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SYSTEM AND METHOD FOR DETERMINING WAVE CHARACTERISTICS

FROM A MOVING PLATFORM

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit under 35 U.S.C. § 119(e) of U.S.

Provisional Application No. 61/181,585, filed May 27, 2009, the disclosure of which is

herein incorporated by reference in its entirety.

BACKGROUND

Field

[0002] The disclosed technology relates to underwater acoustic measurement

systems and, more particularly, to acoustic Doppler current profilers used to measure

wave spectra and wave characteristics.

Description of the Related Technology

[0003] As described in U.S. Patent No. 6,052,334, the entire disclosure of

which incorporated by reference herein, the use of Doppler sonar to measure currents in a

fluid medium is well-established. Conventional acoustic Doppler current profilers

(ADCPs) typically use an array of acoustic transducers arranged in the well-known Janus

configuration. This configuration consists of four acoustic beams, paired in orthogonal

planes. The ADCP measures the component of velocity projected along the beam axis,

averaged over a range cell whose beam length is roughly half that of the emitted acoustic

pulse. Since the mean current is assumed to be horizontally uniform over the beams, its

components can be recovered simply by differencing opposing beams. This procedure is

relatively insensitive to contamination by vertical currents and/or unknown instrument

tilts.

[0004] The analysis of waves in a fluid medium is much more complicated,

however. Although the wave field is statistically stationary and homogeneous, at any

instant of time the wave velocity varies across the array and as a result it is not possible to

separate the measured along-beam velocity into horizontal and vertical components on a

sample-by-sample basis. If one sonar beam is vertical, then the frequency spectra in the



can be separated, and a crude estimate of direction obtained from the ratio of horizontal

velocity spectra. But phase information is irrevocably lost through this procedure and the

estimate is substantially biased when the waves are directionally spread. As a result, this

estimator is not particularly useful, except perhaps in the case of swell. There is, however,

phase information in the cross-correlations between the various range bins, and this fact

allows the application of conventional signal processing techniques to estimate wave

direction.

[0005] The wave directional spectrum (WDS) is a mathematical representation

of the wave direction as a function of azimuth angle and wave frequency, which is useful

in describing the physical behavior of waves within the fluid medium. The most common

existing devices used to obtain wave directional spectra are 1) pitch and roll buoys, and 2)

PUV triplets, described in further detail below.

[0006] Pitch and roll buoys typically measure tilt in two directions as a

surrogate for wave slope, along with the vertical component of acceleration. A variation

uses GPS (Global Positioning System) measurements of three velocity components

instead. The measured time series are Fourier transformed and the auto-spectra and cross-

spectra are formed, resulting in a cross-spectral matrix at each frequency. The elements of

the cross-spectral matrix are directly related to the first five Fourier coefficients in

direction (through 2Θ) of the wave directional spectrum at each frequency. These buoys

are typically used in deeper water. Unfortunately, the transfer functions for these buoys

are complex, non-linear, and often difficult to determine. Additionally, the presence of a

mooring line for the buoys adds additional complexity to the analysis due to added

motion. Furthermore, such buoys are comparatively costly, vulnerable to weather and

theft, and are not capable of measuring currents or wave heights.

[0007] PUV triplets (so named due to their measurement of pressure and both

components of horizontal velocity, namely u and v) are basically single point

electromagnetic current meters having an integral pressure transducer. Time series of

pressure and horizontal velocity from PUV triplets are processed in a manner similar to

the measurements made by pitch and roll and GPS buoys, also giving only the first five

Fourier coefficients in direction at each frequency. PUV triplets are typically bottom

mounted, and generally only useful in shallow water. This significant disability is due to

the decrease in high frequency response resulting from the decay of wave velocity and

pressure with increased water depth.



SUMMARY OF CERTAIN INVENTIVE ASPECTS

[0008] The system, method, and computer-readable media of the invention

each have several aspects, no single one of which is solely responsible for its desirable

attributes. Without limiting the scope of this invention, its more prominent features will

now be briefly discussed.

[0009] In one embodiment, a system for determining at least one wave

characteristic is provided. The system includes a sonar system configured to obtain data

indicative of motion of water relative to a platform. The system also includes an earth

reference sensor configured to obtain data indicative of motion of the platform relative to

a fixed reference frame. In addition, the system includes a processor configured to

determine at least one wave characteristic based at least in part on the data indicative of

motion of the water relative to the platform and the data indicative of motion of the

platform to the fixed reference frame.

[0010] In another embodiment, a method of determining at least one wave

characteristic is provided. The method includes receiving data indicative of motion of

water relative to a platform from an acoustic Doppler current profiler (ADCP). Data

indicative of motion of the platform relative to a fixed reference frame from a reference

sensor is also received. Using a processor in communication with the ADCP and the

reference sensor, at least one wave characteristic is determined based on the received data.

[0011] In another embodiment, a method of determining at least one wave

characteristic on an electronic device is provided. The method includes receiving data

indicative of motion of water relative to a platform and data indicative of motion of the

platform relative to a fixed reference frame. At least a portion of the received data is

transformed into data indicative of motion of water relative to the fixed reference frame.

A directional wave spectrum is determined based at least in part on the transformed data.

A non-directional wave spectrum is determined based at least in part on the directional

wave spectrum. At least one wave characteristic is derived based at least in part on at

least one of the directional wave spectrum and the non-directional wave spectrum.

[0012] In another embodiment, a computer-readable storage medium

comprising instructions is provided. When executed, the instructions perform a method

of: receiving data indicative of motion of water relative to a platform from an acoustic

Doppler current profiler (ADCP); receiving data indicative of motion of the platform

relative to a fixed reference frame from a reference sensor; and determining, using a



processor in communication with the ADCP and the reference sensor, at least one wave

characteristic based on the received data.

[0013] In yet another embodiment, a computer-readable storage medium

comprising instructions is provided. When executed, the instructions perform a method

of: receiving data indicative of motion of water relative to a platform and data indicative

of motion of the platform relative to a fixed reference frame; transforming at least a

portion of the received data into data indicative of motion of water relative to the fixed

reference frame; determining a directional wave spectrum based at least in part on the

transformed data; determining a non-directional wave spectrum based at least in part on

the directional wave spectrum; and deriving at least one wave characteristic based at least

in part on at least one of the directional wave spectrum and the non-directional wave

spectrum.

[0014] For purposes of summarizing the invention and the advantages

achieved over the prior art, certain objects and advantages of the invention have been

described herein above. Of course, it is to be understood that not necessarily all such

objects or advantages may be achieved in accordance with any particular embodiment of

the invention. Thus, for example, those skilled in the art will recognize that the invention

may be embodied or carried out in a manner that achieves or optimizes one advantage or

group of advantages as taught or suggested herein without necessarily achieving other

objects or advantages as may be taught or suggested herein.

[0015] All of these embodiments are intended to be within the scope of the

invention herein disclosed. These and other embodiments will become readily apparent to

those skilled in the art from the following detailed description of the preferred

embodiments having reference to the attached figures, the invention not being limited to

any particular preferred embodiment(s) disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Fig. IA is a perspective view of an acoustic sonar system used for

measuring wave directional spectrum, wave height, and current profile, the system being

mounted on a submerged moving platform.

[0017] Fig. IB is a perspective view of a bottom mounted acoustic sonar

system used for measuring wave directional spectrum, wave height, and current profile,

the system being mounted on a mobile surface platform in a downward looking direction.



[0018] Fig. 2 is a functional block diagram of a system for determining one or

more wave characteristics according to one embodiment disclosed herein.

[0019] Fig. 3 is a block diagram of an exemplary embodiment of the

electronics for a broadband acoustic Doppler current profiler (ADCP) of Fig. 2 .

[0020] Fig. 4A is a top level process block diagram of a system for calculating

at least one wave characteristic according to one embodiment.

[0021] Fig. 4B is a flow diagram of a process for calculating at least one wave

characteristic according to one embodiment.

[0022] Fig. 5 illustrates an embodiment of a process for data acquisition in the

system of Fig. 4 .

[0023] Fig. 6 illustrates an embodiment of a process for pre-processing data in

the system of Fig. 4 .

[0024] Fig. 7 illustrates an embodiment of a process for wave processing in

the system of Fig. 4 .

[0025] Figs. 8A and 8B illustrate example data screened for quality in the

process of Fig. 7 .

[0026] Figs. 9A and 9B illustrate an embodiment of a process of calculating a

directional wave spectrum in the process of Fig. 7 .

[0027] Fig. 10 illustrates a process of dividing time series data into

overlapping segments in the process of Figs 9A and 9B.

[0028] Fig. 11 illustrates a process of remapping frequency space coefficients

in the process of Figs. 9A and 9B.

[0029] Figs. 12A and 12B illustrate relationships between observed frequency

and water reference frame frequency.

[0030] Figs. 13A and 13B illustrate an embodiment of a process of calculating

a non-directional wave spectrum in the process of Fig. 7 .

[0031] Fig. 14 illustrates demeaned time series data in the process of Figs.

13A and 13B.

[0032] Fig. 15 illustrates a process of remapping a frequency space and power

in the process of Figs. 13A and 13B.

[0033] Figure 16 illustrates an embodiment of a process for determining one

or more wave characteristics utilizing surface track data.



DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS

[0034] Embodiments described herein involve determining characteristics of

waves propagating in a fluid. One embodiment involves determining at least one wave

characteristics, which can include wave height, period and direction, at the sea surface,

from a moving under water or surface platform. Such an embodiment can employ an

Acoustic Doppler Current Profiler (ADCP) to profile the water motion relative to the

platform, and an earth reference means to determine an earth referenced (ER) measure of

the platform motion. The earth reference means can comprise an inertial system, a bottom

tracking ADCP that measures the platform's motion relative to the earth, or any suitable

means that can track the position of the fixed earth reference relative to a moving

platform, for example, a GPS system. Both water profile and earth reference

measurements can be synergistically employed to compensate for motion of the platform,

in which the platform can move with the waves in some unknown, partially correlated

fashion. By combining the earth reference data and the profile data an earth relative

measurement of subsurface wave orbital velocity can be constructed. Wave processing

can be applied to a time series of earth reference orbital velocities, and the resulting

spectra can be corrected for motion on different time scales. Platform velocity and

attitude can be preserved, as well as earth reference mean currents so that spectra can be

corrected for Doppler shift. The resulting Directional Wave Spectra (DWS) and Non-

Directional Wave Spectrum (NDWS) can be translated via linear wave theory to surface

height spectra and used to calculate such parameters as significant wave height (Hs), peak

period (Tp), peak direction (Dp), wave orbital velocity, and/or wave orbital excursion.

[0035] One principle behind ADCP wave measurement is that the wave orbital

velocities below the surface can be measured by the ADCP. The ADCP can be bottom

mounted, upward facing, and have a pressure sensor for measuring tide and mean water

depth. Time series of velocities can be accumulated and from these time series, of velocity

power spectra can be calculated therefrom. To get a surface height spectrum, the velocity

spectrum can be translated to surface displacement using linear wave kinematics. The

depth of each bin measured and the total water depth can be used to calculate this

translation. To calculate directional spectra, phase information can be preserved and used

in this calculation. Each bin in each beam may be an independent sensor in an array. The

cross-spectrum can be calculated between each sensor and every other sensor in the array.

The result is a cross-spectral matrix that may contain phase information in the path



between each sensor and every other sensor at each frequency band. The cross-spectrum

at a particular frequency may be linearly related to the directional spectrum at a particular

frequency. By inverting this forward relation, we can solve for the directional spectrum.

While this phase coherent approach has many advantages for fixed ADCPs, it may have

disadvantages for a dynamically moving ADCP.

[0036] However, in other embodiments, the phase coherent approach can be

used with a dynamically moving ADCP. ADCP measurements of orbital velocity can

also support the use of moving platform algorithms. There is a catch 22 associated with

coherent processing and motion that makes the problem less tractable than non-phase

coherent approaches. With phase coherent approaches, the measured information that

allows directional waves to be determined can be the spatial phase differences of the

waves spread across the array. In a fixed context, this information can be combined across

time to construct a statistical measure of wave direction. The requisite to combining

information, sample to sample, measured by the array, can be that the measurements

spatially are substantially the same. If, however, the sensors in the array are changing

position and orientation from one sample to the next, then combining them in time would

have the effect of averaging apples and oranges. The precious phase information about the

waves would be confounded by the phase changes introduced by the motion of the array.

One could potentially keep track of the exact motion of the array and translate each and

every measurement in time as if it were made by an array at a fixed location and

orientation, and then combine the information in time. However, in order to do this one

would need to know where the waves were exactly at each moment, and the purpose of

calculating wave spectra would be defeated. As a consequence of the difficulty of this

problem, a non-phase coherent approach is emphasized in this disclosure. Spatial domain

processing, rather than time domain processing, can address the phase coherent challenge.

[0037] The systems and methods described herein can account for a number of

types of motion, including without limitation mooring motion, fixed speed and direction,

dynamic speed and direction, and currents. Wave propagation is a long-studied field of

physics. Some waves propagate in water. Mean currents can move the water relative to

the earth. The platform from which water velocity is being measured may have its own

independent motion. Each of these reference frames (water, platform, and earth) can have

its own speed and direction. Additionally, there can be dynamic changes in the relative

motion, of these reference frames, that span many timescales.



[0038] Mooring motion implies the kinds of motion one might see if the

system were attached to a mooring line. Rotation, tilts, and orbital motion with the wave

orbital velocity are all types of motion that influence the measurement of each sample on

short (0.5 sec) time scales. For example, if a system is attached to a neutrally buoyant

underwater platform that is rotating, the system may pitch, roll, and heave with subsurface

wave energy. The mean velocity of the system can be 0 . Mooring motion is particularly

challenging because one method of constructing time series of data involves transforming

every sample using heading, pitch, and roll to a common reference frame. Additionally,

the system may move with the waves in some partially correlated fashion. If the system is

always moving with the waves (as in the case of a wave following buoy) or if the system

is always stationary (as in a bottom mounted system) then only one measurement may be

all that is required. However, since the system's reference frame may move partially,

completely, or not at all, with the waves, and this response may change with time, it may

be beneficial, in some embodiments, to make two measurements: the motion of the

platform to which the system is attached relative to the earth, and the motion of the water

relative to the system. This motion can comprise the 3 axes of Velocity and Heading,

Pitch, Roll.

