled direct wave from the data on passive near-field hydrophone
array and mute the early residual of the direct wave. The output from this step 805 is ideally
reflection data on the passive near-field hydrophone array 806.

[0083] In step 807, the reflection data on the passive near-field hydrophone array is stacked
on a string-by-string basis or on a combination of strings basis, and results in nearly zero-offset
traces.

[0084] In step 808, NMO is applied to nearly zero-offset traces and adaptively subtract (or
simply subtract) the traces from the real data on active near-field hydrophone array. The output
from this step is ideally the direct wave on the active near-field hydrophone array. Potentially,
the process can return to step 801 for another iteration.

[0085] In step 809, the direct wave on the active near-field hydrophone array is modeled,
and in step 811 the modeled direct wave is subtracted from the real data obtained in step 810.
The output from step 811 is ideally the zero-offset reflection data 812. However, the processing
residuals on the active near-field hydrophones may be large enough to overshadow deeper
target reflection data.

[0086] The modeled direct wave is also used to update the geometry in step 815, which is
used in other iterations of the process. Step 815 updates estimates for near-field hydrophone
geometry variations between the active and passive near-field hydrophone arrays by analyzing
the relative distance between active and passive near-field hydrophone arrays compared to the
timing differences measured on the direct arrivals seen on the passive near-field hydrophone
data.

[0087] In step 813, the cross-correlation between the outputs from step 812 and step 807 is
calculated, and then step 814 includes performing optimized stacking based on the cross-

correlation coefficient, and outputting the zero-offset trace.
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[0088] In the steps above, adaptive subtraction is a minimization processing technique that
tries to minimize an objective function (L2 or L1 norm misfit, or other form) through designing
a filter that links the two datasets being subtracted. Optimized stacking means stacking a suite
of datasets based on a template. In this case, the template is the stacked reflectivity estimate
taken from the passive array near field hydrophone data after mitigation to remove the direct
arrival energy. In this case, the template is the stacked reflectivity estimate taken from the
passive array near field hydrophone data after mitigation to remove the direct arrival energy.
For this method a windowed cross-correlation function between the datasets and the template
is used to compute the stacking weights, or coefficients. Then an optimized stacking is
performed by the weighted summation based on the coefficients.

[0089] The method has been described in terms of a conventional, dual air gun, source
array configuration shot in flip-flop fashion. The method as described is directly applicable to
shooting arrangements that contain more than two source arrays. The method can be utilized
for acquisition with a single source array by providing additional hydrophones located where
the second source array in a dual source array configuration would be located.

[0090] The method inherently accommodates air gun array arrangements where the air
guns are at a common depth or where the air guns are deployed at different depths. Equally,
the method accommodates arrangements where the near-field hydrophones are at a common
depth or where the near-field hydrophones are deployed at different depths. Adding
significantly more near-field hydrophones than there are air guns, will improve the efficiency
and accuracy of the notional signature estimates and will improve the signal-to-noise ratio of
the derived zero-offset and near-zero offset traces. In this context, a significant increase in the
number of near-field hydrophones would be a factor of two to four. Preferably additional near-
field hydrophones would first be added between the existing gun stations in an air gun string,
the black circles 1201 in Figure 12, and then more additional near-field hydrophones can be
added adjacent to the existing air gun stations but with a crossline extent, the open circles in
Figure 12. At these additional near-field hydrophone locations, the near-field hydrophone
signal will still be dominated by the nearest active air gun which is an important consideration
for estimating the notional signature for the air gun(s) at each gun station.

[0091] This workflow can provide: 1) an estimate of the notional signatures for the active
source array on a shot by shot basis, 2) a substantially zero-offset trace, 3) a near-zero-offset
trace at the crossline offset between the source arrays and 4) shot-by-shot estimates of the real
time source array geometry. The initial arrival on the zero-offset and near-zero-offset traces

can be used to estimate the water depth at each source location. The notional signatures and the
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updated source geometry allow shot-by-shot estimates of the far-field signature and the direct
arrival at the streamer sensor sets to be computed. Since the notional signatures, the zero-offset
trace and the near-zero-offset trace are computed on a shot-by-shot basis, shot-to-shot
variations in the source array signatures automatically compensate for changes in the air gun
configuration and the air gun array geometry.

