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Introduction:  

This document outlines some of the problems in making wave measurements (e.g. estimating significant wave height and dominant period) using accelerometers, with application to the (1) WHOI waverider deployed off NH, and the (2) U. Maine and (3) WHOI GoMOOS buoys.  The sampling and the moorings are different in each buoy, so that each case provides a test of another piece of the solution and a better understanding of what is observations and processing algorithm.  The basic premises we are using are that: 

(1) the buoy is a good surface follower, 

(2) we can measure the vertical acceleration of the buoy, 

(3) we can integrate the acceleration to get a good estimate of the wave spectra, and 

(4) we can estimate the required wave statistics (significant wave height and dominate wave period) from the spectra.  

There are problems with each of these, as we will see below.  

This report will start with a description of the buoys and moorings, then estimate the buoy response functions for the buoys from simple models and tests.  The last sections shows field comparisons along side some of the moorings to measure how good the buoys are doing in estimating the wave statistics, and to estimate the buoy/mooring response function to wave forcing and its effect on the wave statistical estimates.  One of the main problems, and the central focus of this report is estimating the wave statistics in presence of the low frequency accelerometer noise and buoy tilting spectral spillage, and their effect on the statistics estimations desired.  Results from all three moorings are shown and an algorithm developed to estimate wave statistics.  

Mooring CoNfigurations:

WHOI/UNH Waverider (compliant elastic in top of mooring): In order to measure the wave forcing of fish cages and their moorings as part of the UNH Open Ocean Aquaculture Demonstration program, a wave rider buoy and mooring were constructed.  The buoy (Figure 1) was adapted from a WHOI telemetry buoy design with the addition of solar panels, and a data system with accelerometer and spread spectrum telemetry.  The mooring (Figure 2) was designed to allow the buoy as much freedom of movement as possible so that it would be a good surface follower and thus provide as good a measure of the waves as possible.  In the first configuration (left panel in Figure 2) the buoy was moored with a single 1-inch diameter compliant elastic element.  The compliance was added at the top of the mooring, so the buoy did not have to accelerate the mooring cable and any instrumentation on it.  The single rubber tether provided about 60 to 70 lbs downward force in calm water.  
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Figure 1.  The WHOI solar powered, telemetering, wave measuring buoy sitting off the WHOI dock prior to deployment off Portsmouth NH.  
After observing the buoy tip and move around in the wave field, the number of tether elements was increased from one to four to provide a total downward tension of about 400 lbs in calm water.  At the same time, the Surlyn foam flotation collar was also increase in size so that the buoy's buoyancy increased from about 500 lbs to 1,100 lbs.  Also, in order to convert the system into an environmental monitoring mooring, ADCP and Seacat instrumentation, and an acoustic line release were added to the mooring (right panel in Figure 2).  With the compliance at the top of the mooring, the buoy did not have to accelerate the instrumentation up and down as it attempted to follow the waves, providing a better wave following platform and better wave observations.  With the higher mooring tensions, the buoy was observed to ride more upright and not tip and roll as much as with a single tether, but still follow the waves.  

[image: image2.wmf]
[image: image3.wmf]WAVE RIDER/

ENVIRONMENTAL

MOORING

Betsey Doherty   date: 08/15/02

d:\dwg\aope\Irish\waverider2.dwg

~29 m  (95 ft)

Depth ~55 m

WHOI ADCP & SEACAT

1m 1/2" CHAIN

1175 lb

(25m) 5/16" JACKETED ROPE TERMINATED

WHOI ACOUSTIC RELEASE

(4) 4m, Unstretched 1" ELASTIC TETHER

UNH SEACAT, OBS, FLUOROMETER

(4) 10m, Unstretched 1" ELASTIC TETHER

PRESSURE CASE

UNH

m

CAT

FOAM FLOTATION

WAVE RIDER

RADAR REFLECTOR

MAST/ANTENNA/GPS

SOLAR PANELS

LIGHT


Figure 2a and 2b.  The wave rider mooring during the first deployment (left) year with a single elastic tether, and during the most recent deployment (right) with four compliant elements and environmental sensors.  