[0039] Fixed speed and direction implies that the system has a relatively fixed

mean speed and direction and depth, for the duration of a wave sampling interval, for

example, 10-20 minutes. Mean velocity may influence the solution to this problem as the

system can observe waves at a different frequency than they actually are, in the earth

reference frame. For example, you are on a boat driving into the waves moving in the

opposite direction. The actual period (time between wave crests) in the earth reference

frame is 8 seconds. However, because you are moving towards the waves, you observe

wave crests every 6 seconds. The waves are not changed on the earth because of your

motion but your observation of their frequency is changed. The component (cos [heading-

wave direction]) of the waves in the direction of the forward motion influences the

results.

[0040] Dynamic speed and direction implies that during the wave sampling

interval of, e.g., 10-20 minutes, the system changes speed, direction, or depth significantly

enough that a mean is no longer representative. For example, an Automated Underwater

Vehicle (AUV) navigates North at 10 knots for 2 minutes at 10m depth, then East for 5

minutes at 3 knots, at a depth of 20 m. Dynamic speed may have similar effects to fixed



speed, but it may also present different effects on shorter timescales. For example, you

drive into the waves for 10 minutes then turn around and drive back with the waves for 10

minutes. Waves on the out going trip are observed at a higher Doppler shifted frequency.

Waves on the return trip are observed at lower frequency. The data set may no longer be

combinable into a statistically stable 20 minute set without "mixing apples and oranges."

In one embodiment, each 10 minute segment is corrected for its motion individually.

[0041] Ocean currents can be small, but may still influence the measurement

of waves because waves propagating on a mean current are Doppler shifted to a different

wavelength than is otherwise represented by the standard dispersion relationship. This

may be important when we correct for the observed Doppler shifting of wave frequency

due to forward motion. One distinction between the two Doppler shifts is that forward

motion does not significantly change the wave frequency in the earth reference frame, but

may change the observed frequency in the observed reference frame. So while we may

observe waves differently from a moving platform they are still propagating through the

water according to the standard dispersion relationship, as if we were not there. By

contrast, mean currents do not significantly change frequency but may modify the

wavelength of waves at a given frequency. This can change the way waves of a given

frequency propagate in the earth reference frame. For example, there are no currents and

you are moving into approaching waves. The waves are actually 8 second period, but you

observe 6 second period. The orbital velocity felt at 10 meters depth is that of an 8 second

period wave. As another example, you are sitting still relative to the earth. There are 8s

period waves propagating against a mean current. The current shortens the wavelength

causing the orbital velocity felt at 1 meters depth to be much smaller than typical 8s

period waves.

[0042] Figures IA and IB illustrate systems that can obtain measurements,

which can account for any of the types of motion described above in determining wave

spectra. Figure IA is a perspective view of an acoustic sonar system used for measuring

wave directional spectrum, wave height, and current profile, the system being mounted on

a submerged moving platform. The system 100 is mounted to moving platform, such as a

submarine or AUV (Autonomous Underwater Vehicle) and includes a body element

containing sonar electronics and processing equipment, and a multi-transducer array 103

having the individual transducer elements arranged in the Janus configuration. This

transducer array 103 generates acoustic beams 104 which are coplanar in the vertical



plane 106 yet divergent from a horizontal plane 108 parallel to the surface of the fluid

medium 110. The fluid medium 110 is most often natural or man-made bodies of water,

especially the ocean. It should be noted that while the Janus array configuration is used in

the embodiment of Figure IA, other array configurations which form beams having an

angular relationship to the horizontal plane 108 may also be used. For example, a

"pinwheel" array (e.g., one where the acoustic beams are skew-divergent from the

longitudinal axis of the array), or "star" array (non-coplanar, non-skewed beams) may also

be used. Additionally, phased or time-delayed arrays may be used in conjunction with the

embodiments disclosed herein. As mentioned above, the system 100 may further

comprise an earth reference system such as a bottom tracking ADCP, an inertial system,

or a Global Positioning System (GPS) based positioning system.

[0043] As shown in Figure IB, the transducer array 103 may also be inverted

for use with a surface or near-surface application, such as within the hull of a surface

vessel 120, such that downward-projecting acoustic beams 104 are generated. In this way,

WDS or current velocity at varying depths and at the bottom 110 of the fluid volume can

be measured. Array altitude above the bottom (e.g., the height of the array above the local

bottom), which may be different than water depth, can also be measured using this

configuration.

[0044] Figure 2 is a functional block diagram of a system according to one

embodiment disclosed herein. The illustrated system 200 includes an ADCP 202 and an

earth reference system 204 as inputs to a processor 210. The processor 210 can also be

connected to other input devices 206 for receiving data from a user of from the

environment. Suitable input devices 206 include, but are not limited to, a keyboard,

buttons, keys, switches, a pointing device, a mouse, a joystick, a remote control, an

infrared detector, a video camera (possibly connected with video processing software to,

e.g., detect hand gestures or facial gestures), a motion detector, or a microphone (possibly

connected to audio processing software to, e.g., detect voice commands). Other input

devices 206, such as temperature sensors, pressure sensors, and acoustic transducers can

also provide data to the processor 210.

[0045] The processor 210 can process the received data according to

instructions, which may be embedded in hardware, software, firmware, stored on a

computer-readable medium, or some combination thereof. The raw data, partially

processed data, or fully processed data can be stored in a memory 220 of the system 200.



The information can also be shown on a display 230 of the system 200 or output by

another output device 240. Suitable output devices 240 include, but are not limited to,

visual output devices, including displays and printers, audio output devices, including

speakers, headphones, earphones, and alarms, and haptic output devices, including force-

feedback game controllers and vibrating devices.

[0046] Figure 3 illustrates an exemplary embodiment of the electronics for a

broadband ADCP 300, such as a Workhorse Monitor ADCP sold by Teledyne RD

Instruments, can be used in connection with any of the embodiments disclosed herein.

While the following discussion may refer to an ADCP system, other models and types of

sonar systems, such as narrowband Doppler systems or non-Doppler-based systems, may

be used with the embodiments disclosed herein, depending on the particular application

and needs of the user.

[0047] Referring again to Figure 3, the transducer array 103 can be electrically

connected to the electronics assembly 170 which can include a mixer network 172, low

pass filter network 174, sampling module 176, and digital signal processor (DSP) 178.

Signals generated by the transducer array elements 140 upon the receipt of acoustic

signals can be fed via the transmit/receive switches 180 to preamplifiers 182 and receiver

amplifiers 184, which condition and amplify the signal(s) for further processing by the

electronics assembly 170. A coder transmitter 186 and power amplifier 188 can be used in

conjunction with the DSP 178 to feed transmission signals to the transducer elements 140

via the transmit/receive switches 180. Thus, the same transducer elements can be used for

both transmit and receive functions. Additional details regarding the exemplary

broadband ADCP system are contained in U.S. Pat. No. 5,208,785, "Broadband Acoustic

Doppler Current Profiler" assigned to Teledyne RD Instruments, Inc., which is

incorporated herein by reference in its entirety.

[0048] An ADCP 300 mounted on a moving platform, for example, the

moving platforms illustrated in Figures IA or IB, can utilize an existing hole in the hull.

The ADCP may be flush with the hull and not level. A fixed offset in pitch, roll and

heading, relative to the platform can be addressed by entering these offsets into the ADCP

and having it perform a Ship coordinate transformation. This can also be achieved with an

earth transformation using the offsets and a heading of 0 . The resulting output will be of

the form Starboard, Forward, Mast, rather than along the ADCP beams. This may be

useful in simplifying further processing.



[0049] Measuring waves and currents from a moving platform can utilize a

number of reference frames and coordinate systems. Because some embodiments utilize

triplet processing for waves, it is possible to combine the data across the beams using a

coordinate transformation. It may be convenient to have the instrument pre-process the

velocity data from beam coordinates to ship coordinates, correcting for pitch and roll

offsets to the ship. The subsequent processing that occurs in this system can then assume

that the profile data is already corrected for installation offsets and is in ship coordinates.

[0050] Figure 4A is a top level block diagram of a system 400A that can

determine one or more wave characteristics according to one embodiment. The illustrated

system 400A can obtain data using any combination of a profiling ADCP 402, an inertial

system 404, a bottom tracking ADCP 406, and a GPS 408. The system 400A can also

include a data acquisition system 410, a pre-processing system 420, and a wave

processing system 430. At least a portion of one or more of the data acquisition system

410, the pre-processing system 420, and the wave processing system 430 can be

implemented on a processor, for example, the processor 210 (Figure 2).

[0051] The profiling ADCP 402 can be mounted on a moving platform, for

example, the platforms illustrated in Figure IA or Figure IB. The profiling ADCP 402

can also implement any combination of the features of the ADCP 202 (Figure 2) and/or

the ADCP 300 (Figure 3). The profiling ADCP 402 can be used to obtain data profiles of

waves relative to a moving platform.

[0052] The inertial system 404 can be used as an earth reference. For example,

in one embodiment, the inertial system 404 can be the earth reference system 204 (Figure

X). An inertial system with much lesser performance than required for navigation can be

used for an earth reference for wave processing. Inertial system data can be used for

measuring wave frequencies even if the inertial data is subject to drift. Inertial systems

can provide velocities (X, Y, Z) and orientation (H, P, R) to a wave measurement system.

While inertial systems can be very precise, a common limitation of inertial systems is that

they can drift with time. Schuler oscillation can often cause an offset or drift over a period

of, for example, about 82 minutes. While inertial systems are subject to drift, they

generally have a small scale factor error. Wave measurement is not typically influenced by

the inertial drift offset as long as the scale factor is good. The magnitude of wave orbital

velocities can be scaled properly but superimposed on the mean velocity and the drift



error. Since the offset can be removed by FFT processing, the wave band frequencies can

be left intact.

[0053] Alternatively or additionally, the bottom tracking ADCP 406 can be

used as an earth reference. For example, the bottom tracking ADCP 406 can be the earth

reference system 204 (Figure 2) in one embodiment. The bottom tracking ADCP can

implement any combination of the features of the ADCP 202 (Figure 2) and/or the ADCP

300 (Figure 3). The bottom tracking ADCP 402 can be used to obtain data profiles of

platform motion relative to the earth. This data may be asynchronous.

[0054] Alternatively or additionally, data from a GPS 408 can be used as a

source of earth reference velocity. For example, the earth reference system 204 (Figure 2)

can comprise a GPS system. For a surface platform, for example, as shown in Figure IB,

using a GPS system can be advantageous.

[0055] The data acquisition system 410 can receive data from any combination

of the profiling ADCP 402, the inertial system 404, the bottom tracking ADCP 406, and

the GPS 408. Additionally or alternatively, the data acquisition system 410 can receive

data from any earth reference 204 (Figure 2) and/or any input from user input device 206

(Figure T). In addition, the data acquisition system 410 can synchronize the received data.

More detail regarding the data acquisition system 410 is provided later in connection with

Figure 5 .

[0056] The pre-processing system 420 can be connected to data acquisition

system 410, and thereby receive any of the data obtained by the data acquisition system

410. The pre-processing system 420 can isolate platform, water, and earth reference

frames. The pre-processing system 420 can also perform one or more coordinate

transformations to bring at least a portion of the received data into the same coordinate

system. Lever arm corrections can also be performed by the pre-processing system 420.

In addition, the pre-processing system 420 can perform wave burst accumulation. More

detail regarding the pre-processing system 420 is provided later in connection with Figure

6 .

[0057] The wave processing system 430 can be connected to the pre

processing system 420 to obtain pre-processed data. The wave processing system 430 can

include one or more of the following features: pre- screening data, removing platform

motion, determining a directional wave spectrum, determining non-directional wave

spectrum, re-scaling a wave spectrum, and determining one or more wave parameters.



One or more wave characteristics can be output from the wave processing system 430.

This data can be output to an electronic device, for example, the display 230 (Fig. 2).

More detail regarding the wave system 430 is provided later in connection with Figure 7 .

[0058] Referring to Figure 4B, a process 400B of determining one or more

wave characteristics is provided. In one embodiment, the process 400B includes the

following steps: receiving data indicative of motion of water relative to a platform 440;

receiving data indicative of motion of the platform relative to a fixed reference frame 445;

transforming received data into data indicative of motion of water relative to a fixed

reference 450; determining a directional wave spectrum 455; and determining a non-

directional wave spectrum 460; and deriving one or more wave characteristics 465.

[0059] Figure 5 is a flow diagram of a data acquisition process 410'. The data

acquisition process 410' can implement any combination of the features of the data

acquisition system 410 (Figure 4A). In one embodiment, the data acquisition process 410'

includes the following steps: receiving ADCP profiles in ship coordinates 412, receiving

inertial data in earth coordinates 414, synchronizing ADCP data and inertial data 416,

receiving bottom track data from an ADCP 418, and outputting data for preprocessing

419.

[0060] At step 416, ADCP data can be synchronized with inertial data. For

example, data from profiling ADCP 402 (Fig. 4A) can be synchronized with data from

inertial system 404 (Fig. 4A). Combining platform velocity and water profile velocity in

time can utilize synchronous data to the extent that timing errors are small relative to

wave periods of interest. Data which are not synchronous, but are relatively

synchronizable can also be used. For example, a timing latency of 1 second between the

two inputs introduces a phase error of 1 second in the earth referenced combination. If

wave periods of interest are between 8 to 25 seconds, then an error of 1 part in 8 can

potentially be introduced. If the phase error is 4 seconds and the wave period is 8 seconds,

the error could completely cancel the wave orbital. Based on this, it can be advantageous

to have a timing error of less than 0.5 seconds.

