The Wave Instrument Intercomparison Tool

1. What is the waveEVALTOOL? 

The purpose of the wave instrument intercomparison tool is to allow wave data collectors and instrument developers to easily compare wave spectral data from different sources, and view the differences between spectral data sets in a standardized form.

The tool is primarily designed to compare spectral data when at least one of the data sources in an in situ instrument.   It is not a raw wave record processing tool.  It compares wave spectra data sets that have been calculated by the user or by using the processing software provided by an instrument manufacturer. In addition, the tool is only useful when used with weeks or months of wave spectra from two different sources, not just a single record.  

The basic premise behind the tool is that the majority of in situ wave instruments measure wave energy and the low-order directional moments of the directional spectrum as a function of the wave frequency (the “First 5” spectral wave parameters at each frequency, see section 3).  Our experience in comparing spectra from various instruments is that First 5 errors are normally both frequency and energy dependent, and the waveEVALTOOL is designed to highlight these differences. 

WaveEVALTOOL is intended to be a set of open source, open-to-criticism, open-to-confusion code born out of our experience collecting and using wave data for both science and engineering purposes.  The comparison methods are not new, but rather a collection of various tricks of the trade stolen from obsessed wave scientists and engineers over the years. The way the tool displays the results is a bit different than traditional time domain or scatter plots, but ultimately quite useful once you get the hang of looking at the difference plots. 

The long-term goal is to use this tool or its offspring to help identify a “consensus group” of present and future “wave observation systems” that yield similar First 5 information, where an observation system is defined as both the measurements (sensors, platform, data acquisition) and instrument-specific processing of those measurements into First 5 spectral parameters. 

2. How do I use the waveEVALTOOL?

1. The two sets of user supplied spectral data must first be reformatted into a simple First 5 spectral format for the intercomparisons.  This spectral format is described in section 4, and sample Fortran code is available for reformatting common spectral data sets in the public domain (eg. NDBC and CDIP spectral data files).  

2. Once the spectral data has been converted to the standard format and placed in the tool’s data input directory, the tool will automatically align the frequency bands of the two data sets, merge into hourly time bins, and synchronize them in time by shifting the second relative to the first in time to maximize the correlation of total energy.

3. The tool can be used in two ways: as a MATLAB GUI that the user uses on their own machine, or through CDIP’s web-based waveEVALTOOL, where the user provides formatted files to CDIP and the results can then be viewed on the CDIP website.

4. First 5 differences between the two sets of spectral data are presented in several ways by the waveEVALTOOL biases and root-mean-square errors (rmse) in data source 2 relative to data source 1 presented in several ways by the tool:

a. In the time domain, as time series of the various spectral parameters.  Most wave data collectors and users are used to viewing the data this way. The only extra twists here are that the tool also allows you to plot data for defined frequency ranges (eg. just long period swell) and it plots directional moment information that many people may not used to looking at directly, but is critical for many wave data applications.

b. As a function of wave frequency and wave energy, which we refer to as “spectral wave components”.  First 5 biases and root-mean-square errors (rmse) are calculated for each component and the results are presented on a single plot.  This approach to comparing spectral data and displaying the differences is somewhat unorthodox and it may take some time to get comfortable with the concept.  The methodology is described in detail in Appendix A.  Once familiar with the spectral wave component intercomparison plots, and how they relate to the more traditional time series plots, they are a useful means to quickly assess exactly how two spectral data sets differ and what range of wave energies & frequencies were captured over the time period of the data collection.

3. What are the First 5?

The First 5 refers to the total wave energy, and the 4 directional parameters that define the low-order directional moments of underlying directional distribution of wave energy, at each wave frequency.  The 4 directional parameters are generally found in 3 different forms in the wave measurement literature: 1) 4 circular moments, 2) 4 normalized directional Fourier coefficients, or 3)  4 statistical parameters describing the directional distribution.  WaveEVALTOOL mostly works with directional Fourier coefficients, but also presents the results in the form of statistical parameters, which are more easily interpreted by users.