WHOI GoMOOS (compliant elastic at bottom of mooring): For the Northeast Atlantic GLOBEC program, an aluminum structured buoy (Figure 3) with Surlyn foam flotation collar was developed and successfully deployed during the 5 years of the field program.  The buoy had solar power for the data system and sensors, standard meteorological sensors, and in-water temperature and conductivity sensors.  The data system powered up the sensors, sampled them and powered them down to save energy.  The data was averaged internally to hourly values and transmitted back to shore via GOES (Geostationary Operational Environmental Satellite).  This buoy was moored with compliant elastic elements at the bottom of the mooring cable to provide the mooring compliance.  Having the compliance at the bottom allowed the buoy to move more freely with the waves on Georges Bank than if it was moored with a standard chain catenary mooring.  No sensor or buoy damage was observed in the 5 years field efforts that could be attributed to wave effects.  The compliance was added to the bottom of the mooring so that power could be send down the electromechanical mooring cable to sensors along the mooring cable, and the signals from those sensors could be sent back to the buoy for digitizing and telemetry.  The compliant elastic (1) removed the strong shock loading seen in catenary chain moorings, (2) allowed for reduced size of mooring components (electromechanical cable, shackles, etc.), and (3) provided a nearly constant downward force of about 500 lbs on the buoy that provided a more up-right riding buoy for improved environmental observations.  

For the Gulf of Maine Ocean Observing System (GoMOOS) deployment in 285 meters in Jordan Basin in the Gulf of Maine, the same buoy and mooring configuration was used (Figure 4).  The electromechanical cable was longer than in GLOBEC, but this length of cable had been 
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Figure 3.  GLOBEC buoy deployed in Jordan Basin for GoMOOS.

successfully used previously in this location, so wasn't a problem.  The buoy was outfitted with a new data system and an accelerometer to measure the wave field in the Gulf of Maine.  The telemetry link was still GOES and restricted in how much data could be telemetered back hourly.  Therefore, the accelerometer was sampled at 2 Hz for 2048 points (17 minutes), the data Fourier transformed, converted to power spectral density estimates and block averaged in frequency space.  These spectra were then transmitted to shore and integrated in the frequency domain to obtain estimates of significant wave height and dominant wave period.   
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Figure 4. WHOI GoMOOS mooring configuration with 6 compliant elastic tethers at the bottom of the mooring (so that power could be sent down and signals sent back up the elecrical-mechanical mooring cable).  The tethers provide about 500 lb downward tension on the buoy.  

U. Maine GoMOOS (traditional chain catenary mooring): For GoMOOS, the University of Maine Physical Oceanography Group revised the WHOI GLOBEC buoy design to fit their needs.  This buoy (Figure 5) also had aluminum structure with Surlyn foam flotation collar.  The solar power increased from the GLOBEC design to allow for more telemetry and sensors to be powered.  The data system controlled power, input from serial sensors and telemetry.  As these moorings were closer to shore than the WHOI Jordan Basin buoy, cellular phone telemetry was used to send the data to shore for display on the WWW.  The mooring (Figure 6) used the more traditional, proven chain catenary with extra chain at the bottom to provide the required mooring compliance that allows the buoy to move with the waves and currents.  The sensors were mounted along the wire rope in the upper part of the water column.  As with the Jordan Basin Buoy, the U. Maine buoys must accelerate the instruments in the mooring line as well as the heavier chain at the bottom to follow the water surface.  This requirement might be expected to affect the wave measuring capability of the buoy/mooring system more than a mooring with the compliance in the elastic at the top.  However, with over 2,000 lbs of reserve buoyancy, the buoy should follow the larger waves without difficulty.  This buoy mooring response issue will be addressed later with the use of wave measuring ADCP instrumentation in a comparison experiment.  
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Figure 5.  A typical University of Maine GoMOOS buoy with the coast of Maine in the background.  
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Figure 6. Typical U. Maine GoMOOS mooring configuration for shelf depths (60 to 100 meters).