[0061] Synchronization can be verified using waves. To measure the waves in

the earth reference frame, we can measure the orbital velocity of the water relative to the

platform, and then restore any of the wave energy that was absorbed by the platform to the

water measurement. The maximum variance of the earth reference water profile marks the

optimal lag between the water and platform velocity measurements because it implies we



have restored all of the wave energy to the water. For example, an ADCP fixed to a

neutrally buoyant platform moves exactly with the wave orbital excursion. Because the

platform moves completely with the wave, the water profile measures no velocity. All of

the velocity has been absorbed into platform motion.

[0062] Embodiments disclosed herein can employ synchronous data.

However, it is not always guaranteed that a common time- stamp ensures no latency. One

way to empirically measure the degree of synchronization is to use the waves in the

signal. In practice, the measurement noise can be very small for both the water velocity

profile and the earth reference data from inertial. As such, the wave energy in both

measurements may be the dominant source of variance. If we have properly restored the

wave energy absorbed by the platform, back to the water profile, then the result should be

a maximum. Any latency in time between the two measures will introduce phase error and

will not restore all of the wave energy to the water profile. A test to determine the latency

between the two measurements is to subtract the platform motion from the water profile

and calculate the variance. Then, shift the data in the profile by 1 sample and repeat. By

shifting 10-20 samples in each direction and calculating variance, we can find the shift

which produces maximum variance and therefore the latency between the two

measurements. This latency may be consistent.

[0063] Referring to Figure 6, a flow diagram of a process 420' of pre

processing data is provided according to one embodiment. The pre-processing process

420' can implement any combination of the features of the pre-processing system 420

(Figure 4A). The data acquisition process 410' can provide the pre-processing process

420' with ADCP profiles in ship coordinates at step 4202, synchronous earth reference

platform velocity and orientation in earth coordinates at step 4204, and asynchronous

ADCP bottom track data in ship coordinates at step 4206. The asynchronous ADCP data

can also include velocity and orientation in earth coordinates at step 4206.

[0064] At step 4210, heading, pitch, and roll, can be extracted from the inertial

data and inserted into the ADCP ensemble with a synchronous time stamp. If the ADCP

data is already in Ship coordinates, no translation may be necessary to apply ship attitude

to the ADCP data. One may presume that the ADCP is fixed relative to the platform.

[0065] While triplet processing may introduce limitations regarding

directional width and multidirectional waves, this approach can make it possible to

account for many types of motion that may be difficult, or impossible, to address with



more sophisticated array processing. Triplet processing presumes that you are making a

measurement at a single point. By performing a coordinate transformation from beam

(Bl, B2, B3, B4) to instrument coordinates (U, V, W), we combine information across the

beams. Although, this may discard spatial phase information about the waves, it can

preserve wave direction information in the relative amplitudes of the U and V horizontal

components. U and V provide information about the axis of direction. The vertical (W)

component can be assumed to be out of phase with the horizontal by 90 degrees and used

to resolve to or from.

[0066] Further, the Cartesian coordinate data can be transformed to earth

coordinates, correcting for changes in H, P, R from sample to sample, thus moving each

sample to a common orientation in the earth reference frame.

[0067] In contrast, array processing is phase coherent and utilizes spatial phase

differences across a fixed array to derive much of its directional information about waves.

If the array is moving, one can correct the measurement to a reference frame in which the

array location is common, in order to combine data in time. To correct the data in the time

domain for this type of motion, it is particularly useful to know exactly what the wave

periods and directions are. In some embodiments, this is at least part of the information

we are trying to ascertain. In practice, waves can be a superposition of many frequencies,

at any given moment, and trying to correct for array motion can be an under constrained

problem. In other embodiments, however, array processing can be used. For example,

performing array processing with data in which the array is slowly drifting in circles can

yield a smeared result over the entire rotation because the relative phase of the waves

between array elements changes moment to moment with the array orientation.

[0068] At step 4212, the ADCP profiles can be transformed to earth

coordinates. Because triplet processing can be used to determine directional spectra, one

can combine velocities across the beams as if the measurement was made by a point

source. One can determine if the spatial separation across the beams is small relative to

wavelengths of interest before such combination. The earth coordinate transformation

takes heading, pitch and roll, and applies it to ship coordinate ADCP profiles to produce

earth coordinate profiles (East, North, Z, Error)

[0069] The process 420' can use attitude information from an external source,

as the ADCP may be installed in an environment that does not allow the magnetic heading

sensor to work. The reference velocity data for platform motion, however, can come from



either a bottom tracking ADCP, an inertial system, both, or from other systems capable of

tracking platform motion relative to a fixed reference. For example, the inertial reference

can be used when the bottom is out of range, and the ADCP can be used when bottom

track data is good. The inertial system can provide earth reference velocities always but

may drift with time, affecting mean currents and Doppler shifting. The bottom tracking

ADCP is a stable, unbiased source for earth reference velocity but has a limited bottom

tracking range and may not be available in deep water. In other embodiments, data from

any earth reference 204 (Figure 2) and/or any input from user input device 206 (Figure 2)

can be used as a source of earth reference velocity. For example, data from a GPS system

408 (Figure 4A) can be used in a wave processing system for a surface ship.

[0070] At step 4220, the pre-processing process 420' can decide whether to

use bottom track or inertial as the earth reference for velocity. If inertial data is chosen as

the earth reference at step 4220, step 4222 can correct for lever arms. Combining velocity

data from ships inertial and ADCPs can be facilitated if the data is synchronous, in a

common coordinate system, and referenced to the same location in space. Inertial

measurement of the platform motion can be referenced to the ships inertial (centrally

located). The ADCP may be located at a substantial offset from this location. Changes in

pitch, roll, and heading can introduce velocities at the ADCP that are not seen at the

inertial system. In order to combine ADCP and inertial data these lever arms may be

addressed. This system shifts the inertial data to what would be seen at the ADCP' s

location. The velocities introduced can include, but are not limited to, any of the

following parameters included in Table 1 below.



SR = Samplerate

H = heading

P = Pitch

R = Roll

Ax =Starboard offset from inertial to ADCP

∆y = Forward offset from inertial to ADCP

∆z = Up offset from inertial to ADCP

At =IISR

Ah = H - LastH

Ap = P - LastP

Ar = R - LastR
Table 1

After the lever arm introduced velocities are determined, they can be transformed from

ship to earth coordinates so they can be added to the base inertial velocities.

[0071] In addition, the spatial offset between the ADCP and the measured

water volume may not need to be corrected at step 4222. While the lever-arm between the

ADCP and the bins of its profile can be large, dynamics in attitude may not introduce

velocity along this lever arm. Some ADCPs only measure velocity along the beams.

Changes in attitude around the ADCP center may have velocity components that are

perpendicular to the beam direction and thus not measured. In other embodiments, the

spatial offset between the ADCP and the measured water value can be corrected for.

[0072] After correcting for level arms, platform velocities can be converted to

bottom velocities at step 4224. The inertial system can measure platform velocity relative

to the earth. A bottom tracking ADCP can measure earth motion relative to the platform.

While the conversion between the two reference frames may be performed by applying a

negative sign to the velocities, picking a convention for this data may be beneficial to the

process. In one embodiment, the convention is bottom speed, so platform motion is stored

in the ADCP ensemble as bottom track data. Inertial derived platform velocities can be

negated before they are stored as bottom track.



[0073] Alternatively, if bottom track is chosen as the earth reference at step

4220, different pre-processing can be performed. At step 4226, heading, pitch, roll data

(HPRD) can be inserted into bottom track ADCP ensembles. In one embodiment,

velocities from a bottom tracking ADCP and external source of heading, pitch, roll, for

example, inertial, can provide attitude data to the system. This can be inserted into an

ADCP data structure for later use. If the ADCP data is beam coordinates, the ship's

attitude data can be converted to ADCP attitude. If the ADCP data is already in ship

coordinates, where the heading, pitch, roll offsets relative to the ship have been accounted

for in the instrument, then conversion of the attitude data may be skipped.

[0074] After inserting HPRD at step 4226, bottom track data can be

transformed into earth coordinates at step 4227. However, this data may not be

synchronized with the ADCP profiles in ship coordinates. When data is collected in

synchronous fashion, it can be relatively simple to combine velocities from different

systems. The timing associated with bottom track, however, can be frequently

asynchronous because the range to the bottom changes with the environment. The

profiling ADCP may always have regular ping sample timing. For example, a profiling

ADCP can obtain samples once every 0.5 seconds, and the bottom tracking ADCP

samples can be obtained once per 0.8 to 3.0 seconds. The first step to creating a data set

from the bottom tracking ADCP, which is synchronous with the profiling ADCP, can be

to place the top and bottom ADCP data in time sequential order based on Time of

Validity (TOV) time stamps.

[0075] Once data is sequentialized, it can be synchronized at step 4229. To

combine the top (profiling) and bottom ADCP (bottom track) data, one embodiment of

the system 420 uses a bottom track velocity sample, for example, for every 2 Hz profile

sample. The bottom track data can be sampled at a different sample rate and may be out of

phase with the timing of the profiles. This timing issue may vary since the sample rate

difference and timing offset between the two data sets can change with the environment.

In one embodiment, the profile and bottom track data are first placed in sequential order

at step 4229, then a bottom track sample is created at each profile sample time by

interpolating from the nearest actual samples.

[0076] After initial pre-processing, synchronous bottom track velocities can be

inserted into ADCP profile ensembles at step 4214. Whether the measurement of platform

motion comes from inertial or ADCP, it can be put in a form that allows it to be combined



with ADCP profile data. The earth reference measure of the platform motion can be

corrected by one or more of the following operations before it is inserted into the ADCP

bottom track structure. The earth reference measure of the platform motion can be

synchronized, translated to a common coordinate system, translated for lever arms to what

would be observed spatially at the location of the ADCP, and converted from the

convention of platform motion to the convention of bottom motion. Once one or more of

these operations have been done, the data can be inserted into the ADCP ensemble as

"apples and apples."

[0077] Next, at step 4216, a wave burst can be accumulated. Waves

processing may be performed in the frequency domain, and can use time series of samples

accumulated over a nominal period of time, for example, 20 minutes. These time series

can then passed to the wave processing as a burst of 2048 samples at 2Hz, for example.

The burst of samples to be provided to the wave processing may be substantially

uninterrupted. For example, 10 minutes of data interrupted for 30 seconds later followed

by another 10 minutes of data has a large discontinuity in it that may damage spectra and

compromise data quality.

[0078] Referring to Figure 7, a flow diagram of a wave processing process

430' is provided. The wave processing process 430' can implement any combination of

the features of the wave processing system 430 (Figure 4A). Initially, at step 432, time

series velocity data can be prescreened for data quality. This process can include one or

more of the following operations: identifying data that may already be marked bad

coming from the instrument; iteratively removing data points that exceed 4 standard

deviations from the mean; marking data points that exceed minimum and maximum

thresholds as bad; determining the percentage of good data based on all flagged data;

inserting interpolated data into the bad flagged data points when the percentage of good

data satisfies a predetermined threshold, for example, 90%.

[0079] A data adaptive determination of an upper cutoff frequency can be

advantageous in dynamic environments. There are a wide diversity of wave environments,

deployment depths, and ADCP setups that can strongly influence the upper cut off

frequency. In a fixed, unmoving deployment, a single upper cutoff frequency can be used.

However, waves measured from a moving platform may have constantly changing

altitude, depth, speed and direction. All of these parameters can strongly influence the

highest usable wave frequency. A data adaptive approach that determines the highest



usable frequency based on actual signal, regardless of the theoretical limits is presented

below.

[0080] Wave energy can be exponentially attenuated with depth and

frequency, below the surface. The ADCP measures subsurface wave orbital velocity and

then software, hardware, firmware, or some combination thereof, restores this to surface

displacement using linear wave theory. At greater depths and higher wave frequencies, the

wave orbital velocity becomes small and falls below the instrument noise floor. At higher

wave frequencies there is an observability problem where the system literally has nothing

to measure. In particular, both signal (wave energy) and noise (ADCP plus environment)

can vary dynamically from one deployment to the next, during deployment time scales,

and burst time scales. Both Signal and Noise can also vary from one sensor (bin, beam) to

the next.

[0081] In addition, many existing algorithms can perform calculations before

band averaging making screening subject to wild points. Furthermore, when signal is

smallest, and data quality can be lowest, the amplification back to surface displacement

can be large. Moreover, in deep deployments, misplacing the upper cutoff frequency by a

single frequency band too high, the resulting spectrum can potentially double the area

under the spectrum, and misrepresent Hs, Tp, Dp.

[0082] For these reasons, it can be advantageous to only present good data.

Making the determination of whether data is good at step 433 can include determining a

data adaptive upper cutoff frequency and/or qualifying every spectral frequency.

[0083] One approach to determine if data is good is a data adaptive approach.

Figure 8A illustrates the relationship between frequency and spectral power in one

embodiment. Because the gain, or scale factor, to translate higher frequencies to surface

displacement can be large, the influence that these data points can have on the overall

spectral power can be large. In one embodiment, there is a sharp pointer to quickly cut off

the end of the spectrum where the noise floor may be getting amplified by this large gain.

One concern is that even with upper frequencies that still have valid wave energy;

variations in noise floor superimposed on them will have a significant effect on overall

energy after translation. The gain times noise divided by the signal can provide a sharp

pointer to last good data.

[0084] For example, in one embodiment, noise can represent 4 standard

deviations (STD) of the un-translated velocity power spectrum, where STD is from 0.75



Hz to 1 Hz outside of the wave band. This can create a 99% envelope. Noise may not be

frequency dependent. In this example, the signal can represent an un-translated velocity

power spectrum at each frequency. In this example, the gain can represent an averaged

translation to surface displacement. Band averaging early in the process can allow this

kind of screening and process to occur without wild points. Preserving a collective (e.g.,

least squares) un-translated velocity spectrum allows screening to occur before

amplification on source data. When the gain is at a large end of the spectrum, it can be

desirable to have a conservative signal to noise ratio. A large gain can be undesirable to

apply without having a high quality, unambiguous input spectrum.