In situ wave observations typically involve the concurrent measurement of 3 time series:

1)     The sea surface vertical displacement (z)

                                      -OR-

            vertical water particle velocity (dz/dt)

2) & 3) The sea surface horizontal displacement (x,y)

                                            -OR-

            horizontal water particle velocities (U=dx/dt, V=dy/dt)

                                      -OR-

            sea surface slopes (dz/dx,dz/dy)

 .

These properties are either measured by a surface buoy or by subsurface instruments, and they can be acquired using a variety of sensor technologies, including pressure sensors (z, dz/dx, dz/dy), accelerometers (x,y,z), tilt and angular rate sensors (dz/dx,  dz/dy) and acoustic transducers and receivers (z, dz/dt, dx/dt, dy/dt).  Buoys that measure x,y,z are

called “translational buoys”, and buoys that measure z, and sea surface slopes dz/dy, and

dz/dx are called “pitch-roll buoys”.  Subsurface instruments that measure horizontal wave orbital velocity components, U and V, are often referred to as “PUVs”, where P refers to using a pressure sensor to measure z. 

Wave frequency spectra and directional moments

A fast Fourier transform (FFT) of the vertical surface displacement yields an estimate of the wave energy, or sea surface variance, as a function of wave frequency,

S(f), or the “wave frequency spectrum”.

In addition, at a fixed frequency, f, the directional distribution of wave energy, S(θ),

can be expressed as an infinite Fourier series,

S(f,θ)=S(f)[a1·cos(θ)+b1·sin(θ) +a2·cos(2θ) +b2·sin(2θ) +a3·cos(3θ)+b3·sin(3θ)+

                           a4·cos(4θ)+b4·sin(4θ)+…]                                                                  (2)

Where a1, b1 , a2, b2, a3, b3,…. are “normalized directional Fourier coefficients” with

values that range between -1 and 1.  The term [a1·cos(θ)+b1·sin(θ)] is referred

to as the “first moment of the directional spectrum”, the a2 & b2 term the “second moment”, etc.   The first and second moments are typically referred to as the “low-order

moments” of the directional distribution of wave energy.

It is convenient to express S(θ) in this form because the covariance of the vertical time series and the two orthogonal horizontal time series (the co- and quadrature spectra, or cross spectral matrix)  are directly related to a1,b1,a2 and b2.   We’ll avoid going into the time series analysis details here, but the important thing to understand is that most in situ directional wave instruments, no matter how accurate, only provide estimates of the lowest order moments of the true directional spectrum at a given wave frequency: a1, b1,

a2 and b2.

So what can you do with the 
low order directional Fourier coefficients a1,b1,a2,b2?

There are several options, including:

1)
The measured directional Fourier coefficients can be used to derive 4 “estimator-free” statistical parameters of  S(θ),

-
mean direction      

-
spread                    

-
skewness

-
kurtosis

                         without additional assumptions.

2)
 The measured directional Fourier coefficients can be used to constrain a “directional estimator” (eg. MLM or MEM), which guesses at the remaining infinity-minus-2 directional moments in Eq. 2 based on some “beauty principle” (eg. smoothness or narrowness) to produce an estimate of S(θ).

3)
The second moment directional Fourier coefficient, b2, calculated in a        direction reference frame relative to the shoreline normal, can be used to estimate the alongshore radiation stress, Sxy  ~ S(f)*b2(f).  Sxy is a critical parameter for initializing alongshore current and sediment transport models.

Directional buoys and subsurface PUV-type instruments are all technically “low resolution” directional devices, no matter how accurately they measure a1, b1, a2, b2. Nevertheless, accurate instruments do resolve the most important features of the underlying directional wave spectrum in many situations, and contribute greatly to both applied wave prediction applications as well as our scientific understanding of wind-wave generation, propagation, and evolution in shallow water.  

Our experience with carefully tested and calibrated directional wave instruments suggests that useful estimates of S(θ) can be made with a1, b1, a2 and b2 when the directional spectrum at a given wave frequency has a single peak (unimodal) that is either symmetric or skewed, or two peaks (bimodal) that are both approximately symmetric (but can have different sizes).  Directional buoys and PUVs cannot resolve more complex directional distributions, such as a bimodal distribution where one or both peaks are significantly skewed, or distributions with more the two peaks at a given wave frequency (eg. complex swell conditions inside island groups).   Because we are only observing the lowest-order directional moments of the wave spectrum, it is critical that a1,b1,a2 and b2 be measured accurately for any research or practical applications which rely on 2D wave spectra estimates, or on identifying and quantifying  individual wave events  in the overall wave field. 