[0092] Having shot-by-shot source compensated source signatures allows source signature
stability estimates to be computed and incorporated into the quality control measures for a
seismic sail line. An updated string geometry can be used as a data quality indicator for a sail
line. Variability of the far-field signatures and the variability of the string geometry derived
quality estimates can be used to rank the data quality for sail lines in a seismic survey. An
example of a ranking would be to compute on a shot by shot basis the percent difference
between the computed crossline spacing for the strings in the active source array and the
nominal string spacing. At the end of a sail line, the number of shots with a percent difference
greater than a given percentage, e.g. 10%, can be counted. The sail lines could be ranked for
reshooting by the number of shots that exceeded the given percentage threshold. Alternately
or additionally, the normalized crosscorrelation of the shot by shot far-field signature estimates
with the presumed far-field signature could be computed. At the end of a sail line, a count of
the number of crosscorrelation coefficients that fall below a given threshold can be computed
and the sail lines ranked by this count. These two measures of shot to shot similarity could be
combined in a weighted sum to create a composite sail line ranking. When strong multiples are
present in a survey area, evaluation of field brute stacks to rank sail lines for their signal-to-
noise ratio at the seismic imaging objective is hampered by the presence of high levels of
multiple energy at the seismic imaging objective. A shot-by-shot type of quantitative source
stability measure would be of particular value in shallow water environments where strong
multiples are generated and for 4D seismic surveys where survey-to-survey repeatability is
important.

[0093] The above discussion has used an array of air gun sources to explain the method.
Ziolkowski’s “notional” signature can be generalized to a notional source signature being the
pressure field generated at a source station without interaction with any other source and
without any source energy reflected from the ocean surface, the ocean bottom or the ocean
subsurface. The method is equally applicable to marine source arrays of other marine source
types whose signature consists of a large initial impulse followed by a coda such as Boomers
and Bubble Guns. Bubble Gun is the trade name for a variable reluctance transducer which is

typically used as a low power, marine seismic source. It is also applicable to marine source
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arrays which combine multiple types or marine sources such as a combined source array
containing air guns and Bubble Guns. Unlike Newman, US4693336, describing that there be a
significant delay between the firing of the different source types, the present technological
advancement allows all sources within a composite source array to be fired contemporaneously
or at arbitrary times within the shotpoint acquisition cycle.

[0094] The left-hand portion of Figure 9 shows the arrangement of air guns and near-field
hydrophones in a sample air gun source array. This arrangement was used to generate the near-
field signatures shown in the right-hand side of Figure 9. Common shots gathers using this air
gun source were generated for a synthetic earth model where the water depth was set to 25 m.
An example of the common shot gathers is shown in Figure 10 along with a time series plot of
a trace 1001 from the active source array and a trace 1002 from the inactive source array. The
ocean bottom reflection 1003 has been noted. The amplitudes of these synthetic events agree
with the amplitudes of the measured near-field hydrophone traces shown in Figure 3.

[0095] One output of the method is a shot-by-shot estimate of the source array’s far-field
signature. Figure 11 contains far-field signatures for the common shot gather shown in Figure
10. One of the estimated far-field signatures was computed without separating reflection energy
from the active near-field hydrophone data and the other was computed by using the described
method to remove the ocean bottom and subsurface reflections. The far-field signature with the
reflection energy removed closely resembles the true far-field signature. This can be seen by
comparing the power spectra of the two signatures and by the removal of the ocean bottom
reflection from the method’s estimated far-field signature. 1101 is the true far-field source
signature. 1102 is the derived far-field source signature without separating reflection from
active near-field hydrophone data. 1103 is the derived far-field source signature following the
present technological advancement. The water bottom reflection residual 1104 can be clearly
seen in curves 1102.