[0085] When gain times noise divided by the signal (GN/S) grows larger than

some threshold, for example, 100, this can represent the upper cutoff. As shown in Figure

8B, the velocity spectrum can be discarded when GN/S exceeds a threshold at point 850.

When GN/S exceeds the threshold at point 850, the spectrum used can be close to zero at

portion 860 of the curve representing the spectrum used. Once the upper cutoff is

obtained, data can be screened for signal to noise ratios that satisfy the cutoff. This two

stage approach may allow for the robust handling of bimodal spectra. If two peaks exist,

the upper cut-off can be set above the second peak because the signal to noise is still valid

at these frequencies. Data between the peaks that contains no real power can be screened

by the 4 sigma requirement.

[0086] GN/S can advantageously be used for a number of reasons. One object

of this equation is to create a sharp pointer to the very last viable frequency band in any

given wave power spectrum. The danger is that we amplify noise floor at the end of the

velocity spectrum by the potentially large gain (G) to get surface displacement. Under

some conditions even a single frequency band too high can substantially falsify the area

under the power spectrum. It stands to reason that we want to ensure a good signal to

noise ratio before we consider amplifying the data or using it to determine direction. So

we first introduce the terms Noise/Signal where Noise is 4-6 times the standard deviation

of the actual power spectrum where no signal exists. Signal is the power in the spectrum

at each frequency band. These criteria can isolate frequency bands that unambiguously

have real wave power that stands out above the measurement noise floor. Additional

processing may be required to determine an upper cutoff frequency. To do this we

multiply the N/S By Gain where the gain is the amplification to surface displacement.

This is reasonable because the greater the gain is the more important it is that we do not



falsely amplify noise. When the depth is great, G will be large (steep exponential with

frequency) and the rate at which G*N/S climbs will also be steep. So the pointer becomes

more conservative when it is reasonable for it to do so. When G*N/S is greater than some

threshold, stop at this frequency.

[0087] Four sigma (standard deviations) can generally be a good envelope

around the noise of measurement. This value can be set to a more conservative 6 sigma or

any other value, depending on a particular application. There are at least 2 reasons to

screen data for good signal to noise ratio. One reason is to require that data have good

signal to noise ratio before amplifying it to surface displacement. Another reason is to

require that data have good signal to noise ratio before using it for directional waves.

[0088] Four sigma can be a good measure when used with vertical systems to

avoid amplifying noise floor at the end of the spectrum. With horizontal systems, a more

conservative criterion (e.g., 6 sigma) may be used to get robust directional waves. This

may be associated with the fact that the response, (and therefore noise threshold) for a

horizontal system is anisotropic. It may also have to do with array motion that is common

for systems used in offshore applications.

[0089] Referring back to Figure 7, if the data is determined to be bad at step

433, the wave processing process 430' can stop. Alternatively, if the data is determined to

be good at step 433, the data platform motion can be removed from good data at step 434.

In some embodiments, in the processing up to this point, the platform motion may be

converted to a like measurement (same coordinate system, conventions, timing, location,

etc.), but the platform motion, e.g., bottom track, and the profile may be kept separate. In

such an embodiment, the platform motion can then be subtracted from the profile in order

to restore any wave energy that induced platform motion, back to the water velocity

profile. This step can restore the water velocity profiles to the earth reference frame in

regards to platform dynamics. While this step restores all of the wave period motion to the

water profile, it may not correct for the Doppler shift of wave frequencies, associated with

the mean forward motion.

[0090] There are a number of factors that can influence the measurement of

waves from a moving platform. Such factors can include without limitation platform

speed, platform direction, wave frequency, wave direction, platform response, platform

altitude, platform depth, and mean currents. Most of these factors are frequency

dependent. For example, if the depth changes during the course of a 20-minute wave



sampling interval, from 20 m to 40 m, inaccuracies may result from using the average

depth when spectra are translated to surface displacement. Depth can strongly and non-

linearly effect the translation to surface displacement with frequency.

[0091] Removing platform motion at step 434 can also include correcting for

motion on different time scales. This can include one or more of the following actions:

A. Restoring any wave energy absorbed by the platform back to the

platform relative water velocity measurements.

B. Using an earth coordinate transformation on the profile velocity

data to account for dynamics with heading, pitch, and roll on a single sample

basis. This may be used to correct measurements to the earth reference frame

(East, North, Z) so they can be efficiently combined into time series.

C. Correcting for the Doppler shift of wave frequency in the observed

reference frame and correcting for Doppler shift of wave number by earth relative

currents.

D. Applying frequency dependent parameters such as speed, depth,

and direction to each wave frequency band, on a short time scale.

E. Once short time scale spectra have been individually calculated and

corrected for motion, they can be averaged to produce a single statistically quieter

result and wave parameters can be determined on this time scale.

F. Sliding a 17 minute long window through the data 5 minutes at a

time allows for 5 minute updates containing the last 17 minutes of data.

Tϊm Scale J seeomls 2 minutes 1? mianles 0 minutes
Actions A,B C,D E F

TABLE 2

[0092] Table 2 provides exemplary time scales to illustrate the relative size of

the time scales which may be considered in one embodiment. One of ordinary skill in the

art will appreciate that other time scales may be employed.

[0093] Other time scale challenges can include:

1. Motion on time scales of waves (e.g., < 30 seconds) can be

corrected to a common frame of reference for each and every sample.



2 . Wave propagation and attenuation with depth may be strongly

frequency dependent, so inaccuracies may result from combining data into a single

time series that is measured from an environment that is dynamically changing.

The frequency dependent parameters affecting waves may be reasonably stable

during the sampling interval.

3 . It can be desirable to take a short time frame and perform wave

processing on it so that dynamics can be applied to each segment accordingly.

4 . Wave periods of interest are, e.g., 5 - 30 seconds. A 0.5 Hz sample

rate can bound the shortest reasonable sampling interval.

5 . To address medium (e.g., < 2 minutes) time scale dynamics

(changes in mean speed, direction, depth), the shortest time series that can still

statistically produce spectra with adequate resolution and variance can be about 2

- 2.5 minutes.

6 . While medium times scale segments can be individually corrected

they may still be statistically noisy. This effect can be lessened by averaging the

segments after correction.

[0094] Removing platform motion can also be independent of the platform

response function. The platform can respond to the waves in any fashion (delayed, wavy,

Brownian motion, no motion at all, etc.). With synchronous measurements of the platform

relative water velocity, and earth relative platform velocity, we can restore the absorbed

platform motion to the water profile, independent of what the response function might be.

In other embodiments, the measurements may not be synchronous, but can be delayed by

a known factor. This known factor may also be dynamic. In other embodiments, the

measurements are not exactly synchronous, but vary to the extent that timing errors are

small relative to wave periods of interest.

[0095] Platform motion can be removed in the time domain. Removing

platform motion in the time domain can provide advantages compared to removing

platform motion in the frequency domain. Embodiments of the invention operate on

power spectra, because averaging frequency spectra (complex with phase information)

may converge to 0 as the phase differences cancel each other out. If we are accumulating

power spectra, the result can be different by the cross terms than a time domain

accumulation. For example, (A+B)2 ≠ (A2 + B2) .



[0096] After removing platform motion at step 434, directional spectra can be

calculated at step 435. The directional spectra calculation can begin, for example, by

averaging a 2 m volume of water into 20 minute time series of East, North, and Z

velocities. Overlap-add techniques can be used to split up the data into shorter pieces.

Cross spectra can be calculated for each segment and then coefficients by the triplet

approach. A remapping of coefficients in frequency space (for Doppler shift) can be

performed using peak direction, for each time segment. Remapped coefficients at each

segment can then be averaged over the burst interval to produce a quieter directional

estimates More detail related to calculating directional spectra is provided later in

connection with Figures 9A and 9B.

[0097] Then the non-directional spectrum can be calculated at step 437. More

detail regarding calculating the non-directional spectrum is provided later in connection

with Figures 13A and 13B.

[0098] Although the directional or non-directional spectrum can be calculated

simultaneously or in any order, a particular order of calculation can provide certain

advantages. The calculation of direction wave spectra and non-directional power spectra

can be performed independently where each problem is easier to resolve with fewer

dimensions to be constrained. However, in some embodiments, dependencies may exist

between the two algorithms. For example, to determine the non-directional power

spectrum P(f), one can correct for the Doppler shifts associated with forward motion and

mean currents. This can involve knowledge of the peak wave direction at each frequency

in observed frequency space. As another example, to determine a full frequency-direction

spectrum D(f, θ), we can use information about both wave direction and power at each

frequency in the earth reference frame.

[0099] Advantageously, the following order of operations can be

implemented. A normalized wave directional distribution Dnorm(fobs,θ) can be calculated at

each observed frequency. The peak direction Dpeak(fobs) at each observed frequency can

be obtained and preserved for later processing. The normalized directional distributions

Dnorm(fearth,θ) can be mapped from observed frequency space to earth frequency space,

based on peak direction, and stored for later processing. The non-direction power

spectrum Pobs(fobs) can be calculated in the observed frequency space. The observed peak

directions P(f earth) calculated previously can be applied to remapping non-direction power

spectrum to earth reference frequency space. The normalized, remapped, directional



distributions D(fearth,θ) can be scaled by the similarly remapped non-directional power, at

each frequency. However, any order or combination of these steps can be implemented to

realize the advantages of data dependencies.

[0100] Referring back to Figure 7, at step 438 the directional spectra can be

rescaled by the non-directional power. This can normalize the directional and non-

directional spectra for calculating wave parameters. Alternatively or additionally, the

non-directional spectra can be scaled by the directional spectra. And, in some

embodiments, no rescaling may be needed at all.

[0101] At step 439, wave parameters or characteristics can be calculated from

the directional spectra and/or the non-directional spectra. Wave parameters or

characteristics, including without limitation significant wave height, peak period, peak

direction, wave orbital velocity, and/or wave orbital excursion, can be calculated from

these spectra using well known techniques.

[0102] For example, significant wave height, Hs, can be calculated from a

power spectrum. The area under the power spectrum between the lower and upper cutoff

frequencies can be accumulated. In one embodiment, the significant wave height can be

represented by four times the square-root of the area under the power spectrum

normalized by the width of the frequency bands, as shown by the equation below. This

can be the equivalent of 4 standard deviations in time domain analysis and can be the

approximate equivalent of H1/3.

Hs = 4.0 * V(∑ P(i) * deltaf)

(1)

[0103] As another example, the peak frequency, Tp, can be determined by

searching the valid region of the non-directional wave height spectrum for the largest

value. Once this peak is found, the peak period can be represented by the inverse of the

peak frequency, as shown in the following equation.

Tp = 1.0/fp = 1.0/(max(f))

(2)

[0104] Interpreting or comparing peak period data can be tricky because it can

be common for there to be two peaks in a spectrum of approximately the same height.



When this occurs, the peak period may fluctuate between the two values. This can be an

accurate representation of the environment.

[0105] As another example, peak direction, Dp, can be determined by finding

the peak of the directional distribution at the peak period. If the resolution is less than 1

degree, the peak direction can be interpolated to get better resolution. Peak direction can

be represented by the following equation.

Dp = max(D(θ,fp)) where fp represents peak frequency

(3)

[0106] Figures 9A and 9B illustrate a flow diagram of a process 435 for

calculating a directional wave spectrum (DWS). The process 435 provides more detail

regarding step 435 of Figure 7 . At step 900, the process 435 begins by decreasing the

frequency resolution. To improve the variance and stability of directional estimates

derived from relatively short time series, the frequency resolution of the directional

spectrum can be decreased. This can increase the degrees of freedom for each estimate, at

the possible expense of frequency resolution. This may be a reasonable tradeoff since

wave direction tends to group and the quietness of the directional estimate can strongly

influence the remapping process later. Non-directional spectrum may be desired in higher

resolution because the wave height may be strongly dependent on the accuracy of

remapping frequency space for Doppler shift. For example, a non-directional spectrum

can be calculated with 15 overlapping, 256 sample segments spanning 2+ minutes each,

providing 128 frequency bands from 0 tolHz. For example, the directional algorithm can

be calculated with 3 1 overlapping, 128 sample segments spanning at least 2 minutes each,

providing 128 frequency bands from 0 tol Hz.

[0107] At step 902, the process 435 can divide time series data into

overlapping segments. As illustrated in Figure 10, overlap-add spectral processing can

splits up a segment 1010 of time series data (e.g., 2048 samples) into a number of

overlapping segments 1020, 1030. Each segment can be Fourier transformed to the

frequency domain, and then the resulting spectra 1050, 1060 can be averaged. This

approach can apply frequency dependent parameters, such as depth and speed, to each

segment spectrum before they are averaged.

[0108] The discrete Fourier transform can be sensitive to the end points (an

infinitely long time series typically does not have problems), and windowing can be used



on smaller segments. The overlap-add approach can mitigate the effects of end points by

windowing each individual segment to attenuate the data near the ends. Windowing

reduces the effective number of independent samples in each segment. Overlapping

segments can restore the degrees of freedom lost to windowing.

[0109] Overlap-add processing can be used instead of band averaging. Band

averaging can involve performing a single large Fast Fourier Transform (FFT) (e.g., 2048

samples) then average adjacent frequency bands to produce a spectrum with less

resolution but improved variance. Overlap-add processing can be desirable when a non

linear process is performed on the spectrum that is improved by more degrees of freedom.

However, in other embodiments, band averaging can be used instead of overlap-add

processing.

[0110] The overlap-add approach can be used for processing waves in a

dynamic environment because it can be desirable to divide up the time-series into smaller

segments anyway in order to address changes in frequency dependent parameters on a

shorter time scale. If changes in speed, direction or depth happen slowly then the mean

value for each 2 minute segment will be representative of that time frame. If the changes

happen suddenly the approach can still work for practical purposes if such changes are

infrequent. For example, a platform is traveling into the waves for 10 minutes then turns

180 degrees and travels with the waves for 10 minute and 20 minutes of data is processed

using overlap-add. The data segments from the out going trip are processed and the

spectra are corrected for the Doppler shift induced by moving into the waves. Likewise,

the segments of the return trip are processed correcting for Doppler shift induced by

moving with the waves. The segment of data that straddles the turn may not be of high

quality because it incorrectly combines data with both Doppler shifts. The erroneous

segment is one 2 minute segment out of 20 minutes of data so its contribution is small as

long as the rest of the segments are correct.