4. Spectral Wave Component Plots

A practical approach to evaluating two sets of wave observations is to slightly tarnish the traditional spectral representation of wave frequency-directional spectra as energy densities and instead interpret the spectrum as quasi-2D spectral wave components. 

Because directional wave instruments measure the frequency distribution of wave energy with greater resolution than the directional distribution, we define our observed wave components only by frequency and energy, and then look at the ability of an instrument to measure the 4 directional parameters of each component relative to a second benchmark instrument.
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Each component is defined by discrete frequency bin and energy bin.  We have chosen 0.01Hz frequency bands for the initial waveEVALTOOL configuration, and logarithmic energy bands in order to produce a regular grid of components when they are presented on a log “base plot” (Figure 1.). 

Figure 1.  The spectral wave component base plot. Each wave component is defined by a frequency-energy bin, or equivalently, a period-height bin.  For example, the red square is the bin for the 0.01Hz - 0.1m2  (or, 10 sec - 1m Hrms) component wave.

A recipe for comparing two wave observation systems

Component differences between two sets of spectral data are calculated and displayed using the following recipe:

1) One observation system is defined as the “benchmark” data, and the second the “test” data. Wave component identification/binning, and component First 5 biases and rms errors are calculated relative to the benchmark data set.

2) For each hour where both benchmark and test data exist, the data is binned based on the benchmark data energies.   Figures 2 and 3 illustrate binning for a single benchmark spectrum and for an entire month of hourly spectral data.
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When the data sets have been binned in this way, we can see that even with just a   month or two of data, there are quite a few frequency-energy bins that have several hundred hours of observations from the two instruments. We then calculate biases and rms errors averaged over those N hours to get a statistically reliable estimate how well a test instrument can measure the energy or a directional parameter of this wave component compared to the benchmark instrument.

Figure 2.  The frequency spectrum of benchmark data set is used to identify the appropriate wave component bins (shaded bins) for the subsequent comparison to the  concurrent test data First 5 parameters.
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Figure 3.  Shows the result of sorting approximately 2 months of hourly data from the North Pacific Ocean into wave component frequency energy bins.  The numbers in the bins represent the number of hours the spectral data fell in a particular bin (ie. the sample size, N,  for subsequent First 5 bias and rms error estimates for that wave component).   The dashed line represents the “JONSWAP spectrum from hell”, with an Hs of approximately 20m.  It provides a visual guide for what bins one could conceivably expect to collect wave component information. An ideal comparison of two instruments would result in a large number of observations in all the bins below the extreme JONSWAP limit on the base plot. Such a comparison goal is unrealistic, however, this approach does allow for the development of guidelines for what constitutes a viable validation data set for an instrument.

.

5. An Example Wave Buoy Intercomparison

It is easiest to understand the wave component approach by working through an example. of an experimental GPS buoy comparison to a Datawell MKII Waverider buoy, offshore of Waimea Bay on north coast of Oahu, Hawaii, from several years ago. The test buoy deployment lasted approximately 1 month and the number of observations in the wave component bins is shown in Figure 4. 