MODELED BUOY RESPONSE:

The first assumption made was that the buoy was a good surface follower or that its response to wave forcing has a response function of 1 (no change in amplitude or phase).  Any resonance of the buoy/mooring system in the gravity surface wave frequency band could significantly affect the estimation of the wave statistics.  As a first estimate of the response function, a simple numerical model was applied to estimate each buoy's response function.  These results will again be discussed in discussions of comparisons with wave measuring ADCP observations.  

The heave linear response function, H(f), for a wave measuring buoy is estimated using a method similar to the one described by Berteaux et al., (1977).  The equation of motion, obtained from Newton’s second law, is: 
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(1)

where, 

mv is the virtual mass equal to mass of the buoy (m) and the added mass (m"), 

b is the linear damping coefficient of heave motion,  

c is the restoring force coefficient equal to gS

K is the mooring stiffness,

 is the mass density of seawater = 1024 kg/m³

g is the acceleration due to gravity = 9.8 m/s²

S is the horizontal cross-sectional area of the buoy,

d is the linear damping of wave drag,

m" is the wave forcing added mass,

k is the wave number and

h is the water depth of interest.

In equation (1), η and x are the surface elevation and buoy heave, respectively, which are represented in complex notation as,


[image: image9.wmf]{

}

t

i

e

a

w

h

Re

=







(2)

and 
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(3)

where 

a is the wave amplitude, 

H(ω) is the normalized frequency response function 

ω is the wave radian frequency 

t is time.  

Substituting into equations (#) and (#), along with the first and second derivatives into equation (3) and solving for the frequency response, yields
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According to complex number theory, the absolute value of equation (4) is equal to the square root of the function times its complex conjugate, at the surface (h = 0),
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The coefficients d and b are linearized based on the assumption that linear and nonlinear cyclic drag forces dissipate the same amount of energy per cycle (Berteaux, 1991), and are equal to 
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and 
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where Cd is the coefficient of drag, S is the plan view area of the buoy and x and A are the average surface elevation and heave response, respectively, determined by performing these calculations iteratively.


Table 1 lists the model input parameters for the three buoys and four configurations used in estimating the response functions.  Note that any mass and drag due to the mooring and instrumentation on the mooring is not included in this calculation, but it does give a first order estimation of the buoy response to wave forcing. 

Table 1:  Parameters for modeling of buoy response function for three buoys

	Parameter
	NH Waverider

(small foam)
	NH Waverider

(large foam)
	GoMOOS (WHOI)
	GoMOOS (U. Maine)
	

	mv
	
	
	
	
	

	b
	
	
	
	
	

	c
	
	
	
	
	

	K
	
	
	
	
	

	
	
	
	
	
	

	d
	
	
	
	
	

	m"
	
	
	
	
	

	k
	
	
	
	
	

	h
	
	
	
	
	

	Cd
	
	
	
	
	


The results of equation (4) for the heave frequency response amplitude for the four configurations listed in Table 1 are shown in Figure (7) as a function of wave frequency.  Response values are nearly one for wave periods greater than 5 seconds.  At a wave period of 3 seconds, the response is 1.066, which is still within acceptable limits.  The buoy will resonate at a wave period of approximately 1.3 seconds.  Gravity waves of this high frequency are small enough that they do not significantly affect the variance in the wave band, and therefore the estimation of significant wave height and dominant period.  

{more discussion when we get the results}
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Figure 7.  Waverider frequency response function, showing resonance at 1.3 seconds for the second configuration listed in Table 1.  