Interpolation to reconstruct the missing offset data

[0096] According to the present technological advancement, the reconstructed missing
near-offset streamer data generated through the interpolation method and the streamer data that
was extrapolated are used to initialize an iterative estimation of primaries by sparse inversion
(EPSI) algorithm or a closed-loop surface-related multiple estimation (CLSRME) method that
estimates an update to the reconstructed missing near-offset streamer data and an update to

predicted multiples.
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[0097] With the zero-offset and nearly-zero-offset traces available, the next step is to shape
the NFH traces to streamer data and interpolate between them to estimate the missing-offset
data. The extra information provided by NFH data is confined to the source array locations
spatially, typically with a scale less than 20 meters. For a typical 3D marine seismic survey,
the scale of the cross-line span is over 400 meters, which makes the cross-line interpolation
problematic using the NFH derived data. Therefore, we choose to interpolate primarily along
the in-line direction between NFH data and inner streamer cables. Note that the nearly zero-
offset traces are along the cross-line direction, rather than the in-line direction. An assumption
is made here that the geology is not changing significantly in the scale of a seismic source
array, which enables the use of derived nearly zero-offset traces to be used for in-line
interpolation.

[0098] Before interpolation, a useful step is to process the zero-offset and nearly-zero-
offset traces, in order to match their spectrum to the streamer data. Since NFH array and
streamers pick up the same wave-field activated by the same source array, the differences
between the recorded data are hence the receiver-side ghosting patterns due to different towed
depths and instruments responses. Moreover, streamer records are typically from an array of
hydrophones forming into groups, and hence the grouping response also needs to be addressed.
Therefore, NFH processing steps need to include de-ghosting and spectrum shaping. Streamer
data processing generally includes processing for direct wave removal, de-ghosting receivers
and sources.

[0099] For NFH data, de-ghosting can be designed as a deterministic 1D receiver-side de-
convolution process, for the trace number is small and the offset is quite rigid. If the instrument
responses for NFH and streamer are known, then the difference between instrument responses
could be removed by a de-convolution process and then a convolution process. However, this
doesn’t guarantee that the resulted amplitude is true as the NFH traces have undergone stacking
processes. An extra constraint comes from the deep reflection data in both NFH traces and
streamer data. The smallest missing offset for streamer data is about 100 meters, which might
result in a large amplitude variation with offset (AVO) response difference for shallow
reflected waves across the offset, but little AVO response difference for deep reflected waves.
Therefore, the deep reflection events can be indicators for designing the spectrum shaping
filter. By comparing the deep reflection events, the amplitude of zero- and nearly-zero-offset
traces can be correctly constrained. For streamer data in ultra-shallow environment, the direct
wave is mixed with reflections and hard to remove using conventional processing methods.

With the notional sources derived as discussed above, we can model the direct waves at sensor
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sets locations in the streamers. Then an adaptive subtraction can be used to remove the direct
wave from streamer data. Preservation of accurate AVO responses can be important as
anomalous AVO responses are often associated with hydrocarbon accumulations in some
geologic environments and therefore AVO may be used for hydrocarbon prospecting.

[00100] Processed zero- and nearly-zero-offset traces from NFH information can then be
combined with streamer data to interpolate the missing-near-offset streamer data. Note that
interpolation is much better constrained than extrapolation, especially with the right zero-offset
and nearly-zero-offset wavelets and their amplitude. A high-resolution parabolic Radon
transform is adopted to interpolate the missing near-offset data.

[00101] In practice, NFH hydrophones are designed to be more robust to survive in the high-
energy environment close to source locations and thus are typically less sensitive, 7 V/bar
versus 20 V/bar, than the hydrophones in the streamer cable. The streamer hydrophones can
have increased sensitivity because the amplitudes of the direct arrivals from the air gun sources
are significantly reduced in amplitude. Typically both streamer hydrophones and NFH are
digitized using 24-bit sigma-delta digitizers which have a dynamic range on the order of 95 to
105 dB. The increased amplitude requirements placed on the NFH results in a poor signal-to-
noise ratio (SNR) at later recording time (>2s). On the other hand, the streamer hydrophones
are more sensitive and have improved SNR at later recording times. In addition, at later
recording times, streamer data extrapolated to near offset will not suffer from a lack of pre-
critical reflection data or large normal move-out stretch and time shifts, and the streamer
hydrophone data will be more accurate than the NFH due to the SNR of the streamer receivers.
Therefore, it is recommended to combine the early interpolation result using both NFH traces
and streamer data and the later extrapolation result just using streamer data. Two taper
functions can be designed based on the knowledge of SNR. At the overlapping time of the two
taper functions, the summation weights need to be unity.