[0111] Referring back to Figure 9A, the overlapping segments 1020, 1030

(Figure 10) generated in step 902 can each be processes separately. At step 904, segment

specific statistics can be computed. In one embodiment statistics, such as the mean,

median, mode, variance and/or standard deviation, for all of the frequency dependent

parameters are accumulated for each segment, including, but not limited to, depth,

altitude, platform speed, platform direction, current speed, and current direction. In

another embodiment, at least one statistic can be calculated for one or more of the



frequency dependent parameters. Each segment can be individually modified using a

statistic representative of an average values, such as the mean value, of these parameters.

A statistic representative of variability, such as the standard deviation, can be used to

determine if the average value is representative. For example, a platform moves at a depth

of 100 meters for 5 minutes then rises to a depth of 10 meters for 5 minutes. The mean

depth is 55 meters, however, because the frequency dependent attenuation of wave energy

with depth is strongly non-linear, the segment should not be used.

[0112] Segment specific cross-spectra can be determined at step 906. A cross

spectra can be calculated from each windowed segment. A FFT can be performed on

each triplet. The triplets and their respective FFTs can be represented by the following

expressions.

u(t) = East velocity, U(f) = FFT(u(t))
(4)

v(t) = North velocity, V(f) = FFT(v(t))
(5)

w(t) = -Z velocity, W(f) = FFT(w(t))
(6)

Then the cross spectra can be:

Cuu = U2

(7)

Cvv = V 2

(8)

C - W2

(9)

Cuv = UV
(10)

c
uw

= ϋw
(11)

Cvw = VW
(12)

[0113] After the segment specific cross spectra are computed, segment

specific triplet coefficients can be determined at step 908. These can be, for example, the

first three or the first five, coefficients of the Fourier series representing wave direction.



[0114] The directional information in only 3 terms represented by 5

coefficients can be limited. While these coefficients are limited, they can contain

substantially all of the directional information available. It can be convenient to represent

the directional distribution in terms of these coefficients D(f,coeffs), rather than θ. When

directional distributions are averaged, they can be averaged as coefficients. This can

simplify the overlap-add approach by allowing us to calculate a set of coefficients for each

overlapping segment in a data series. These coefficients can be averaged rather than full

directional distributions.

[0115] One embodiment of triplet processing can represent the wave

directional distribution, at each frequency, with the first 5 coefficients of a Fourier series.

The coefficients can be represented by the following equations:

(13)

} 74c f).rAcΛ f).r C {f).r)
(14)

) 7 C f).rAcAf).r C {f).r)
(15)

A (f) - (cJf).r-Cjf).r)/
A f ) /(CJfIr +Cjf).r)

(16)

(17)

[0116] Limitations of triplet processing include the fact that waves from

multiple directions at the same frequency cannot typically be represented unless the

directions are widely separated. Additionally, the directional width is mostly

undetermined by 5 coefficients. Knowing that coefficients can substantially provide

information about peak direction only and may not be able to produce directional width

accurately can be significant. Based on this knowledge, one can simply pick a somewhat

realistic directional width that graphically communicates the peak direction easily. For

example, a 10-degree wide Gaussian can be chosen because it is wide enough to see the



peak direction clearly on a contour plot, and small enough to show directional trends with

frequency.

[0117] At step 910, segment specific directional peaks can be identified prior

to remapping the frequency space. The peak direction at each observed frequency can be

determined by finding the maximum of the directional distribution represented by the

coefficients. This can be used later to remap frequency space for Doppler shift. The

following equations can be used to determine the peak direction.

D(f, θ) = Ao(f) + A 1Cf)CoS(B) + B 1Cf)Sm(B) + A2(f)Cos(2 θ) + B2(f)Sin(2 θ)
(18)

Dpeak(f) = Max θ[D(f,θ)]
(19)

[0118] The map of peak direction can be aligned in time for use by the non-

directional spectrum algorithm. In some embodiments, the directional algorithm can use

less resolution than the non-directional algorithm by a factor of, for example, 2 or 4 . This

may minimize the top error sources to the remapping process that restores Doppler shifted

spectra to the earth reference frame. In order to get the benefit of both quiet directional

estimates θ and adequate non-directional resolution, we can optimize the segment size and

the frequency banding for each process. The non-directional algorithm, however, may

depend upon the map of peak directions at each frequency band that is derived from the

directional spectra algorithm. In order to support this dependency, one can interpolate the

map of peak directions for each segment to the frequency resolution of the non-directional

spectrum. In some embodiments, there may be a different number of segments in each

algorithm that lineup in time differently. To address this challenge, the map of peak

directions for each directional segment can be re-aligned so that there is a peak direction

estimate based on the time frames of each of the segments in the non-directional

algorithm.

[0119] At step 914 segment specific remapping of coefficients can be

performed. This can redistribute the coefficients representing direction in frequency

space to correct for Doppler shift in observed frequency space. At this step, the peak

directions can be smoothed by the extra averaging (decreased resolution can lead to wider

frequency bands) and has the same resolution as the coefficients. The entire directional

distribution may not be used to remap frequency space; in some embodiments, only the



peak direction may be used. This process can be repeated for each observed frequency.

An example mapping of the frequency space that can be repeated for each frequency is

provided in Figure 11.

[0120] A s illustrated in Figure 11, remapping of directional spectra in

frequency space can be done based on peak direction only since we may be have little

knowledge of directional width. Mathematically it can be beneficial to remap a directional

spectrum based on "Ucos" calculations, where Ucos for each frequency f can be

calculated using the directional distribution D(θ) at that frequency, and D(B1, f,) is

remapped using U COs(B1- φ) .

[0121] If the frequency-direction spectrum D(θ,f) represents the true

directional distribution, then the approach above would be ideal. However, triplet based

wave measurement, as described with respect to the embodiment above, can be inherently

limited in its ability to represent directional width because it is comprised of just the first

3 terms (5 coefficients) of an infinite Fourier series. Knowing that there can be little

genuine directional width information in the process, it may be disadvantageous to remap

directional spectra based on directional width that may or may not actually exist. One can

generally rely on the peak wave direction at each frequency.

[0122] Remapping an observed frequency space to correct for the Doppler

shift due to forward motion may be a non-linear, frequency dependent process that is

complicated by multiple solutions, and boundaries. The risk associated with errors in the

data used for remapping can become greater with higher velocities. When moving through

the wave field one observes a different wave frequency than if the system were fixed to

the water reference frame. The significant motion may be the component of mean velocity

in the direction of wave propagation.

[0123] Some parameters that influence the Doppler shift of frequency

spectrum with motion can include: peak wave direction θ, observed wave frequency fobs,

wave frequency in the water reference frame fwater, platform direction φ , platform speed U ,

and wave number kwater. U cos( θ - φ) can represent the component of platform velocity in

the direction of the waves. It may be beneficial to remap the directional distribution D(θ)

at each frequency f using U cos( θPeak(f) - φ), based on peak direction only. In such a case,

D(θ ,fj) is remapped using U cos( θpeak(f) - φ) .

[0124] A s also shown in Figure 11, a forward relation for determining the

observed wave frequency based on the actual wave frequency can be represented by:



fobs = fwater k wat er * UCOS(Θ - (p)/2 π
(20)

The forward relation can be straightforward, however, we measure observed frequency

space and would like to determine the wave frequency in the water reference frame that

produced our observation. An iterative numerical approach can find fobs

[0125] Observed wave frequency can be defined by the sample rate so it can

have insignificant error. Platform speed and direction generally have small errors

compared to the scale at which significant changes occur with Doppler shifting. Wave

direction, however, can vary significantly with noise introduced by short sampling

intervals, and genuine environmental variability. An error in wave direction can introduce

an error in Ucos that can change how much Doppler shift to apply to remapping. Because

remapping of wave frequencies is typically non-linear, errors in Ucos can be bounded

such that an error in one of its components will not be amplified. For example, the worst

case error in U can be 1%. If the platform is traveling aligned with the waves Ucos will be

in error by 1%. As another example, variance in the estimate of wave direction causes an

error of 30 degrees for a particular segment of time. If the platform is traveling

perpendicular to the waves at 12 knots, the error in Ucos with correct wave direction

would be 0 . The error in Ucos with a 30 degree error in wave direction is now 6 knots. If

the waves are aligned with the platform the 30 degree error changes Ucos from 12 knots

to 10.39.

[0126] The error in direction can be catastrophic to the non-linear remapping

of frequency and embodiments described herein prevent such error from being

propagated. Statistically, wave direction is usually very stable when a significant amount

of data is used. One way to address the variability of directional estimates derived from

short sample intervals is to combine frequency bands that share the "same" direction. A

weighted average peak direction, as described in reference to weighted average peak

direction described later in connection with step 1312 (Figure 13A), may provide a better

estimate of direction for the application of Ucos. In some embodiments, it can be

advantageous to the robust determination of wave direction to have more frequency band

averaging at the expense of resolution.

[0127] We can easily calculate the observed frequency given that actual

frequency. The inverse can be solved via iteration and is sometimes fraught with



ambiguity and asymptotes. One way to find fwater given an observed frequency fobs is to

step through the entire water relative frequency space in high resolution and calculate an

fobs and then look for a best match between the input fobs and the calculated fobs- This

approach is brute force but it allows for easy checking of operational bounds and resolves

multiple solutions.

[0128] Another approach that can be used to stabilize wave directional

estimates used for remapping at step 912 is iteratively averaging in time. Short time

intervals can be processed because it allows u s to correct for changes in platform motion

on shorter time scales, for example, as described above in connection with the overlap-

add approach. Directional estimates derived from these shorter segments of time can be

too noisy to use for precision remapping of observed frequency space. While we are

motivated to use short segments in time to handle platform dynamics, it is generally a

good assumption that wave direction is not changing on short time scales (e.g., 2

minutes). It is possible to process, e.g., 20 minutes of data, in which we split up the time

into overlapping 2 minute segments to address changes in platform motion, then average

the remapped directional estimates over the 20 minutes. A second iteration can them be

performed where the individual 2 minute segments are corrected for platform motion

relative to the 20 minute averaged estimate of wave direction. To apply averaged wave

direction to remapping individual segments, the averaged direction can be un-mapped

back to observed frequency space based on platform velocity. This works especially well

when the problem we are trying to address with wave direction is variance due to short

time series.

[0129] Another consideration in remapping coefficients of directional spectra

at step 912 can be that Doppler shifting of waves may not effect the directional

measurement it simply shifts the directional distribution to a different frequency. This is

because, in some embodiments, the primary source for directional information can be the

relative amplitudes of the two horizontal components of orbital velocity (U and V), at

each frequency. Since each frequency can be treated independently, the ratio of U and V

does not change with Doppler shifting, it is simply moved to another frequency.

[0130] Figure 12A illustrates Doppler shifted wave frequency when moving

against the waves by showing the relationship between a water reference frame frequency

and an observed frequency. A s illustrated in Figure 12A, when moving into oncoming

waves, the observed frequency will be higher than it is in the water reference frame. For a



platform with velocity U, there is some wave frequency at which wave crests are

approaching faster than our sample rate can measure. One hits the Nyquist limit

prematurely because observed frequency space is Doppler shifted. In chart Figure 12A,

the location where the solid fobs curve intersects the top of the chart is the Nyquist limit.

This can be the first stop. It is not that one cannot measure wave energy at Doppler greater

than this limit, it is that one cannot unambiguously identify the frequency.

[0131] Remapping can take energy spread over higher frequencies and restore

it to lower frequencies. Because the spectrum has a noise floor, it can be advantageous to

not remap frequency bands that do not rise above the noise floor. This avoids the

possibility of remapping the noise floor from high frequencies to bunch it at lower

frequencies.

[0132] Figure 12B illustrates Doppler shifted wave frequency when moving

with the waves by showing the relationship between a water reference frame frequency

and an observed frequency. As shown in Figure 12B, when moving with the wave

direction waves will appear at lower frequency in observed space. Depending on the

velocity there may be multiple solutions. This can be the first stop. There is more than one

water reference frame wave frequency that can appear as the frequency we observe. The

first solution can be the lowest frequency solution and can be more likely to be of

operational significance. This corresponds to the rising edge of the solid fobs curve in

Figure 12B. At these frequencies, waves can still be moving faster than the platform, but

the difference in velocity approaches 0 . The top of the fobs curve can be flat and can

correspond to a region where the observed frequency does not change very much over a

wider range of water relative frequencies. This can be where the platform velocity

matches the group velocity Cg.

[0133] The second solution can be the downward slope of the solid fobs curve

in Figure 12B. This region can be where the platform can be moving faster than the group

velocity Cg, but slower than the phase speed. Moving to the right on Figure 12B, the

platform speed approaches the phase speed of waves at these frequencies. This region can

present a measurability problem. If one is moving at the same speed and direction as a

wave crest (surfing), then the measurement may not be sampling any other part of the

wave.

[0134] At higher frequencies, the platform velocity can be moving faster than

the waves and can be overtaking them. This negative observed frequency space can be



measurable but is typically at higher water relative frequencies than is typically remapped.

The intersection with 0 can be where the platform velocity almost exactly matches the

phase velocity of the wave.

[0135] It should be noted that a properly measured observed frequency

spectrum should not have any power at frequencies that are above the solid fobs curve in

Figure 12B. Almost all genuine water relative frequencies should fall on or below the

peak. This allows an upper cutoff threshold (fupPer) to be set for observed frequency space.

The exception to this can occur in the presence of mean currents if they are not included

in the calculation.

[0136] The Doppler shift of wave number due to mean currents can also be

taken in to account. If the water is not moving relative to the earth then the water

reference frame is the earth reference frame. In the presence of a mean current, the two

reference frames are not equal. Waves propagate in the water, so if we want to measure

waves in the earth reference frame we can employ special handling of this situation.