FREE RELEASE or NATURAL FREQUENCY MEASUREMENTS:

{section here on results from natural frequency measurements of buoys in tank}

ACCELEROMETERS:


Accelerometers have been used to measure motion of buoys for years, and NDBC uses a sophisticated and expensive motion package to accomplish this.  For the studies here, more limited budgets dictated another approach.  WHOI has been developing mooring modeling software that has been validated with field observations made with accelerometer measuring buoys.  For these applications the Summit Instruments accelerometer (~$1,500) appeared to work well.  For the wave rider buoy in NH, the 3 axis sensors with ±1.5 g range was used, as in WHOI applications on the New England shelf, a 1.5 g signal was never exceeded.  For the GoMOOS applications, ±2 g sensors were selected to assure that the signals would not exceed the sensor capability.  Also for the WHOI GoMOOS mooring a lower cost Cross Bow accelerometer (~$500) was selected and mounted along side the Summit Instruments sensor in the Jordan Basin Buoy for comparison tests.  These accelerometers require a regulated 5-volt power supply at about 50 ma and return signals in the 0 to 5-volt range for full-scale signal.  The mid-point of the range is zero g.  The sensors are about 1” cubes, so don’t require much space.  

accelerometer noise: 

During laboratory test of the WHOI wave rider buoy data system and accelerometer (Figure 1), it was determined that the basic Summit Instruments accelerometer noise level is white (Figure 8).  This noise level was estimated by recording a standard burst of 12,000 samples at 10 Hz for 20 minutes with the electronics (and sensor) sitting stationary in the laboratory with the system powered on its battery.  The sampling program was based on expected wave signals: twenty minutes allows for sampling of the beating of all the components in the wave field to produce best wave estimates, and 10 Hz was selected to be above expected wave energy and to resolve any buoy/mooring resonance frequencies.  The rms noise level with a 5 Hz bandwidth (as determined by statistics of the acceleration time series) was about 0.0035 g's and is shown by the blue line in Figure 8.  The 90% confidence limits from the spectral estimate about the blue line include the spectral estimate of the noise (red line Figure 8) implying that it is white.  
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Figure 8.  Summit Instruments accelerometer and data system noise level in laboratory tests.  The buoy data system and elerometer were set on the bench in the laboratory and data with the same sampling procedures used at sea to estimate system background noise - 12,000 samples were taken at 10 Hz for 20 minutes and 11 blocks of 1024 points each were transformed for 22 degrees of freedom.  The spectrum of noise is shown in red, and the rms noise level determined from the time series plotted with a 5 Hz bandwidth for comparison.  The 90% confidence limits about the noise level (blue line) are 1.8 x 10-6 to 3.75 x 10-6, which include the variations of the measured spectrum (red line).  

Dock Tests 

As a test of the wave rider buoy in a low signal environment, it was deployed for a day (7-8 December 2000) off the WHOI dock (Figure 1).  Although there was little signal, a typical spectrum from a slightly more energetic time (8 Dec at 0600 GMT) of acceleration in the Woods Hole harbor is shown in Figure 9 in comparison with the laboratory noise level.  The acceleration signal to laboratory noise ratio at 0.7 Hz is about 30 db, and the wave signal is clearly seen.  There is a slight indication of higher noise level at lower frequencies, even with these small signals (~0.1 m significant wave height).  There are two peaks in acceleration, the larger one around 0.6 0.8 Hz and a smaller one around 0.2 Hz.  However, when integrated to vertical displacement, the 0.2 Hz one becomes larger.  

Vertical Displacement Calculation:  To estimate the vertical displacement from acceleration, the acceleration was integrated once to get velocity and a second time to get displacement.  This could be done either in frequency domain or in the time domain.  As a comparison and check of the computation, both methods will be used.  First, a trapezoidal integration scheme was used in the time domain, where the integration constants were set to zero (initial velocity and initial displacement), and no attempt was made to control the low frequency energy by high pass filtering.  The spectra of signal and noise from the WHOI dock test are shown in Figure 10 and show problems due to high low frequency energy.  

