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CLAIMS

1. A method to determine structural information about a subterranean
formation to be carried out by a computer system that includes one or more processors
and one or more data-storage devices, the method comprising:

computing vertical velocity wavefields associated with marine seismic receivers
based on reflectivity of a time-varying, rough free surface profile above the marine
seismic receivers and for frequencies below a threshold frequency using pressure
wavefields measured at the receivers;

computing receiver deghosted wavefields based on the measured pressure
wavefields, vertical velocity wavefields measured at the receivers above the threshold
frequency, and the computed vertical velocity wavefields; and

generating an image of the subterranean formation using at least in part the
receiver deghosted wavefields, the image revealing structural information about the

subterranean formation.

2. The method of claim 1, wherein computing the vertical velocity
wavefields further comprises:

decomposing the measured wavefields into up-going and down-going
wavefields;

computing a free-surface profile image of the free-surface as a function of the
up-going and down-going wavefields;

computing a free-surface profile extension of the free-surface profile assuming a
frozen free surface and using a spatial roughness spectrum of the free surface; and

computing free-surface wavefield reflectivity for the free-surface profile and the

free-surface profile extension.

3. The method of claim 2, further comprising:
computing a gradient of the pressure wavefield at receiver coordinate locations

below the threshold frequency using the free-surface wavefield reflectivity; and
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computing the vertical velocity wavefield below the threshold frequency as a

function of the gradient of the pressure wavefield at the receiver coordinate locations.

4. The method of claim 2, wherein decomposing the measured wavefields
into up-going and down-going wavefields farther comprises decomposing the measured
pressure wavefields into up-going and down-going pressure wavefields and
decomposing the measured vertical velocity wavefields into up-going and down-going

vertical velocity wavefields.

5. The method of claim 1, wherein computing the receiver deghosted
wavefields further comprises computing receiver deghosted pressure wavefields as a
function of the measured vertical velocity wavefields and the computed vertical velocity
wavefields below the threshold frequency, and computing receiver deghosted vertical

velocity wavefields as a function of the deghosted pressure wavefields.

6. The method of claim 1, wherein marine seismic receivers form a data

acquisition surface.

7. The method of claim 1, wherein the threshold frequency is a highest
frequency of a frequency range over which measured vertical velocity wavefields have a

low signal-to-noise ratio.

8. A computer system to determine structural information about a
subterranean formation, the computer system comprising:
one or more processors;
one or more data-storage devices; and
a deghosting routine stored in one or more of the one or more data-storage
devices and executed by the one or more processors, the routine directed to
retrieving from the one or more data-storage devices pressure wavefield

data measured at marine seismic receivers over a frequency range and vertical
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velocity wavefields measured at the receivers above a threshold frequency of the
frequency range;

computing vertical velocity wavefields associated with marine seismic
receivers for frequencies below the threshold frequency using the measured
pressure wavefields and reflectivity of a time-varying rough free surface profile
above the marine streamer;

computing receiver deghosted wavefields over the frequency range based
on the measured pressure wavefields, the measured vertical velocity wavefields
above the threshold frequency, and the computed vertical velocity wavefields;
and

generating an image of the subterranean formation using at least in part
the receiver deghosted wavefields, the image revealing structural information

about the subterranean formation.

9. The computer system of claim 8, wherein computing the vertical velocity
wavefields for frequencies below the threshold frequency further comprises:

decomposing the measured wavefields into up-going and down-going
wavefields;

computing a free-surface profile image of the free-surface as a function of the
up-going and down-going wavefields;

computing a free-surface profile extension of the free-surface profile assuming a
frozen free surface and using a spatial roughness spectrum of the free surface; and

computing free-surface wavefield reflectivity for the free-surface profile and the

free-surface profile extension.
10. The computer system of claim 9, further comprising:

computing a gradient of the pressure wavefield at receiver coordinate locations

below the threshold frequency using the free-surface wavefield reflectivity; and
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computing the vertical velocity wavefield associated with the receivers for
frequencies below the threshold frequency as a function of the gradient of the pressure

wavefield at the receiver coordinate locations.

11.  The computer system of claim 9, wherein decomposing the measured
wavefields into up-going and down-going wavefields further comprises decomposing
the measured pressure wavefields into up-going and down-going pressure wavefields
and decomposing the measured vertical velocity wavefields into up-going and down-

going vertical velocity wavefields.

12. The computer system of claim 8, wherein computing the receiver
deghosted wavefields further comprises computing receiver deghosted pressure
wavefields as a function of the measured vertical velocity wavefields and the computed
vertical velocity wavefields below the threshold frequency, and computing receiver
deghosted vertical velocity wavefields as a function of the deghosted pressure

wavefields.

13. The computer system of claim 8, wherein marine seismic receivers form

a data acquisition surface.

14. The computer system of claim 8, wherein the threshold frequency is a
highest frequency of a frequency range over which measured vertical velocity

wavefields have a low signal-to-noise ratio.

15. A non-transitory computer-readable medium having machine-readable
instructions encoded thereon for enabling one or more processors of a computer system
to perform the operations of

computing vertical velocity wavefields associated with marine seismic receivers

for frequencies below a threshold frequency using pressure wavefields measured at the
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receivers and reflectivity of a time-varying rough free surface profile above the marine
streamer;

computing receiver deghosted wavefields based on the measured pressure
wavefields, vertical velocity wavefields measured at the receivers above the threshold
frequency, and the computed vertical velocity wavefields; and

generating an image of the subterranean formation using at least in part the
receiver deghosted wavefields, the image revealing structural information about the

subterranean formation.

16. The medium of claim 15, wherein computing the vertical velocity
wavefields further comprises:

decomposing the measured wavefields into up-going and down-going
wavefields;

computing a free-surface profile image of the free-surface as a function of the
up-going and down-going wavefields;

computing a free-surface profile extension of the free-surface profile assuming a
frozen free surface and using a spatial roughness spectrum of the free surface; and

computing free-surface wavefield reflectivity for the free-surface profile and the

free-surface profile extension.

17. The medium of claim 16, further comprising:

computing a gradient of the pressure wavefield at receiver coordinate locations
below the threshold frequency using the free-surface wavefield reflectivity; and

computing the vertical velocity wavefield below the threshold frequency as a

function of the gradient of the pressure wavefield at the receiver coordinate locations.
18. The medium of claim 15, wherein computing the receiver deghosted

wavefields further comprises computing receiver deghosted pressure wavefields as a

function of the measured vertical velocity wavefields and the computed vertical velocity
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wavefields below the threshold frequency, and computing receiver deghosted vertical

velocity wavefields as a function of the deghosted pressure wavefields.

19. The medium of claim 15, wherein marine seismic receivers form a data

acquisition surface.
20. The medium of claim 15, wherein the threshold frequency is a highest

frequency of a frequency range over which measured vertical velocity wavefields have a

low signal-to-noise ratio.
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