Waves propagating on a mean current do not change frequency; however the earth relative

current will change the wavelength. The standard dispersion relation is used to determine

wave-number k or wavelength (2π/k) from radian frequency ω.

ω2 = gktanh(kh)

(21)

Waves propagating on a mean current can follow the Doppler shifted dispersion
relationship.

(ω - kUcos αf =gktanh(kh)
(22)

U can represent the velocity and α can represent the angle between the wave direction and

the mean current direction. Intuitively, waves at a given frequency, moving with a mean

current will be stretched to greater wavelength. Waves moving against a mean current will

typically be compressed to shorter wavelength. While ocean currents are generally small

compared to wave speeds at frequencies of interest, this phenomenon can still be

accounted for. Mean current may be relevant for two reasons: translation to surface

displacement and remapping the frequency space.

[0137] Regarding translations to surface displacement, wavelength can dictate

the depth to which wave energy is felt. If wave length has been modified by a mean



current, then the depth to which the waves are felt can be modified. The actual wave-

number/wavelength can be calculated using the Doppler shifted dispersion relationship, in

order to accurately translate an orbital velocity measurement at depth to surface wave

height.

[0138] Regarding remapping the frequency space, in some embodiments, we

desire to measure waves in the earth reference frame. When the platform is moving with

or against the waves the observed frequency is Doppler shifted. In the presence of a mean

current, the wave phase speed and wave number in the earth reference frame are modified.

In order to remap observed frequencies to earth reference frequencies we require the earth

relative wave-number, which we know has been modified.

[0139] One way to address the challenge of mean current is to remove the

mean current from the platform velocity used for remapping. This essentially remaps

using the platform velocity relative to the water. For example, you are moving with the

waves at 3 m/s and a mean current is moving in the same direction at lm/s. The waves are

observed to be bunched at lower frequencies, because of the platform velocity. Simply

remapping using 3 m/s as the velocity U introduces error. The error is expressed because

the observed spectrum has wave energy at higher frequencies than should be observable at

3m/s Doppler shift. The higher frequencies occurred because the currents are also moving

with the waves. This means that the observed wave frequency was really only Doppler

shifted by 2m/s because the waves are propagating in the water reference frame and the

water is moving 1 m/s with the platform.

[0140] As a result, because mean currents modify wave-number but do not

change frequency, in one embodiment, the velocity used for determining Doppler shifting

due to forward motion is not the earth relative velocity of the platform, but the water

relative velocity of the platform.

[0141] Referring back to Figure 9A, a segment specific directional upper-

cutoff frequency can be implemented at step 916. In some embodiments, any frequency

bounds that have been determined during the remapping process can be preserved. More

detail is provided in connection with Figures 13A and 13B.

[0142] Segment coefficients can be accumulated at step 916. Once the

coefficients for each segment have been shifted in frequency to correct for Doppler shift,

they can be accumulated by adding coefficients for each segment at each frequency of

water. The summation of coefficients can be represented by the following equations.
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(25)
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(26)
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(27)

[0143] The segment specific DWS processing can be repeated until each

segment has been processed, as shown in step 918. Then at step 920, the segment specific

statistics computed in iterations of step 904 can be averaged over the burst interval. This

can include averaging frequency dependent parameters for statistics that indicate variation

(e.g., standard deviation) or average values (e.g., mean) for frequency dependent

parameters. Averaged coefficients can be converted to DWS at step 922 based on the

equation (18) provided for peak detection.

[0144] The distribution may be very wide and not particularly useful beyond

the use of the peak direction. This may be due to that fact that the remainder of the terms

in the Fourier series may not be able and can be difficult to determine based on only three

independent measures of wave direction (U,V,W). Because some embodiments can be

limited in their ability to determine multi-directional waves and directional width, it may

useful to simply extract peak direction. Since the directional width derived from

coefficients is broad and graphically not very useful, one can pick a directional width that

graphically represents peak direction in a desirable fashion. If it is too wide, it may not

make a good pointer to the peak direction. If it is too narrow, users may not be able to see

the peak on a contour plot. In one embodiment, the peak direction is derived from the

coefficients and represented by a 10 degree wide Gaussian distribution. The Gaussian

distribution can be represented by the following equation.



(28)

[0145] At step 924, the frequency resolution can be increased. Because the

direction may be more stable with short time frame segments, decreasing frequency

resolution (increasing averaging), the directional spectrum may not be long in the same

resolution as the non-directional spectrum. Later the directional spectrum can be rescaled

by the non-directional power so, while true resolution may not be restored, the directional

spectrum can be mapped to a structure with twice the number of frequency bands, for later

use.

[0146] At step 926, the DWS can be normalized. Since non-directional power

at each frequency band is determined separately by another algorithm, each directional

distribution can be normalized to an area of 1 in preparation for rescaling later, as

indicated by the equation below.

(29)

[0147] Figures 13A and 13B illustrate a process 437 of calculating a non-

directional wave spectrum. The process 437 provides more detail regarding step 437 of

Figure 7 . In one embodiment, the strategy for handling motion is the substantially the

same for the non-directional algorithm as for the directional algorithm. However, in other

embodiments, the approach can be optimized differently for non-directional waves. In

one embodiment, burst interval of, for example, 20 minutes can be split up into shorter

segments and dynamics can be addressed by applying frequency dependent parameters to

each segment independently before accumulating them. The directional algorithm, for

example, the process 435 (Figures 9A, 9B) can be somewhat resilient to minor errors

because the only piece of information that we are estimating is direction. By contrast, the

non-directional algorithm of the process 437 can address subtle inaccuracies because

small errors in such a non-linear process can lead to a huge error in the estimate of sea

surface wave height.

[0148] At step 1302, the process 437 can divide time series data into

overlapping segments. This can include any of the features described above in reference



to step 902 (Figure 9A) of the directional process 435 and described in connection with

Figure 10.

[0149] In one embodiment, the directional algorithm 435 can accumulate

segments utilizing a single large volume of water that was coordinate transformed to earth

coordinates. By contrast, the non-directional algorithm 437 can accumulate over segments

and sensors (e.g., bins, beams, etc.). So the time series of velocity may be returned to

beam coordinates for the non-directional algorithm 437.

[0150] As part of the overlap-add process of step 1302, coordinates can be

transformed into beam coordinates. The Weighted Least Squares approach of step 1308

detailed below can be a robust way to combine data from different sensors at different

depths. One can capitalize on this working algorithm by combining sensors and segments.

A wide range of depths and segment environments may improve its estimation.

[0151] A sample interval can be divided into segments. The frequency

resolution can be improved to support remapping of frequency space. In order to do this,

time resolution may be sacrificed. Rather than using, for example, a 2 minute segment,

one can use, for example, a 4 minute segment. This can improves the frequency resolution

of spectra by a factor of 2, but may mean that it cannot respond as accurately to

substantial dynamics that occur over a 4 minute timeframe.

[0152] Each overlapping segment created in step 1302 can be processed

separately by segment specific steps 1304 to 1320. A segment can be demeaned at step

1304. One consequence of a trend in the velocity data during a burst interval is that power

can bleed into lower frequencies. Once the platform motion has been removed one would

expect the velocity time series to be close to 0 mean. There are at least two primary

reasons why there could be a remaining offset. First, mean currents can offset the mean.

Second, offset error in the estimation of platform velocity can also offset the mean.

[0153] Currents are generally small, but can still be significant. Using inertial

as a source for earth reference platform velocity may involve some potential inaccuracy.

Some inertial systems have good scale factor error, but can drift, or offset, with time if

they do not have an independent fix. In one embodiment, a wave processing system can

use inertial as the estimate for platform velocity even if it has drifted, because the data is

demeaned and because the scale factor error is small. Waves can have correct magnitudes,

but can be superimposed on a slowly changing unknown offset error.



[0154] Demeaning in this case can involve a high pass filter. The offset can be

removed by calculating a sliding average, centered on the data to be fixed, and subtracting

the average. In one embodiment, the high pass filter width can be 120 samples. This may

narrow enough to respond to changes in platform motion during, for example, a 20 minute

burst interval, but wide enough to leave wave frequencies (<30s period) intact. This

relationship can be represented by the following equation.

NewVel{t) = OldVel{ή - OldVel{n)l 120
f-60

(30)

[0155] Figure 14 graphically illustrates demeaning velocity data of a segment.

Curve 1400 represents velocity data, curve 1410 represents local mean data, and curve

1430 represents demeaned data. The demeaned data curve 1430 can preserve the features

of velocity curve 1400, while removing an offset. As shown in Figure 14, the offset can

vary.

[0156] Referring back to Figure 13A, each segment can be windowed,

transformed into the frequency domain with a FFT, and a segment specific power

spectrum can be computed at step 1306. In one embodiment, a standard Bartlett window

is applied. Because the window is applied in the time domain, power spectra can be

normalized later to account for the power introduced by the square of a Bartlett window.

In other embodiments, any window known to those skilled in the art can be used. In one

embodiment, a standard FFT algorithm is used. Other algorithms may also be used to

transform time domain data into the frequency domain. The power spectrum can be

represented by the frequency spectrum multiplied by its complex conjugate, as show in

the equation below.

P2 =F *F
(31)

The un-translated, un-remapped (observed) power spectra for each segment can be

preserved for later use. These raw measurements can be representative of signal to noise

ratio and can be useful for determining upper cutoff frequency later.

[0157] The choice of a window can reduce propagation of errors due to

spectral bleeding and resolution. The Doppler shift due to forward motion in the same



direction as the waves tends to move the observed spectrum to lower frequency and give

it a narrower, more bunched, shape. If the observed spectrum has bled into higher

frequencies due to processing or resolution limitations, then the remapping function can

amplify this error. Because the Doppler shift is strongly non-linear with frequency, a

slight misplacement of spectral power in the observed space can turn into a catastrophic

misplacement in remapped earth-frequency space. This error can further be amplified by

the frequency dependent, non-linear translation to surface displacement.

Table 3

[0158] For example, a platform is moving with the waves at 6m/s at a depth of

100m. Wave energy is bunched at lower frequency by the Doppler shift. The actual wave

frequency is 0.083 Hz but is has been Doppler shifted to 0.056Hz in observed space. The

spectral bleeding and course resolution has caused some portion of the power in the 0.056

Hz band to show up in the next adjacent band (0.064 Hz). The power that has erroneously

bled into this band will be remapped to 0.12 Hz in the earth frequency space. The gain to

translate to surface displacement, at this frequency is 100 times greater than the gain for

the true frequency.

[0159] As a result, an otherwise typical spectrum distributed over many

frequency bands, can be compressed by Doppler shift to the degree that resolution and

spectral bleeding become a problem. To mitigate this risk one may have adequate spectral

resolution and windowing when processing non-directional spectra.

[0160] Analysis of error sources associated with remapping related to spectral

bleeding described above shows that it is, in some embodiments, desirable for the non-

directional algorithm to favor resolution. Yet analysis of propagation errors due to noise

in directional estimates described above in connection with Figure 11 shows that that it is

desirable, in some embodiments, for the directional algorithm to perform more frequency

band averaging at the expense of resolution to improve the stability of directional

estimates. These conflicting design criteria can be significant because the two algorithms

can be dependent on each other and require exchange of spectral information.



[0161] One solution is to allow different frequency banding for the directional

algorithm than the non-directional algorithm and interpolate any data that is passed

between the two processes to the same resolution. For example, by processing directional

spectra with 128 frequency bands from 0-1 Hz, and processing non-directional spectra

with 256 bands from 0-1 Hz, we can get the best of both worlds. The non-directional

spectrum has adequate resolution to isolate narrow peaks and avoid spectral bleeding,

while the directional spectrum benefits from the directional stability associated with more

averaging. The key dependency between the two algorithms can be the need for wave

direction information in order to remap non-directional spectra. The map of peak

directions with each frequency can be interpolated to the higher resolution of the non-

directional spectrum before it is used.

[0162] Segment specific bias can be removed at step 1308. Bias removal can

be performed because the significant wave height may be determined using the area under

the power spectrum. Instrument noise floor can be modeled as white noise which offsets

the whole spectrum. While the area introduced by the noise floor is usually small, it is

clearly not waves. Removal involves measurement of the spectral noise floor and

subtracting this offset from the whole spectrum, before translation to surface

displacement. To determine the spectral noise floor, one can use a region of the spectrum

that typically does not have much real wave energy say from 0.8-1.OHz. Typically, this

region is representative of measurement noise, not environment. The noise floor of the

ADCP can change with range, system frequency, and bin size, so the value may be

empirically determined.

[0163] Segment specific statistics can be computed at step 1310. This step

can implement any of the features described above in reference to step 904 (Figure 9A).

[0164] Segment specific average peak direction can be determined at step

1312. Once the observed power spectrum for a segment has been determined, this can be

used to further stabilize the directional estimates. When wave direction at each individual

frequency band, for each segment is used to remap frequency space, the quality of the

remapped spectrum may be suspect. This may be because the directional estimation can

be noisy, due to the fact that a single 2-4 minute segment does not contain very many

samples. One approach is to perform more band averaging based on the idea that waves

with similar direction really are coming from a single direction (a storm or wind event). In

practice, using a single direction derived from the peak of power gives a more robust and



realistic result when remapping frequency space. Knowing this, the first determination is

an algorithm that groups adjacent frequency bands that share a common direction can be

used. Second, because the reliability of wave directional estimates is higher when the

signal to noise ratio is high an algorithm that weights wave direction estimates more when

they have significant power can be used.

[0165] This assumes that waves are generated by wind events and storms on

the ocean. Most often, waves arriving from a particular storm have a common direction.

Another different storm at another direction will create its own spectrum that will appear

to be coming from the new direction.

[0166] Because some embodiments use short time intervals (e.g., 2 minutes),

directional data can have a large variance. This variance can propagate into substantial

errors. By grouping frequency bands that have common wave direction (and presumably a

common source) the peak directions of these adjacent bands can be averaged to reduce the

variance of the directional estimate.