The displacement spectra (Figure 10) are dominated by the low frequency variance that is much larger than the wave peak by about 40 db.  The time series of the vertical displacement from the integration (Figure 11) shows this dominant low frequency signal.  The wave displacement is nearly lost in this high energy, low frequency signal.  This low-frequency signal is greater than just the accelerometer noise, and is due to short term (minute) drifts in the accelerometer’s zero stability and due to the lower frequency tilting of the buoy which changes the component of gravitational acceleration.  Any low frequency change in the apparent g will integrate to a positive displacement and causes the problem.  The noise level of expensive accelerometers is generally better, but part of the problem is still remains and must be addressed.  The component of this noise due to buoy tilting in the wave field, will remain no matter what kind of accelerometer is used, and is sometimes corrected for in the instrumentation by using a damped gimbaled mounting for the accelerometer.  However, while improving things somewhat, it does not completely remove this problem.  The improvement does allow platforms such as the NDBC buoys to resolve low frequency sell in the presence of a lower "noise" level than seen in the strapdown (fixed to the buoy) configuration used in these buoys.   
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Figure 9.  The laboratory noise (blue) and Woods Hole dock (red) acceleration spectra.  The very small wave field can be seen in Figure 1, but easily resolved in acceleration.  
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Figure 10. The vertical displacement spectra obtained by integration of dock test and noise shown in acceleration in Figure 8.  The low frequency noise problem becomes very evident as the noise now dominates the spectral estimate of vertical displacement.  This case is not typical as the wave signal is so small, but demonstrates the basic problem.  
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Figure 11.  Time series of the vertical displacement in meters resulting from integration twice in the time domain and not controlling low frequency accelerometer noise with a high pass filter.  

The problem in estimating the statistics is how to eliminate (or reduce) this noise so that it doesn't affect the estimation of the wave statistics.  One method that has been successfully used by Mark Grosenbaugh and Jason Gobat (WHOI) for their observations on the New England shelf, was to apply a high-pass Butterworth filter after each integration step.  A filter with a frequency cutoff at 20 or 30 seconds was used, and reduced the low frequency "noise" effects that are out of the expected wave band.  The same integration to displacement was performed again, but this time with a 20-second cutoff filter applied.  The results (Figure 12) show the wave and noise spectra again with the low frequency "noise" energy removed so that the wave spectra are more readily seen.  As the waves in the Gulf of Maine are not expected to have periods of 20 to 30 seconds, this method will reduce the low frequency noise problem without removing wave information for statistical estimates of significant wave height and dominant wave period.  

However, what we require is a method to separate the accelerometer noise from the wave signal.  This is obvious in Figure 12 that at about 0.14 Hz, the wave signal starts to rise above the noise level.  This does not depend on what we did with high-pass filtering, as that just removes lower frequency "noise."  The low frequency problem is not as obvious when the displacement spectra are estimated by integrating in the frequency domain, as the time series then is divided up into segments, and each segments is demeaned and dedrifted (linear trend removed) which removes much of this low frequency energy.  
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Figure 12.  Filtered Results.  To control the dominant low frequency energy, a Butterworth filter was applied after each integration step.  These results were obtained with a 20 seconds cutoff, and the filter does control the high energy, low frequency noise, allowing the details of the displacement spectra to be observed.  However, it doesn't really remove the noise issue.  

The second method of determining the wave spectra is to do the integration in the frequency domain.  This involves taking the spectra of the acceleration (which divided the time series into sections as mentioned above) and then dividing the spectra by the radian wave frequency to the fourth power.  Again, using the case shown above as an example of a low signal test case, the acceleration spectra were integrated in the frequency domain and the resultant spectra compared in Figure 13.  In the wave band the two spectra agree fairly well, and the statistics calculated from the two spectra also agree (significant wave height of 0.117 m for the time domain integration with high pass filter and 0.125 m for the frequency domain integration, and both methods returned a dominant wave period of 5.7 seconds).  The time domain integration tends to estimate slightly higher significant wave heights (a few percent).  