Traditional time series plots of significant wave height, peak period, and mean direction at the peak period showed generally good agreement between the two buoys. However, the more detailed wave component comparison revealed some interesting differences between the two systems.   A few of the waveEVALTOOL First 5 difference plots are shown in Figs 5-10 and the results are described in the figure captions.
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Figure 4.   Number of wave component observations during a 1 month GPS buoy test deployment off Waimea Bay, Hawaii.  Note the relatively large number of low frequency (long wave period) observations for this North Pacific location. 
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Figure 5.  A time domain comparison of the Datawell MKII Waverider buoy and the GPS test buoy.  This traditional comparison of Hs, Tp and Mean Direction @ Tp would lead many wave data users to assume there is excellent agreement between the two observations systems.
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Figure 6.   A wave component breakdown of the wave energy bias  (test buoy energy relative to the MKII benchmark buoy).  The numbers in the wave component bins are the % bias.  The color coding of the bias is simply to aid the eye (blue = lower biases, red = higher biases).  This component analysis reveals two issues: 1) The GPS test buoy trends towards increased under-prediction (larger negative biases) at higher the wave frequencies, and 2) There is a unusual bias discrepancy between the two buoys in the 0.1Hz frequency band at all energy levels (vertical yellow/red bins centered on 0.1Hz).  The 0.1Hz band is where Datawell spectra transition from 0.005Hz bandwidths to 0.01Hz bandwidths in their onboard-processed spectral output.  The component analysis suggests the GPS test buoy’s onboard analysis firmware was handling this transition differently than the MKII.
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Figure 7.  A wave component breakdown of the mean direction bias of the test buoy relative to the benchmark MKII buoy.  The mean direction agreement between the buoys is very good overall.  It is common to see larger biases and rms errors in most of the First 5 parameters at the very low frequency / low energy wave components (bottom left corner of the wave component plots).  Small, slow motions (low accelerations and velocities) are more difficult to measure with all types of motion sensors. The lower measurement signal-to-noise ratios in these components results in increased measurement uncertainty and larger differences between instruments.
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Figure 8. .  A wave component breakdown of the directional spread bias of the test buoy relative to the benchmark MKII buoy.  The agreement between the buoys declines sharply at the highest wave frequencies, with the GPS test buoy measuring much larger spreads than the MKII.  Larger spreads are directly related to low covariance between the vertical and horizontal motions of the buoy.  The discrepancy in this case was owing to a known issue of the GPS receiver being located on the top of the buoy rather than at the waterline inside the buoy like the MKII.  The “wobble” signal of the top of the buoy relative to its center point can be removed during the processing of the buoy time series.   Unlike mean wave directions, directional spreads are an excellent parameter for assessing the signal-to-noise properties of wave observation systems.

.

6. Frequently Asked Questions

Do the 2 sets of input spectra need to have identical time stamps and/or frequency bands?

No.  As long as the spectral input data is provided in the standard ascii format described in section 4, then the tool will bend, fold, and mutilate the two data sets into synchronized hourly spectra with matching 0.01Hz frequency bands.  We are careful in how we reband and merge the spectral data to insure it is unbiased and energy conserving.  Of course, if you don’t trust to the tool to do this correctly, you can make identical, hourly, 0.01Hz spectral input files yourself and the tool will display your pristine First 5 differences for the hours where concurrent data was found. 

Can waveEVALTOOL be used with nondirectional data?

Yes.  You just have to put 0.000’s in the input spectral file where there are supposed to be directional Fourier coefficients, and the tool will only display time domain plots of nondirectional parameters, and component bias and rms error plots for energy and wave height.

How did you determine the colors to assign the various bias and RMSE levels on the component plots?

These we mostly chosen based on the min-max range of errors we have typically seen in the different instruments we have examined with the waveEVALTOOL to date, and the color coding may evolve with time.  The colors are meant primarily to guide the eye when scanning the plots for error trends or outliers (although dark blue does generally mean good agreement, and red means something bad/noisy is going on).  Whether or not a specific wave component error or difference is deemed significant depends on the intended use of the data.    

What do the wave component plots look like when you colocate two of the same kind of instrument and compare the results?

That’s a good question. We haven’t done it.  True colocation of wave buoys is essentially impossible (although NDBC has managed to co-mount different sensor packages in the same buoy) so the vast majority of past and future buoy comparisons are more of the “nearby” variety, and the measured spectra are statistically independent.  One thing we have done is do a poor man’s assessment of the expected statistical uncertainty in the First 5 parameters by taking a single spectral data set, time lag it by 1 hour, and pretend it is a second data set from an identical instrument.  If you assume that the wave field is relatively stationary on time scales of 2 hours then this trick is similar comparing two statistically independent observations of the same wave field by the same type of instrument.  These comparisons are described in Appendix B, and are a potential means to help differentiate true measurement or processing errors from the background statistical uncertainties.