[0167] In some embodiments, waves coming within 60 degrees of the wave

direction at the frequency of peak power are considered to be in a common wave

direction. Other values for the range may be used, such as 30 degrees or 45 degrees. One

embodiment of the process is as follows:

1. Using the observed non-directional power spectrum, find the

observed frequency (fpeak) at with the most power.

2 . At this peak frequency, find the peak direction θpeak in the observed

(not remapped) directional spectrum.

3 . Search both forward and backward from the peak of power to

group adjacent frequency bands that have peak direction within 60 degrees.

4 . Stop when a frequency band is reached that has wave direction

outside of this threshold.

5 . Search for a new peak of non-directional power using only the

remaining ungrouped frequency bands.

6 . Repeat the grouping process.

7 . Repeat a third time.

8. Steps 1 to 7 can group frequency bands by common direction into 3

possible directions. Next a power weighted average can be applied to each group.

This can provide the benefit of band averaging to quieting the directional estimate



and presumes that frequency bands with a good signal to noise ratio are more

accurate and should be weighted more.

9 . The averaging of direction is a vector average and can be

accumulated in sine and cosine components

10. Accumulate weighted sine components over the frequencies in each

group, according to the following equations:

Sines = ∑f(P(f)*sin( θ(f)))
(32)

Cosines = ∑f(P(f)*cos( θ(f)))
(33)

Davg = arctan(Sines/Cosines)
(34)

11. Normalization may not be required because only the ratio of the

sine to cosine may be important, not the individual magnitudes. Finally these

smoothed estimates of peak direction can be used for remapping.

[0168] At step 1314, segment specific remapping of the frequency space can

be performed. One embodiment of remapping the observed power spectrum to water

relative frequency space is similar to the procedure used for the directional algorithm.

Yet, remapping can include differences for the non-directional spectra. For example,

directional estimates can be further refined, for example, by averaging peak detections at

step 1312. In addition, because frequency space can be stretched or compressed in a non

linear fashion, one can both move power to a new frequency, and scale the power at each

frequency band to preserve the power at the new band width or ∆f . Another difference is

that frequency resolution can be higher, so that errors in remapping may not occur when

attempting to restore a spectrum that has been compressed into just a few bands by the

Doppler shift. Additionally, the operational stops asserted by the remapping algorithm

may contribute to the determination of highest usable frequency. Figure 15 illustrates

remapping the frequency space for non-directional spectra.

[0169] Segments can be translated to surface displacement at step 1316. The

translation from orbital velocity at a depth to surface displacement can be derived from

linear wave theory and the geometry of the system. A translation equation T (f) can be

found for each segment and each sensor based on the depth, altitude and sensor geometry,

during that segment. It is presumed that the orbital velocity spectrum to be translated has



already been corrected for Doppler shift due to forward motion. The equation for surface

displacement is:

(35)

In this equation, ύ) can represent a frequency in radians, k can represent a wave number,

V can represent a beam radial velocity, h can represent a water depth, z can represent a

submergence at the sensor, and J can represent a Janus beam angle.

[0170] A "weighted-least squares" calculation of surface spectrum SH, SV,

and remapped SV can be performed for a segment at step 1312. The following sums can

be accumulated over sensor and segment at each frequency:

(36)

(37)

(38)

(39)

n m

(40)

In these summations, SV can represent the orbital velocity spectrum at depth, SR can

represent orbital velocity remapped to correct for Doppler shift, SH can represent the

earth reference surface spectrum, T can represent the translation equation, m can represent

the number of sensors or beams times range cells, n can represent the number of

segments, and N can represent n times m.

[0171] In addition to the summations provided above, accumulations can be

performed that duplicate these with T set equal to one rather than T containing the

frequency/depth dependent translation equation. This allows us to determine fitted,



averaged, orbital velocity spectra later, for use with the screening and upper cutoff

frequency algorithms.

[0172] In one embodiment, step 1312 estimates a best fit for the surface

spectrum SH that reproduces the velocity spectrum SV at depth when the translation

equation T is applied. Some embodiments of the approach differ from a least squares fit.

There are at least three innovations to this approach that are not exactly a Least Squares

fit. Rather than accumulating data over all sensors, the implementation can be generalized

to accumulate over both sensors and segments. The idea is that the accumulation can

address both kinds of averaging. Rather than accumulating data over all sensors, the

implementation can be generalized to accumulate over both sensors and segments, as

indicated by equations (36) - (40) provided above. The idea is that the accumulation can

address both kinds of averaging. Terms can be added so that we determine a best fit for

not just surface height, but remapped orbital velocity spectrum and un-remapped orbital

velocity spectrum, as indicated in the equations below. Equation (41) adds terms so that

we determine a best fit for not just surface height, but remapped orbital velocity spectrum

and un-remapped orbital velocity spectrum.

f )

(41)

(42)

[0173] Using equation (41) , which represents orbital velocity remapped to

correct for Doppler shift, the earth reference surface spectrum can be represented by the

following equation.

[T{f)]
(43)

[0174] This can be the final equation for surface displacement. However, in

some embodiments, an un-translated remapped spectra and un-translated un-remapped

spectra can be calculated as well. The same equation can be used with in which T = 1 for



all sensors and segments. This can provide an un-translated spectrum and use SV

accumulations rather than SR for un-remapped spectra, as represented by the following

equations.

1

(44)

NoTramNoRemap [W / Yl With T = 1

(45)

[0175] In another embodiment using a least squares approach, the equations

can be represented by:

(46)

T{f)SV{f) =T{f)xSV{f)
(47)

T{f)SR{f) =T{f)xSR{f)
(48)

, _ [TSRJf)-TJf)* SRJf)]
U J [N*T 2{f)-T{f)*T{f)\

(49)

However, when there is very little variation with depth, the process falls apart because the

denominator goes to 0 . Instead, the values that are higher in the water column can be

weighted as more significant by removing the factor N from the denominator. This

simplifies to the following equation.

(50)

In one embodiment, this can be the final equation for surface displacement. However, u n

translated remapped spectra and un-translated un-remapped spectra can also be calculated.



The same equation can be used with T = 1 for all sensors and segments, to get u n

translated spectra and use Sv accumulations rather than Sr for un-remapped spectra, as

represented by the following equations.

, [TSRJf)-TJf)* SRJf)] :th T
• NoTrans U ) ~ [T

2 (f) - T(f)*T{f)\

r . h τ
• NoTransNoR map VJ ) WllJ1 1 J

(51)

[0176] Referring back to Figure 13A, step 1320 can determine if all segments

are processed. Steps 1304 to 1320 can be repeated until all segments are processed. Then

a least squares calculation can be computed over all segments at step 1322. This can

output fitted, observed velocity spectrum Sc, remapped velocity spectrum Sr, and surface

spectrum Sh.

[0177] At step 1324, an upper cutoff frequency can be calculated. Step 1324

can implemented any of the features described in connection with step 914 (Figure 9A).

One embodiment of step 1324 determines a highest usable frequency based on signal to

noise ratio in actual data, and the extent to which the signal/noise may be amplified. One

embodiment of the process is outlined below:

1. Calculate the collective spectral noise floor σ of the measure data.

σ = StandardDeviation[^ ra ns V Rem

(52)

2 . Use the highest frequency portion of the spectrum as representative

of noise floor since we expect little or no measurable wave energy at these

frequencies

3 . Calculate the signal using the magnitude of the remapped orbital

velocity power spectrum.

( f )
NoTrans V

(53)

4 . Calculate the average translation to surface displacement T(f).

Either the mean or the maximum can be used. The maximum is more

conservative if there are dynamics in depth.



f )

(54)

5 . Calculate GN2S as a function of frequency.

(55)

6 . Find the Peak frequency of the remapped spectrum

/ peak = f where SNoTmm (/)is maximum

(56)

7 . Search forward of the peak till GN2S(f) > 100. The frequency

where this occurs becomes our upper cutoff.

[0178] Spectra can be screened at step 1326. Screening spectra for signal to

noise ratio may allows us to reject individual frequencies based on requiring adequate

wave signal above the instrument noise floor. One embodiment of a process for screening

spectra is outlined below:

1. Calculate the collective spectral noise floor σ of the measure data.

σ = StandardDeviation[^ ra ns V Rem

(57)

2 . Use the highest frequency portion of the spectrum as representative

of noise floor since we expect little or no measurable wave energy at these

frequencies

3 . Calculate the signal using the magnitude of the remapped orbital

velocity power spectrum.

( f )
NoTrans V

(58)

Signal to noise ratio is:

SignaltoNoise = SNoTram (/)/ 4σ
(59)

This can require that the signal is greater than 4σ.

4 . Screen Translated Spectra based on this criteria.



if (Signal To Noise < 1) Sh(f) = 0
(60)

[0179] Then at step 1328, upper frequencies can be extrapolated. The upper

portion of the spectrum that can be difficult to determine because the signal can be too

small, can be extrapolated using the assumption that wave energy drops exponentially

from the last good value. It is sometimes more robust to utilize more than one last data

point as the seed for this extrapolation.

C ( \ - f decay ( f - f lastgood )
UpperCutOf f + \ J ) J lastgood

(61)

Once both non-directional power spectrum and normalized directional spectra have been

calculated independently, the normalized directional distributions can be scaled by the

non-directional power.

D{f, θ)=D
no
Jf, θ)xP{f)

(62)

such that

(63)

Then wave parameters can be calculated from the directional spectra and non-directional

spectra using standard methods. For example, as described above in reference to Figure

7 .

[0180] Referring to Figure 16, a process 1600 for determining one or more

wave characteristics utilizing surface track is provided. The process 1600 can be

implemented as an alternative or in addition to at least a portion of any of the orbital

velocity approaches described above. A surface track approach can be similar to any of

the orbital velocity approaches described above. The surface track approach can

determine non-directional spectrum by splitting up the sampling period into shorter

overlapping segments in time, then correcting each segment for the specific platform

motion that occurred during that time.



[0181] The process 1600 can collect surface track data at step 1602. Surface

track data can be obtained from an upward facing ADCP. The upward facing ADCP 402

can include any combination of the features of the ADCP 202 (Figure 2) and/or the ADCP

300 (Figure 3). The surface track data can include a time series of echo located ranges to

the surface. Typically the time series data is sampled at a frequency of 2 Hz or more.

[0182] The surface track data can be used to determine wave directional peaks

at step 1604, for example, using any combination of the techniques described in

connection with the process 435 (Figures 9A and 9B). Peak wave directions can be

determined at each frequency for each segment of the surface track data.

[0183] The time series of echo located ranges to the surface are typically

sampled and combined with synchronous measurements of the platform motion at step

1606. For example, synchronous or asynchronous measures of platform motion and mean

current can be synchronized with the surface track data using any of techniques described

in reference to the data acquisition system 410 (Figure 4A) and/or the data acquisition

process 410' (Figure 5). The output at step 1606 can include East, North, and Z velocities

of a platform at the sample rate.

[0184] At step 1608, time series data of platform motion can be integrated into

platform offsets. The time series data can include X, Y, Z potion offsets for the platform

at the sample rate. In addition, platform motion can be removed from surface track data

by subtraction at step 1608. The resulting time series can contain only surface elevation

(earth relative vertical range) unbiased by platform response.

[0185] The time series data can be divided into overlapping segments at step

1610. For example, this can be done as described in reference to step 1302 (Figure 13A).

[0186] Segment specific processing can be performed in steps 1612-1620.

This can include converting time series data to power spectra via a FFT and calculating

segment specific statistics at step 1612. Segment specific statistics can include statistics

indicative of an average value and/or variation in data. The process 1600 can then utilize

peak wave direction (determined in advance by the directional wave algorithm), and mean

platform velocity during the segment sampling period, to correct for Doppler shift. The

resulting water relative spectrum can then be corrected to the earth reference frame using

wave directional peaks and the mean current. This can be accomplished by remapping the

frequency space from observed spectrum to water reference using forward motion for

each segment at step 1614. The water relative surface spectrum provided by step 1614



can then be remapped relative to the earth reference using mean current at step 1616. The

segment specific earth relative surface spectrum can be accumulated at step 1618. This

can include averaging individually corrected segments together. By the time that each

segment has been processed, a representative non-directional spectrum for the whole

sampling period can be created.

[0187] After segment specific processing is determined to be done at step

1620, additional post processing can be performed. Then one or more wave

characteristics can be determined from the directional and/or non-directional wave spectra

at step 1622. Thus, surface track data can be used as an alternative or in addition to an

orbital velocity approach to determine one or more wave characteristics from a moving

platform.

[0188] Specific embodiments of systems and methods of determining wave

characteristic using a moving platform are described herein. While the specification

describes particular examples of the present invention, those of ordinary skill can devise

variations of the present invention without departing from the inventive concept.

CONCLUSION

[0189] Those skilled in the art will understand that information and signals

may be represented using any of a variety of different technologies and techniques. For

example, data, instructions, commands, information, signals, bits, symbols, and chips that

may be referenced throughout the above description may be represented by voltages,

currents, electromagnetic waves, magnetic fields or particles, optical fields or particles, or

any combination thereof.

[0190] Those skilled in the art will further appreciate that the various

illustrative logical blocks, modules, circuits, methods and algorithms described in

connection with the examples disclosed herein may be implemented as electronic

hardware, computer software, or combinations of both. To clearly illustrate this

interchangeability of hardware and software, various illustrative components, blocks,

modules, circuits, methods and algorithms have been described above generally in terms

of their functionality. Whether such functionality is implemented as hardware or software

depends upon the particular application and design constraints imposed on the overall

system. Skilled artisans may implement the described functionality in varying ways for



each particular application, but such implementation decisions should not be interpreted

as causing a departure from the scope of the present invention.

[0191] The various illustrative logical blocks, modules, and circuits described

in connection with the examples disclosed herein may be implemented or performed with

a general purpose processor, a digital signal processor (DSP), an application specific

integrated circuit (ASIC), a field programmable gate array (FPGA) or other programmable

logic device, discrete gate or transistor logic, discrete hardware components, or any

combination thereof designed to perform the functions described herein. A general-

purpose processor may be a microprocessor, but in the alternative, the processor may be

any conventional processor, controller, microcontroller, or state machine. A processor

may also be implemented as a combination of computing devices, e.g., a combination of a

DSP and a microprocessor, a plurality of microprocessors, one or more microprocessors

in conjunction with a DSP core, or any other such configuration.