In Figure 13 the two wave-peaks in the spectra can easily be observed - the 5.7-second dominant peak and the lesser one at 1.7 seconds.  The wave spectra appear to rise above the low frequency noise at 0.13 Hz.  This is the frequency where we should start when we estimate the wave statistics, as here the signal to noise ratio is 1 – e.g. signal equals noise.  At lower frequencies, the accelerometer and buoy tilting noise dominates and we have no wave information, and at higher frequencies the waves dominate and this is the frequency band that contains information on the wave statistics.  This low frequency energy problem arises because the white accelerometer noise is integrated twice, so in the spectral density plots as shown here, the previously white accelerometer noise now falls off as f-4.  Using an accelerometer to estimate vertical wave displacement there is no way around this problem.  Again, higher quality, lower noise accelerometers may reduce it somewhat, but do not eliminate it.  

[image: image21.png]10

Displaceent Spectra - WHOI Dock Test

10

<

<,

Displacement Spectra - m*Hz
(=]

10°

10

Red = Frequericy Domain Integration

Blue = Filtered Time Domain Integration

10

3

10"
Frequency - Hz




Figure 13.  Comparison of spectra of the time domain and frequency domain integration of the acceleration to displacement.  The time domain integration (blue) has a high pass filter applied and so the low frequency energies differ.  In the wave band the energies agree, and above the wave band, the time domain process has additional “noise.”  

Other methods have been tried to reduce the low frequency accelerometer noise, by measuring the high frequency acceleration as an estimation of the instrument noise level and subtracting this from all acceleration values to reduce the noise contribution.  Another method tried here was to assume that the lowest frequency point was the noise level, and subtract this.  Neither worked well as is shown below with examples from GoMOOS Buoy A.  The method that does appear to work best is to identify the frequency at which the wave signal exceeds the noise and calculate statistics on the signal part of the spectra.  

Determining wave statistics:  In GoMOOS the accelerometer signal had to be processed in the buoy and the spectral results telemetered to shore.  The Campbell Scientific, Inc. data systems used in the WHOI Jordan Basin buoy and the U. Maine buoys was capable of this processing, although the U. Maine systems were restricted in capability.  They sampled the accelerations for 1024 terms at 2 Hz.  (This is an 8.5-minute record, and about half the desirable length of 20 minutes).  The Campbell FFT routine subtracts the series mean, calculates the FFT, then the spectral density function and averages of 16 bins to return 31 points (the zero frequency or mean is not returned) at frequencies from 1/32 Hz to 1 Hz.  Two spectra (Figure 14) of the telemetered acceleration spectral estimates were selected as illustrative for the case where Hmo ~ 0.5 m (term 950) and Hmo ~ 2 m (term 1335).  GoMOOS buoy's did not sample as rapidly as the10 Hz in the waverider discussed above, so the high frequency end of the spectra above 1 Hz so the spectra shown do not get down to the same level as the low frequency, or indicate the high frequency accelerometer noise.  However, they do extend to higher frequencies than the wave peak so that it is fully resolved.  Again, the low frequency noise is not the same for the different level signals, implying that the noise is signal dependent.  This is really saying that there is some signal in the noise - which is defined as the signal seen out of the wave band.  
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Figure 14.  GoMOOS Buoy A spectra.  The normalized acceleration spectra are shown from a relative quiet period (blue with Hmo ~0.5 m) and mildly rough period (red with Hmo ~ 2 m).  The wave parts of the spectra are obvious.  The spectra do not extend out to high enough frequency to resolve the noise level there, but do resolve the wave spectra.  

If we integrate these two spectra twice (in the frequency domain) to estimate vertical displacement, we get the spectra shown in Figure 15.  Again the low frequency energy has been boosted up so that the spectra fall off at about f-4, and the low frequency energy dominates the variance.  The change in low frequency "noise" level is due to spillage of energy from the wave peak into all frequencies, and particularly low frequencies by the tilting of the buoy in the wave field.  This can be visualized by having the buoy sitting in still water, and tip the buoy back and forth in a sinusoidal motion.  The strapdown (mounted firmly to the buoy) accelerometer in the buoy will tip with the buoy, and the constant downward acceleration of gravity will now have a sinusoidal signal that is only due to the tilt.  This is what is happening to some extent with our system.  However, even if we were able to correct for the tilting spillage of energy that is increasing the low frequency noise level, we will still have the problem to a lesser extent no matter what we do because we still have the accelerometer noise issue.  