[00102] The reconstructed near-offset data and steamer data are then injected into SWD
or/and SRME for multiple prediction and elimination. Another possibility is to use EPSI or
CLSRME type of methods to invert for the missing offset data, as well as multiples. These type
of methods are more computational expensive, but they are feasible for 2D problems, as the
interpolation is only along in-line direction (for inner cable). The interpolated traces using
Radon methods can be a good candidate for a starting model that is expected to accelerate the
convergence rate of EPSI or CLSRME. The zero-offset and nearly zero-offset data can be
included into EPSI or CLSRME as regularization terms, which can guide the inversion to

converge to optimized solution. Moreover, the far-field source signature derived from NFH
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data can be a very good initial source wavelet guess for EPSI and CLSRME, which will further
accelerate the optimization process. Another possible solution to the interpolation problem is
the joint use of Radon-domain interpolation and data-domain inversion methods (Baumstein

and Neelamani 2010 and 2013).

Additional Features

[00103] Once the notional source inversion has been accomplished that includes the
removal of any reflectivity information from the notional source estimate using the process
shown in Figure 8, Equation 8 can be used to simulate the direct arrival energy at the receiver
locations for the marine streamer cable. An additional step of designing filters to compensate
for the differences between the sensors and instrument responses in the near field hydrophone
equipment relative to the marine streamer sensors, marine streamer sensor arrays, and marine
streamer recording instrument equipment may be involved. The predicted direct arrivals at the
marine steamer receivers are used as a template and adaptively subtracted from the marine
streamer data. Direct arrival removal from the streamer data is accomplished by removing the
instrumentation from the near-field hydrophone derived notional sources, these notional
sources and their associated geometry are used to compute an estimate of the direct arrival at
the streamer section. Then the instrumentation response and group spatial response of the
streamer hydrophone group are convolved with the estimated direct arrival at the streamer
group. The output of the convolutions is amplitude and/or phase matched then subtracted from

the streamer hydrophone data.

[00104]  According to the present technological advancement, the reconstructed near-offset
streamer data from near-field hy drophone measurements and streamer measurements are used
for the trace data estimate at small trace times and streamer data extrapolated to smaller offsets

are used at longer trace times.

[00105] According to the present technological advancement, the reconstructed missing
near-offset streamer data can be used in regularization terms to stabilize the method of

Baumstein and Neelamani for doing near-zero offset data reconstruction.

[00106] According to the present technological advancement, the reconstructed missing
near-offset streamer data can be provided as input to a shallow-water demultiple prediction

method or a surface-related multiple prediction method.

[00107] The present technological advancement can also be used in the management of

hydrocarbon. As used herein, hydrocarbon management includes hydrocarbon extraction,
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hydrocarbon production, hydrocarbon exploration, identifying potential hydrocarbon
resources, identifying well locations, determining well injection and/or extraction rates,
identifying reservoir connectivity, acquiring, disposing of and/or abandoning hydrocarbon
resources, reviewing prior hydrocarbon management decisions, and any other hydrocarbon-

related acts or activities.

Computer Implemem‘ation

[00108] Fig. 13 is a block diagram of a computer system 2400 that can be used to execute
the present techniques. A central processing unit (CPU) 2402 is coupled to system bus 2404,
The CPU 2402 may be any general- purpose CPU, although other types of architectures of CPU
2402 (or other components of exemplary system 2400) may be used as long as CPU 2402 (and
other components of system 2400) supports the operations as described herein. Those of
ordinary skill in the art will appreciate that, while only a single CPU 2402 is shown in Fig. 13,
additional CPUs may be present. Moreover, the computer system 2400 may comprise a
networked, multi-processor computer system that may include a hybrid parallel CPU/GPU
2414 system. The CPU 2402 may execute the various logical instructions according to various
teachings disclosed herein. For example, the CPU 2402 may execute machine-level instructions

for performing processing according to the operational flow described.