[0192] The methods or algorithms described in connection with the examples

disclosed herein may be embodied directly in hardware, in a software module executed by

a processor, or in a combination of the two. A software module may reside in RAM

memory, flash memory, ROM memory, EPROM memory, EEPROM memory, registers,

hard disk, a removable disk, a CD-ROM, or any other form of storage medium known in

the art. A storage medium may be connected to the processor such that the processor can

read information from, and write information to, the storage medium. In the alternative,

the storage medium may be integral to the processor. The processor and the storage

medium may reside in an ASIC.

[0193] Depending on the embodiment, certain acts, events, or functions of any

of the methods described herein can be performed in a different sequence, can be added,

merged, or left out all together (e.g., not all described acts or events are necessary for the

practice of the method). Moreover, in certain embodiments, acts or events can be

performed concurrently, rather than sequentially.

[0194] In one or more exemplary embodiments, the functions described may

be implemented in hardware, software, firmware, or any combination thereof. If

implemented in software, the functions may be stored on or transmitted over as one or

more instructions or code on a computer-readable medium. Computer-readable media

includes both computer storage media and communication media including any medium

that facilitates transfer of a computer program from one place to another. A storage



media may be any available media that can be accessed by a general purpose or special

purpose computer. By way of example, and not limitation, such computer-readable media

can comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage, magnetic

disk storage or other magnetic storage devices, or any other medium that can be used to

carry or store desired program code means in the form of instructions or data structures

and that can be accessed by a general-purpose or special-purpose computer, or a general-

purpose or special-purpose processor. Also, any connection is properly termed a

computer-readable medium. For example, if the software is transmitted from a website,

server, or other remote source using a coaxial cable, fiber optic cable, twisted pair, digital

subscriber line (DSL), or wireless technologies such as infrared, radio, and microwave,

then the coaxial cable, fiber optic cable, twisted pair, DSL, or wireless technologies such

as infrared, radio, and microwave are included in the definition of medium. Disk and disc,

as used herein, includes compact disc (CD), laser disc, optical disc, digital versatile disc

(DVD), floppy disk and blu-ray disc where disks usually reproduce data magnetically,

while discs reproduce data optically with lasers. Combinations of the above should also

be included within the scope of computer-readable media.

[0195] Moreover, conditional language used herein, such as, among others,

"can," "could," "might," "can," "e.g.," "for example," "such as" and the like, unless

specifically stated otherwise, or otherwise understood within the context as used, is

generally intended to convey that certain embodiments include, while other embodiments

do not include, certain features, elements and/or states. Thus, such conditional language

is not generally intended to imply that features, elements and/or states are in any way

required for one or more embodiments or that one or more embodiments necessarily

include logic for deciding, with or without author input or prompting, whether these

features, elements and/or states are included or are to be performed in any particular

embodiment.

[0196] The previous description of the disclosed examples is provided to

enable any person skilled in the art to make or use the present invention. Various

modifications to these examples will be readily apparent to those skilled in the art, and the

generic principles defined herein may be applied to other examples without departing

from the spirit or scope of the invention. As will be recognized, certain embodiments of

the inventions described herein can be embodied within a form that does not provide all

of the features and benefits set forth herein, as some features can be used or practiced



separately from others. The scope of certain inventions disclosed herein is indicated by

the appended claims rather than by the foregoing description. All changes which come

within the meaning and range of equivalency of the claims are to be embraced within their

scope. Thus, the present invention is not intended to be limited to the examples shown

herein but is to be accorded the widest scope consistent with the principles and novel

features disclosed herein.



WHAT IS CLAIMED IS :

1. A system for determining at least one wave characteristic, the system

comprising:

a sonar system configured to obtain data indicative of motion of water

relative to a platform;

an earth reference sensor configured to obtain data indicative of motion of

the platform relative to a fixed reference frame; and

a processor configured to determine at least one wave characteristic based

at least in part on the data indicative of motion of the water relative to the platform

and the data indicative of motion of the platform to the fixed reference frame.

2 . The system of Claim 1, wherein the sonar system comprises an acoustic

Doppler current profiler.

3 . The system of Claim 1, further comprising a display configured to output

the at least one wave characteristic.

4 . The system of Claim 1, wherein the at least one wave characteristic

comprises height, period, or direction of a wave.

5 . The system of Claim 1, wherein the data indicative of motion of water

relative to the platform comprises one of following: inertial data, bottom track data, or

surface track data.

6 . A method of determining at least one wave characteristic, the method

comprising:

receiving data indicative of motion of water relative to a platform from an

acoustic Doppler current profiler (ADCP);

receiving data indicative of motion of the platform relative to a fixed

reference frame from a reference sensor; and

determining, using a processor in communication with the ADCP and the

reference sensor, at least one wave characteristic based on the received data.



7 . The method of Claim 6, further comprising synchronizing the data

indicative of motion of water relative to the platform and the data indicative of motion of

the platform relative to a fixed reference frame.

8. The method of Claim 6, further comprising isolating, in the time domain,

platform, water, and earth reference frames from the data indicative of motion of water

relative to a platform and the data indicative of motion of the platform relative to a fixed

reference frame.

9 . The method of Claim 6, further comprising performing one or more

coordinate transformations in the time domain to bring at least a portion of the data

indicative of motion of water relative to a platform and the data indicative of motion of

the platform relative to a fixed reference frame into the same coordinate system.

10. The method of Claim 6, wherein determining the at least one wave

characteristic comprises overlap-add spectral processing.

11. The method of Claim 10, wherein:

overlap-add spectral processing comprises computing segment specific

statistics, and

determining the at least one wave characteristic comprises averaging

segment specific statistics for two or more segments.

12. The method of Claim 10, wherein determining the at least one wave

characteristic comprises remapping the frequency space for a segment to determine

coefficients of a wave spectrum for a wave frequency in a water reference frame.

13. The method of Claim 6, wherein determining the at least one wave

characteristic comprises triplet processing.

14. The method of Claim 6, wherein determining the at least one wave

characteristic comprises determining a directional wave spectrum.



15. The method of Claim 6, wherein determining the at least one wave

characteristic comprises determining a non-directional wave spectrum.

16. A method of determining at least one wave characteristic on an electronic

device, the method comprising:

receiving data indicative of motion of water relative to a platform and data

indicative of motion of the platform relative to a fixed reference frame;

transforming at least a portion of the received data into data indicative of

motion of water relative to the fixed reference frame;

determining a directional wave spectrum based at least in part on the

transformed data;

determining a non-directional wave spectrum based at least in part on the

directional wave spectrum; and

deriving at least one wave characteristic based at least in part on at least

one of the directional wave spectrum and the non-directional wave spectrum.

17. The method of Claim 16, further comprising synchronizing the data

indicative of motion of water relative to a platform and the data indicative of motion of

the platform relative to a fixed reference frame.

18. The method of Claim 16, wherein determining the directional wave

spectrum includes dividing at least a portion of the received data into overlapping

segments.

19. The method of Claim 18, wherein determining the directional wave

spectrum includes calculating a segment specific cutoff frequency.

20. The method of Claim 16, wherein determining the non-directional wave

spectrum includes a weighted accumulation based on data summed over sensors and

segments.

21. The method of Claim 16, wherein determining the non-directional

spectrum comprises segment specific remapping a power for an observed frequency to a

power for a wave frequency in a water reference frame.



22. The method of Claim 16, further comprising rescaling the directional wave

spectrum based at least in part on the non-directional wave spectrum, wherein deriving

the at least one wave characteristic is based at least in part on a rescaled directional wave

spectrum.

23. A computer-readable storage medium comprising instructions that when

executed perform a method of:

receiving data indicative of motion of water relative to a platform from an

acoustic Doppler current profiler (ADCP);

receiving data indicative of motion of the platform relative to a fixed

reference frame from a reference sensor; and

determining, using a processor in communication with the ADCP and the

reference sensor, at least one wave characteristic based on the received data.

24. A computer-readable storage medium comprising instructions that when

executed perform a method of:

receiving data indicative of motion of water relative to a platform and data

indicative of motion of the platform relative to a fixed reference frame;

transforming at least a portion of the received data into data indicative of

motion of water relative to the fixed reference frame;

determining a directional wave spectrum based at least in part on the

transformed data;

determining a non-directional wave spectrum based at least in part on the

directional wave spectrum; and

deriving at least one wave characteristic based at least in part on at least

one of the directional wave spectrum and the non-directional wave spectrum.



AMENDED CLAIMS
received by the International Bureau on 02 November 2010 (02.11.2010)

WHAT IS CLAIMED IS:

1. A system for determining at least one wave characteristic, the system comprising:

a sonar system configured to obtain data indicative of motion of water relative

to a platform;

an earth reference sensor configured to obtain data indicative of motion of the

platform relative to a fixed reference frame; and

a processor configured to determine at least one wave characteristic by

combining the data indicative of motion of the water relative to the platform and the

data indicative of motion of the platform to the fixed reference frame, so as to

compensate for the motion of the platform relative to the fixed reference frame.

2. The system of Claim 1, wherein the sonar system comprises an acoustic Doppler

current profiler.

3. The system of Claim 1, further comprising a display configured to output the at

least one wave characteristic.

4. The system of Claim 1, wherein the at least one wave characteristic comprises

height, period, or direction of a wave.

5. The system of Claim 1, wherein the data indicative of motion of water relative to

the platform comprises one of following: inertial data, bottom track data, or surface track

data.

6. A method of determining at least one wave characteristic, the method comprising:

receiving data indicative of motion of water relative to a platform from an

acoustic Doppler current profiler (ADCP);

receiving data indicative of motion of the platform relative to a fixed reference

frame from a reference sensor; and

determining, using a processor in communication with the ADCP and the

reference sensor, at least one wave characteristic by combining the received data to

compensate for the motion of the platform relative to the fixed reference frame.
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7. The method of Claim 6, farther comprising synchronizing the data indicative of

motion of water relative to the platform and the data indicative of motion of the platform

relative to a fixed reference frame.

8. The method of Claim 6, further comprising isolating, in the time domain,

platform, water, and earth reference frames from the data indicative of motion of water

relative to a platform and the data indicative of motion of the platform relative to a fixed

reference frame.

9. The method of Claim 6, rurther comprising performing one or more coordinate

transformations in the time domain to bring at least a portion of the data indicative of motion

of water relative to a platform and the data indicative of motion of the platform relative to a

fixed reference frame into the same coordinate system.

10. The method of Claim 6, wherein determining the at least one wave characteristic

comprises overlap-add spectral processing.

11. The method of Claim 10, wherein:

overlap-add spectral processing comprises computing segment specific

statistics, and

determining the at least one wave characteristic comprises averaging segment

specific statistics for two or more segments.

12. The method of Claim 10, wherein determining the at least one wave characteristic

comprises remapping the frequency space for a segment to determine coefficients of a wave

spectrum for a wave frequency in a water reference frame.

13. The method of Claim 6, wherein determining the at least one wave characteristic

comprises triplet processing.

14. The method of Claim 6, wherein determining the at least one wave characteristic

comprises determining a directional wave spectrum.

15. The method of Claim 6, wherein determining the at least one wave characteristic

comprises determining a non-directional wave spectrum.
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16. A method of determining at least one wave characteristic on an electronic device,

the method comprising:

receiving data indicative of motion of water relative to a platform and data

indicative of motion of the platform relative to a fixed reference frame;

transforming at least a portion of the received data into data indicative of

motion of water relative to the fixed reference frame;

determining a directional wave spectrum based at least in part on the

transformed data;

determining a non-directional wave spectrum based at least in part on the

directional wave spectrum; and

deriving at least one wave characteristic based at least in part on at least one of

the directional wave spectrum and the non-directional wave spectrum.

17. The method of Claim 16, further comprising synchronizing the data indicative of

motion of water relative to a platform and the data indicative of motion of the platform

relative to a fixed reference frame.

18. The method of Claim 16, wherein determining the directional wave spectrum

includes dividing at least a portion of the received data into overlapping segments.

19. The method of Claim 18, wherein determining the directional wave spectrum

includes calculating a segment specific cutoff frequency.

20. The method of Claim 16, wherein determining the non-directional wave spectrum

includes a weighted accumulation based on data summed over sensors and segments.

21. The method of Claim 16, wherein determining the non-directional spectrum

comprises segment specific remapping a power for an observed frequency to a power for a

wave frequency in a water reference frame.

22. The method of Claim 16, further comprising rescaling the directional wave

spectrum based at least in part on the non-directional wave spectrum, wherein deriving the at

least one wave characteristic is based at least in part on a rescaled directional wave spectrum.

64



23. A computer-readable storage medium comprising instructions that when executed

perform a method of:

receiving data indicative of motion of water relative to a platform from an

acoustic Doppler current profiler (ADCP);

receiving data indicative of motion of the platform relative to a fixed reference

frame from a reference sensor; and

determining, using a processor in communication with the ADCP and the

reference sensor, at least one wave characteristic by combining the received data to

compensate for the motion of the platform relative to the fixed reference frame via

synchronizing and collocating the data indicative of motion of water relative to the

platform and the data indicative of motion of the platform relative to the fixed

reference frame.

24. A computer-readable storage medium comprising instructions that when executed

perform a method of:

receiving data indicative of motion of water relative to a platform and data

indicative of motion of the platform relative to a fixed reference frame;

transforming at least a portion of the received data into data indicative of

motion of water relative to the fixed reference frame;

determining a directional wave spectrum based at least in part on the

transformed data;

determining a non-directional wave spectrum based at least in part on the

directional wave spectrum; and

deriving at least one wave characteristic based at least in part on at least one of

the directional wave spectrum and the non-directional wave spectrum.

25. The system of Claim 1, the method of Claim 6, or the computer-readable storage

medium of Claim 23, wherein the data indicative of motion of the platform relative to a fixed

reference frame comprises velocity and orientation data.
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