To use the three axes of acceleration to estimate get the total vector, then subtract the downward g to eliminate the gravity effect, the resolve the remaining component of acceleration into the vertical component of the wave acceleration would require a three axes flux gate tilt sensor and lots of high speed processing capability (or lots of post sampling time for processing).  This is most of the way toward the directional wave spectra, and not an option with present GoMOOS hardware.  
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Figure 15.  GoMOOS Buoy A.  The normalized integrated acceleration spectra in at a relative quiet period (blue) and mildly rough period (red).  The wave part of the spectra is still obvious, but the low frequency part of the spectra dominates.  This is really just the noise that we "amplified" by the integration process.  It is noise and shouldn't be considered in estimating significant wave height and period.  

With the 10 Hz data in N.H., where we have resolved the high frequency end of the spectra, we might try to subtract the value at the highest frequency from the rest of the spectra to remove the spectral spillage caused by the buoy tilting (to the first order).  This removes some energy at all frequencies, but still leaves significant energy at low frequencies.  In GoMOOS we do not have this option (even though it does not really work well) since we do not have the high frequency part of the spectrum where we get back down to noise level above the wave peak.  

Another approach was to assume that the lowest spectral value is noise (accelerometer noise plus spectral leakage due to the buoy tilting) and subtract this from all the other points we can make a first order elimination of the noise.  This was done on the telemetered acceleration level before integration to displacement.  Now, a problem arises because we get some negative numbers, which we "fix" by setting to a small number (10-8 - that is the smallest spectral number seen in the 2002 summer GoMOOS Buoy A deployment) and integrate.  The results are shown in Figures 16 and 17 for the high-energy spectra (term 1335) and low energy spectra (term 950) respectively.  Now the energy in the wave band is not significantly affected, but the dominant low frequency energy is now gone.  The difference between the red and blue curves in Figures 16 and 17 are insignificant at the high frequency end, but introduce small errors at the low 
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Figure 16.  Higher energy example where the low frequency energy has been subtracted from all points in the original spectra (blue curve) in acceleration before integration to the displacement spectra.  The red curve is the resulting spectra and the dominant wave period and significant wave height is easily determined.   
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Figure 17.  Lower energy example where the low frequency energy has been subtracted from all points in the original spectra (blue curve) in acceleration before integration to the displacement spectra.  The red curve is the resulting spectra and the dominant wave period and significant wave height is easily determined.   .  

frequency end.  However, examining the low frequency part of the wave spectra, the question "are we removing too much energy around 10 second period" arises.  We may be doing so in the cases shown and this period region is the swell that is harder to sample, and in the case of the spectra shown in Figure17 where there are two peaks.  A problem arises when we have two peaks, generally local wind generated waves and longer period swell.  Then the processing algorithm may have a problem estimating the Hmo and dominate wave period.  The software will do it, but it is really not a good representation of the wave field as there should be representation of a swell and local wind chop as is done on some NDBC buoys.  


Comparing this method for GoMOOS buoy C which is near the NDBC Portland buoy (Figures 18 and 19), shows good agreement at higher energy times, but less agreement at lower energy times when swell are present.  As can be seen by the dominant wave period (Figure 19), the swell is missed by the above approach (red curve) where it is seen as dominant by the NDBC processing algorithm (blue curve).  This method is an improvement, but doesn't really address the issue of separating signal and noise.  