[00109] The computer system 2400 may also include computer components such as
nontransitory, computer-readable media. Examples of computer-readable media include a
random access memory (RAM) 2406, which may be SRAM, DRAM, SDRAM, or the like. The
computer system 2400 may also include additional non-transitory, computer-readable media
such as a read-only memory (ROM) 2408, which may be PROM, EPROM, EEPROM, or the
like. RAM 2406 and ROM 2408 hold user and system data and programs, as is known in the
art. The computer system 2400 may also include an input/output (I/0) adapter 2410, a

communications adapter 2422, a user interface adapter 2424, and a display adapter 2418.

[00110] The I/O adapter 2410 may connect additional non-transitory, computer-readable
media such as a storage device(s) 2412, including, for example, a hard drive, a compact disc
(CD) drive, a floppy disk drive, a tape drive, and the like to computer system 2400. The storage
device(s) may be used when RAM 2406 is insufficient for the memory requirements associated
with storing data for operations of the present techniques. The data storage of the computer
system 2400 may be used for storing information and/or other data used or generated as
disclosed herein. For example, storage device(s) 2412 may be used to store configuration
information or additional plug-ins in accordance with the present techniques. Further, user
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interface adapter 2424 couples user input devices, such as a keyboard 2428, a pointing device
2426 and/or output devices to the computer system 2400. The display adapter 2418 is driven
by the CPU 2402 to control the display driver 2416 and the display on a display device 2420

to, for example, present information to the user regarding available plug-ins.

[00111]  The architecture of system 2400 may be varied as desired. For example, any suitable
processor-based device may be used, including without limitation personal computers, laptop
computers, computer workstations, and multi-processor servers. Moreover, the present
technological advancement may be implemented on application specific integrated circuits
(ASICs) or very large scale integrated (VLSI) circuits. In fact, persons of ordinary skill in the
art may use any number of suitable hardware structures capable of executing logical operations
according to the present technological advancement. The term “‘processing circuit”
encompasses a hardware processor (such as those found in the hardware devices noted above),
ASICs, and VLSI circuits. Input data to the computer system 2400 may include various plug-

ins and library files. Input data may additionally include configuration information.

[00112] The foregoing application is directed to particular embodiments of the present
technological advancement for the purpose of illustrating the present technological
advancement. It will be apparent, however, to one skilled in the art, that many modifications
and variations to the embodiments described herein are possible. All such modifications and
variations are intended to be within the scope of the present invention, as defined in the
appended claims.

Appendix A
[00113] Iterative National Source Inversion Separating Direct Arrival and Reflectivity
Information and Updating Source Array Geometry Information Using Both Active and Passive
Array NFH Data.
[00114] Define the following as known input values. “A” denotes “active array” and “P”
denotes “passive array”.
) A="recorded NFH active array data”.
2 P="recorded NFH passive array data”.
[00115] Define the following as unknown values to be computed. The number “0” denotes
notional source. The number “1” denotes “direct arrival” and the number “2” denotes
“reflection arrivals™.
3) AO0="Estimate of ghost-free and reflectivity-free notional source inversion estimate for

active array”.
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@ Al="Estimate of NFH active array data with no reflectivity information” which
corresponds to the “estimated direct arrival information only™ at the active array near field
hydrophones.

&) A2="Estimate of NFH active array data with no direct arrival information” which
corresponds to the “estimated reflectivity information only™ at the active array near field
hydrophones.

6) P1="Estimate of NFH passive array data with no reflectivity information” which
corresponds to the “estimated direct arrival information only™ at the passive array near field
hydrophones.

) P2="Estimate of NFH passive array data with no direct arrival information™ which

corresponds to the “estimated reflectivity information only™ at the passive array near field

hydrophones.
[00116] These unknowns are related to each other. For the final solution, the following will
be true.

A=A1+A2 P=P1+P2

[00117] Define convergence criteria for inversion iterations: Iterations converge and should
be stopped when the norm of the change in the residual notional source estimate falls below a
specified threshold value. Optional norms on the change in the residual to be compared to the
threshold value could be (1) the sum of the squares of the residual (the L2 norm) or (2) the sum
of the absolute values of the residuals (the L1 norm). The threshold value normally would be
given as how many decibels of residual error are permissible for the inversion. Typically the
signal-to-noise characteristics of the data suggest that 30 dB of residual error would be a

reasonable level.

