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CLAIMS

1. A method to generate an image of a subterranean formation using a
computer system that includes one or more processors and one or more data-storage
devices, the method comprising:

computing forward and backward extrapolated gathers based on a pressure
wavefield gather for each trial depth of a series of trial depths, the pressure wavetfield
gather generated by receivers of a seismic data acquisition system located beneath a
free-surface of a body of water;

computing an approximate frozen free-surface profile of the free-surface based
on the forward and backward extrapolated gathers;

computing an approximate vertical particle velocity wavefield gather based on
the pressure wavefield gather and the approximate frozen free-surface profile;

computing one of separate up-going and down-going vertical particle velocity
wavefield gathers based on the pressure wavefield gather and the approximate vertical
particle velocity wavefield gather; and

generating an image of the subterranean formation using at least in part the up-
going vertical particle wavefield gather, the image revealing subsurface structural

information about the subterranean formation.

2. The method of claim 1, wherein computing the approximate frozen free-
surface profile of the free-surface based on the forward and backward extrapolated
gathers further comprises:

for each trail depth, computing a set of maximum energy differences for each
time window of a series of time windows applied to the forward and backward
extrapolated gathers; and

for each time window, computing a peak energy from the sets of maximum

energy differences computed for each trial depth.
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3. The method of claim 2, wherein computing the set of maximum energy
differences for each time window of the series of time windows further comprises:

computing a difference gather based on the pair of forward and backward
extrapolated gathers associated with each trial depth; and

computing the set of maximum energy differences for each time window of a

series of time windows applied to the difference gathers.

4. The method of claim 2, wherein computing the set of maximum energy
differences for each time window of the series of time windows further comprises:

computing energy differences for each time window applied to the same time
interval of the forward and backward extrapolated gathers associated with each trial
depth; and

computing a set of maximum energy differences for each time window of a

series of time windows applied to the forward and backward extrapolated gathers.

5. The method of claim 2, wherein computing the peak energy of the sets of
maximum energy differences further comprises identifying a maximum of the sets of

maximum energy differences.

6. The method of claim 1, wherein computing the approximate frozen free-
surface profile of the free-surface further comprises interpolating the approximate
frozen free-surface profile of the free-surface based on peak energy differences between

the forward and backward extrapolated gathers.

7. The method of claim 1, wherein computing the gather of approximate
vertical particle velocity wavefield data further comprises:

computing frozen free-surface wavefield reflectivity based on the approximate
frozen free-surface profile;

computing a pressure wavefield gradient based on the frozen free-surface

wavefield reflectivity and the pressure wavefield data; and
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computing the gather of approximate vertical particle velocity wavefield data

from the pressure wavefield gradient.

8. The method of claim 1 executed on a programmable computer

programmed to execute the method.

9. The method of claim 1 further comprises storing the gather of
approximate vertical particle velocity wavefield data in one or more data-storage

devices.

10. The method of claim 1, wherein the wavefield gathers form a
geophysical data product, further comprising recording the geophysical data product on

a physical, non-volatile computer-readable medium suitable for importing onshore.

11. The method of claim 10, further comprising performing geophysical

analysis onshore on the geophysical data product.

12. The method of claim 1, computing the approximate frozen free-surface
profile further comprises:

computing a frozen-free-surface extension from a free-surface model based on
parameters associated with weather conditions measured at the time of the marine
survey; and

combining the frozen-free-surface extension with the approximate frozen free

surface profile.

13. A computer system to generate an image of a subterranean formation, the
system comprising:
one Or More Processors;

one or more data-storage devices; and
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a routine stored in one or more of data-storage devices that when executed by
the one or more processors performs

computing forward and backward extrapolated gathers based on a
pressure wavefield gather for each trial depth of a series of trial depths;

computing an approximate frozen free-surface profile of the free-surface
based on the forward and backward extrapolated gathers;

computing an approximate vertical particle velocity wavefield gather
based on the pressure wavefield gather and the approximate frozen free-surface
profile;

computing one of separate up-going and down-going pressure and
vertical particle velocity wavefield gathers based on the pressure wavefield
gather and the approximate vertical particle velocity wavefield gather; and

generating an image of the subterranean formation using at least in part
the up-going vertical particle wavefield gather, the image revealing subsurface

structural information about the subterranean formation.

14. The computer system of claim 13, wherein computing the approximate
frozen free-surface profile of the free-surface based on the forward and backward
extrapolated gathers further comprises:

for each trail depth, computing a set of maximum energy differences for each
time window of a series of time windows applied to the forward and backward
extrapolated gathers; and

for each time window, computing a peak energy from the sets of maximum

energy differences computed for each trial depth.