The method finally selected was to sidestep this noise issue entirely, and select the point where the noise and signal are equal and calculate our wave statistics only at higher frequencies.  Looking at the spectra in Figure 15, it is clear that the first minimum in the spectra is the point where we should start processing.  Lower frequencies are dominated by noise and higher frequencies dominated by wave energy.  Therefore, the algorithm started at the lowest frequency, and searched for the first relative minimum.  This point is can be clearly see in Figure 12 (red curve), Figure 13, and Figure 21.  However, as can be seen in Figure 20, this does miss the low-energy, lower frequency "swell" around 9 seconds period (1.1 Hz).  However, when we apply 
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Figure 18.  Significant Wave Height as estimated by Hmo (the first moment of the spectral density function).  The red is GoMOOS Buoy C and Blue is NDBC Casco Bay (Portland) Buoy 44007.  
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Figure 19.  Dominate Wave Period as estimated from the period of maximum energy.  The red is GoMOOS Buoy C and Blue is NDBC Casco Bay (Portland) Buoy 44007.  
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Figure 20.  One of the integrated spectra selected from year day 95.5 on Figures 18 and 19 which is 5 April 2002 at 1200 UTC.  There are two peaks, one at 8 seconds and a second at 2 seconds.  The algorithm used selects the minimum at 0.3 Hz as the starting point and sum above that.  
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Figure 21.  A vertical displacement spectrum showing two peaks.  This case is poorly represented by a significant wave height and dominant period.  NDBC splits into swell and local waves, which we may want to try later.  

this method to the GoMOOS buoy C so a comparison can be made with the Portland NDBC buoy.  Figures 22 and 23 show the significant wave height and dominant wave period similar to Figures 18 and 19.  Now the significant wave height is in better agreement.  The improvement comes at the lower wave energy times, and involves the low frequency swell component of the signal.  The dominant period now is in better agreement, but where the NDBC buoy occasionally sees a low energy, low frequency swell, the method discussed here tends to miss that, and we see the local wave part of the spectra and not swell.  The problem is more one of resolving the swell in the presence of low frequency noise, and the method does not catch the swell in Figure 19, which doesn't have an inflection point where the noise is exceeded by swell, but the spectra in Figure 21 does.  Figure 20 is the case that this method falls down on, and where the difference occurs in the dominant wave period plots shown in Figure 23.  


Figure 24 shows data from the NH waverider buoy data telemetered to shore from 21 Oct 2002 at 1500 UTC with the time (blue) and frequency (red) integration techniques compared.  By applying the first inflection point method to the red curve, to identify the inflection point, the significant wave height estimates were 1.102 m for the time integration and 1.132 m for the frequency integration - which is less than 3% difference.  The dominant wave period for both curves was 7.3 seconds or the first small peak after the minimum.  Eleven blocks were averaged to produce the spectra shown for 22 degrees of freedom.  Applying 90% confidence limits around the green noise line in Figure 24 does show that the peak identified as the dominant wave period is statistically significant and the method appears to work well.  Figure 25 shows a blow up of the wave section of Figure 24 with the 95% confidence limits for 22 degrees of freedom plotted about the displacement spectral estimate.  Again, the 7.3-second peak is statistically significant, and illustrates that the method appears to work well here as well as many other examples examined in detail.  
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Figure 22.  The Hmo estimates of significant wave height.  The blue is from NDBC 44007 and the red from GoMOOS Buoy C.  
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Figure 23.  The estimated dominant wave period.  The blue is from NDBC 44007 and the red from GoMOOS Buoy C.  Same as Figure 11, but with first inflection routine.  
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Figure 24.  The waverider buoy off New Hampshire for a relatively quiet time (Hmo = 1.1 m) for the time blue) and frequency space (red) processing.  The greed line is an eyeball fit through the high and low frequency accelerometer and "spillage" noise.  
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Figure 25.  Blow up of Figure 23 with the 95% confidence limits (blue) plotted about the frequency space integrated acceleration (red).  The "eyeball" noise is shown in green, and the spectral peak at 7.3 seconds (0.1367 Hz) is statistically different than the noise, where at lower frequencies it is not.  
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