Initialize:

g8 AO=zero.
2) Al=A
3) A2=zero.
@ Pl=zero.
(5) P2=B.

Also set these variables for the convergence test with reasonable parameters:

6) Max_iterations=10
@) Threshold =30 dB
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Iterate the following steps:

(a) A0 _old=A0
(b) AO=Notional source inversion of Al
a. Optionally use equation 10 for doing the iterative notional source inversion
© Check for convergence
a. If( ( (Norm(A0-AO old)<threshold) and (iterations>1) ) or
(iterations>max_iterations) ) stop iterations
(d) P1 =Direct arrival simulation at passive array NFH locations via equation 8 using A0
a. Pick timing errors between predicted direct arrivals on P1 and recorded values
on P
i. Update geometry information for the distance between the active arrays
and the passive arrays
ii. There may be benefit to smoothing the separation distances estimated
between shots as we expect gun positions to change relative to each
other but only slowly along a sail line.
b. Re-compute P1 with updated geometry information via equation 8 using A0
(e P2=Mute above water bottom(P-adaptive subtraction(P1))
® A2=A-adaptive subtraction(Stack(NMO(P2))
(2 Al=A-adaptive subtraction(A2)
(h) Go to (a)

After convergence, do these steps.

(a) AO=Notional source inversion of Al

(b) A2=A-Al

(c) P1=P-P2

The output products at this point are A0, Al, A2 plus Pland P2 plus the geometry information
update.
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Estimating Zero-offset Reflectivity

[00118] Now, define the following additional reflectivity products that include source and
receiver ghosts:

) C2="Estimate of effective zero-offset reflectivity from stack of normal moveout
corrected reflectivity estimates P2 from the passive NFH arrays™

2 D2="Optimal stacking estimate of effective zero-offset reflectivity from active NFH

arrays”
Compute the following:

(a) C2=Stack( NMO(P2))
a. Make a stack of NMO corrected passive array reflectivity estimates; and
b. In the next step, use this stack as a reference to estimate optimal stacking
weights
(b) D2=Optimally weighted sum(A2)
a. Summation weights are proportional to the correlation of each A2 with C2; and
b. Weights are normalized by the requirement that the sum of the weights is equal

to one.

The final output products would be A0, Al, A2, P1, P2, D2 and the updated source string

geometry information.

Marine Streamer Data

[00119] For the streamer data, define the following as known.

g8 S=“recorded data on a marine streamer”
The following are unknowns that we would like to compute.

2) S1="estimated direct arrival on a marine streamer”

3) S2="estimated reflectivity information on a marine streamer”

Then, given A0 and information about any differences between recording systems, sensors,
and sensor arrays for the marine streamer and the NFH data, S1 can be computed as a function
of A0 and the source and receiver geometry information via a Green’s function. Then S2 can
be computed by either a direct subtraction or an adaptive subtraction. Often, the adaptive

subtraction choice will be preferred.

S2=S-S1
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[00120] So the pseudo code above was partly aimed at using the definitions for desired
products (which are written out in English) for A0, Al, A2, P1, P2, D2, S1, S2, instead of
words such as “zero offset” and “nearly zero offset” which are less clear. I think that the words
“zero offset” and “nearly zero offset” are used by others in different ways and are confusing as
a result. So the present technological advancement can generate A0 without contamination
from reflectivity information, with A0 derived from inputs corresponding to both active and
passive NFH data, where the active array NFH data have dominantly “direct arrival”
information and the passive array NFH data have reflectivity information with good signal to
noise ratio.

[00121] Given A0 and accurate geometry information, use of a Green’s function enables the
calculation of direct arrivals at any location including for the products Al, P1 and S1. Given
the data, the reflectivity data can be estimated by either direct subtraction or adaptive
subtraction of the estimated direct arrival. Adaptive subtraction is more accurate if there are

small remaining errors in the geometry information or the wavelets on the data.
A2=A-A1

P2=P-P1

S2=S-S1

[00122] Then the present technological advancement can also generate D2.
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Claims
What is claimed is:

1. A method for obtaining zero-offset and near zero offset seismic data from a marine
survey, with separation of direct arrival information and reflectivity information, the

method comprising:

modeling a direct arrival estimate at a passive near-field hydrophone array by using a

notional source separation on active near-field hydrophone data;

generating reflection data for the passive near-field hydrophone array by subtraction of

the modeled direct wave from data recorded by the passive near-field hydrophone array;

generating near zero-offset reflectivity traces by stacking the reflection data for the
passive near-field hydrophone array on a string-by-string basis or on a combination of strings

basis;

generating reflectivity information at the active near-field hydrophone array by
subtracting the direct arrival estimate modeled using the notional source separation from the

active near-field hydrophone data; and

generating an estimate of zero-offset reflectivity traces by calculating a cross-
correlation between the between the reflectivity information at the active near-field hydrophone
array and the near zero-offset traces and performing an optimized stacking with summation

weights based on coefficients of the cross-correlation.
2. The method of claim 1, further comprising:

generating a reflectivity estimate at the active near field hydrophone locations by
applying normal moveout timing corrections to the nearly zero-offset reflectivity traces and

stacking;

generating active array near field hydrophone data without reflectivity information by

adaptively subtracting the reflectivity estimate at the active array hydrophone locations;

generating a notional source update using as input the active array hydrophone data

without reflectivity information;

generating a reflectivity information update at the active array hydrophone data

locations by subtracting a direct arrival estimate modeled using the notional source update; and
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generating an updated estimate of zero-offset reflectivity traces by calculating a cross-

correlation between the reflectivity information update at the active array hydrophone data

locations and the nearly zero-offset traces and performing an optimized stacking with

summation weights based on coefficients of the cross-correlation.

3.

10.

The method of any preceding claim, wherein the generating the reflection data for the
passive near-field hydrophone array includes muting an early residual of the direct wave

prior to the water bottom reflection.

The method of any preceding claim, further comprising generating far-field estimates
for the active and passive hydrophone arrays from notional source signatures generated

from the notional source separation.

The method of any preceding claim, further comprising updating estimates for near-
field hydrophone geometry variations between the active and passive near-field
hydrophone arrays by analyzing a relative distance between the active and passive near-
field hydrophone arrays compared to timing differences measured on the direct arrivals in

the data recorded by the passive near-field hydrophone array.

The method of claim 4, further comprising using updated string geometry as a data

quality indicator for a sail line.

The method of claim 6, further comprising using variability of the far-field signatures
and the variability of the updated string geometry to rank the data quality for sail lines in a

seismic survey.

The method of any preceding claim, further comprising conducting the seismic survey,
wherein additional near-field sensors are added to a source array in addition to near-field

hydrophones disposed at each source station.

The method of any preceding claim, further comprising deriving notional signatures in
the notional source separation by computing an initial source separation in a frequency
domain and using frequency-domain-derived notional sources as initial guesses for a time-

domain approach with non-zero bubble velocity and non-zero vessel velocity.

The method of any preceding claim, wherein a source array used in the marine survey

includes at least two different marine sources.
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11.

12.

The method of any preceding claim, further comprising:

obtaining an estimation of seafloor reflectivity and seafloor depth by computing the
notional source separation and then modeling seafloor reflected waves with a trial seafloor

reflectivity and a trail seafloor depth; and

minimizing a misfit between arrival time and amplitude by comparing modeled and real

data.
The method of any preceding claim, further comprising:

reconstructing missing near-offset streamer data with an interpolation method and the

estimate of zero-offset traces and the nearly zero-offset traces.

13.

14.

15.

The method of claim 12, wherein the reconstructed missing near-offset streamer data
are used for trace data estimation at small trace times and streamer data extrapolated to

smaller offsets are used at longer trace times.

The method of claim 13, wherein the reconstructed missing near-offset streamer data
generated through the interpolation method and the streamer data that was extrapolated are
used to initialize an iterative estimation of primaries by sparse inversion (EPSI) algorithm
or a closed-loop surface-related multiple estimation (CLSRME) method that estimates an
update to the reconstructed missing near-offset streamer data and an update to predicted

multiples.

The method of any preceding claim, further comprising removing direct arrival energy
from streamer data using one or more of the modeled direct wave on the passive near-field

hydrophone array or the modeled direct wave on the active near-field hydrophone array.
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