15.  The computer system of claim 14, wherein computing the set of
maximum energy differences for each time window of the series of time windows
further comprises:

computing a difference gather based on the pair of forward and backward

extrapolated gathers associated with each trial depth; and
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computing the set of maximum energy differences for each time window of a

series of time windows applied to the difference gathers.

16. The computer system of claim 14, wherein computing the set of
maximum energy differences for each time window of the series of time windows
further comprises

computing energy differences for each time window applied to the same time
interval of the forward and backward extrapolated gathers associated with each trial
depth; and

computing the set of maximum energy differences for each time window of a

series of time windows applied to the forward and backward extrapolated gathers.

17. The computer system of claim 14, wherein computing the peak energy of
the sets of maximum energy differences further comprises identifying the maximum of

the sets of maximum energy differences.

18. The computer system of claim 13, wherein computing the approximate
frozen free-surface profile of the free-surface further comprises interpolating the
approximate frozen free-surface profile of the free-surface based on peak energy

differences between the forward and backward extrapolated gathers.

19. The computer system of claim 13, wherein computing the gather of
approximate vertical particle velocity wavefield data further comprises:

computing frozen free-surface wavefield reflectivity based on the approximate
frozen free-surface profile;

computing a pressure wavefield gradient based on the frozen free-surface
wavefield reflectivity and the pressure wavefield data; and

computing the gather of approximate vertical particle velocity wavefield data

from the pressure wavefield gradient.
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20.  The computer system of claim 13 further comprises storing the gather of
approximate vertical particle velocity wavefield data in the one or more data-storage

devices.

21. The computer system of claim 13, wherein the wavefield gathers form a
geophysical data product, further comprising recording the geophysical data product on

a physical, non-volatile computer-readable medium suitable for importing onshore.

22. The computer system of claim 21, further comprising performing

geophysical analysis onshore on the geophysical data product.

23. The medium of claim 22, wherein the wavefield gathers form a
geophysical data product, further comprising recording the geophysical data product on

a physical, non-volatile computer-readable medium suitable for importing onshore.

24. The medium of claim 23, further comprising performing geophysical

analysis onshore on the geophysical data product.

25. 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 forward and backward extrapolated gathers based on a pressure
wavefield gather for each trial depth of a series of trial depths;

computing an approximate frozen free-surface profile of the free-surface based
on the forward and backward extrapolated gathers;

computing an approximate vertical particle velocity wavefield gather based on
the pressure wavefield gather and the approximate frozen free-surface profile;

computing one of separate up-going and down-going pressure and vertical
particle velocity wavefield gathers based on the pressure wavefield gather and the

approximate vertical particle velocity wavefield gather; and
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generating an image of the subterranean formation using at least in part the up-
going vertical particle wavefield gather, the image revealing subsurface structural

information about the subterranean formation.

26. The medium of claim 25, wherein computing the approximate frozen
free-surface profile of the free-surface based on the forward and backward extrapolated
gathers further comprises:

for each trail depth, computing a set of maximum energy differences for each
time window of a series of time windows applied to the forward and backward
extrapolated gathers; and

for each time window, computing a peak energy from the sets of maximum

energy differences computed for each trial depth.

27.  The medium of claim 26, wherein computing the set of maximum energy
differences for each time window of the series of time windows further comprises:

computing a difference gather based on the pair of forward and backward
extrapolated gathers associated with each trial depth; and

computing the set of maximum energy differences for each time window of a

series of time windows applied to the difference gathers.

28. The medium of claim 26, wherein computing the set of maximum energy
differences for each time window of the series of time windows further comprises:

computing energy differences for each time window applied to the same time
interval of the forward and backward extrapolated gathers associated with each trial
depth; and

computing the set of maximum energy differences for each time window of a

series of time windows applied to the forward and backward extrapolated gathers.
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29. The medium of claim 26, wherein computing the peak energy of the sets
of maximum energy differences further comprises identifying the maximum of the sets

of maximum energy differences.

30.  The medium of claim 25, wherein computing the approximate frozen
free-surface profile of the free-surface further comprises interpolating the approximate
frozen free-surface profile of the free-surface based on peak energy differences between

the forward and backward extrapolated gathers.

31. The medium of claim 25, wherein computing the gather of approximate
vertical particle velocity wavefield data further comprises:

computing frozen free-surface wavefield reflectivity based on the approximate
frozen free-surface profile;

computing a pressure wavefield gradient based on the frozen free-surface
wavefield reflectivity and the pressure wavefield data; and

computing the gather of approximate vertical particle velocity wavefield data

from the pressure wavefield gradient.

32. The medium of claim 25 executed on a programmable computer

programmed to execute the method.
33. The medium of claim 25 further comprises storing the gather of

approximate vertical particle velocity wavefield data in one or more data-storage

devices.
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