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Abstract

The spatial coverage, temporal availability and spectral and parameter accuracy of wave
Ž .measurements using radars operating at the upper end of the high frequency HF radio band are

Ž .discussed. The two radars used are the Ocean Surface Current Radar OSCR developed in the UK
Ž .and the Wellen Radar WERA developed in Germany. The measurements show that useful

accuracy is obtainable with very good potential for operational coastal monitoring. Direction
biases over most of the frequency range are less than 158. The relative bias in significant
waveheight estimation in high sea-states is within "5%. Although there is some deterioration in
spectral performance in high sea-states, this is primarily confined to amplitudes at the higher
ocean wave frequencies where a modelling approach could be adopted. Gaps in spatial and
temporal coverage and some reduction in accuracy in mean direction estimation are due to surface
current variability or antenna sidelobes. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .High frequency HF radar systems have the capacity for measuring both directional
Ž .wave spectra Wyatt, 1990a; Wyatt and Holden, 1992; Wyatt and Ledgard, 1996 and

surface currents over a wide area of the coastal ocean, providing for the first time a
means of monitoring the simultaneous spatial and temporal variability of waves and

Ž .currents Paduan and Graber, 1997 . This paper concentrates on the wave measurement
Ž .capability. Current measurement is discussed elsewhere Gurgel et al., 1999 . The

processing of the signal received by the radar provides a measure of the backscattered

) Corresponding author. Fax: q44-114-22-23739; E-mail: l.wyatt@sheffield.ac.uk

0378-3839r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
Ž .PII: S0378-3839 99 00029-0



( )L.R. Wyatt et al.rCoastal Engineering 37 1999 259–282260

2 Žpower from a number of cells roughly 1 km in area up to 700 with the Ocean Surface
w x .Current Radar OSCR system, Wyatt and Ledgard, 1996 on the ocean surface. Wave

and current measurements are obtained from the power spectrum of the backscattered
signal.

Fig. 1 shows an example of wave variability, in space, time and frequency, measured
Ž .using OSCR at Holderness Prandle et al., 1996 . The figure shows differences in mean

wave direction and energy levels in three different frequency bands associated with the
change in wind direction shown in the upper row. It also shows spatial variability in
these parameters within each frequency band. An hour or so before the beginning of the
period shown here, winds were north-easterly and the front associated with the change to
the south-easterly pattern seen at the later times here, is moving through the region from

Žthe west at 0100 h on 21r12r95. Note that although the high frequencies in the second
.and third rows show a great deal of variability as the front goes through, the longer

Ž .waves bottom row are largely unaffected. The change to south-easterly winds is
Žmatched by the higher frequency waves with very little time delay see the second row

.in the figure . By the end of the period, the effect of the wind has propagated to lower
Ž . Ž .frequencies 3rd row but not to the lowest frequency band shown here bottom row

which contains predominantly swell waves being refracted towards the coast, although
to the south there is some indication that the wind is beginning to influence the spectrum
at these frequencies. Note that in these and all other figures in this paper, the convention

Ž .used is that the direction is that towards which the waves and wind are propagating.
These are the sort of data that will be of great value for testing and developing

numerical models of waves in shallow coastal waters. Operational monitoring of waves
and currents is also feasible for a variety of coastal management applications, e.g.,
vehicle traffic services for commercial and leisure ports and harbours.

The wave measurements are made by inverting an integral equation that describes,
with certain limitations, the relationship between the ocean wave directional spectrum

Ž .and the power spectrum of the backscattered signal Holden and Wyatt, 1992 . The main
limitation is a small slope assumption which essentially requires the waveheight to be
small as compared to the radio wavelength. This approximation becomes increasingly
invalid as the waveheight andror radio frequency increases. Most HF radar systems that
have been developed for current measurement operate at the upper end of the HF band
where the assumptions made become questionable at waveheights above 2–3 m. A

Ž .numerical technique developed by Wyatt 1990b is used to carry out the inversion and
this is also subject to some approximations. The equation is non-linear in the ocean
wave directional spectrum and a linearisation is used to simplify the problem. This limits
the inversion to frequencies less than about 0.36 Hz, beyond which a simple wave model
Ž 5 .e.g., a f decay is used. The linearisation is a good approximation in higher sea-states
but is less so in swell-dominated conditions. In fact, inversions of the full non-linear

Ž .equation have been developed Hisaki, 1996; Wyatt, 1996 but these do not appear to
increase the accuracy of the solution.

The inversion produces directional wave spectra on a non-uniform grid of wavenum-
bers. These are averaged into wavenumber-direction bins, converted to directional
frequency spectra using the dispersion relationship and then integrated to provide the
frequency spectrum and parameters of the directional distribution, e.g., mean direction
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Fig. 1. Wave parameters measured at Holderness at three times on 21r12r95. The locations of the two radars
Ž .that make up the OSCR system are shown as M and S. The upper panel shows wind from short wave

direction with the arrows pointing in the direction that the wind is blowing. The directional spreading of short
waves is also shown in grey shading. Note that the region of coverage for these parameters is larger than the

Ž .rest. The other panels show mean direction arrows towards which the waves are propagating and amplitude
in the frequency bands 0.33–0.5 Hz, 0.35–0.33 Hz and 0.1–0.2 Hz from top to bottom, respectively.
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Ž . Ž .Fig. 2. Time series for Holderness upper and Petten lower of short wave and wind directions measured by
Ž . Ž . Ž .the radar red , a directional waverider black and, for Petten only, an onshore anemometer blue .

as a function of frequency. Methods to analyse the spectra directly from the non-uniform
Ž .grid have been developed Isaac and Wyatt, 1997 but are not yet capable of handling

large quantities of data in an operational way and hence, have not been used in this
project.

Ž .Wind direction measurements are determined using a maximum likelihood ML
Ž .model fitting approach Wyatt et al., 1997 . The two largest contributions to the

backscattered spectrum are associated with waves of half the radio wavelength moving
towards and away from the radar site. At the radar frequencies used in the work reported
here, these waves have a frequency of about 0.5 Hz and hence, can be assumed to be
aligned with the wind direction except in very low sea-states. The model determines the
relative amplitude of the towards and away peaks in the spectrum and depends on two
parameters, mean direction and directional spreading, the values of which are obtained
using the ML method.

Ž . Ž .Fig. 3. Time series for Holderness upper and Petten lower of amplitude in three frequency bands: 0.05–0.4
Ž .Hz and hence, significant waveheight , 0.2–0.4 Hz and peak. Radar measurements are in red and directional

wavebuoy in black.
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In this paper, we discuss the accuracy and limitations of HF radar wave measurement
for systems operating at the upper end of the HF band. The two systems are the OSCR,
developed in the UK in the mid-eighties and until recently, available commercially for

Ž .current measurement, and the Wellen Radar WERA developed by the University of
Ž .Hamburg Gurgel and Antonischki, 1997 as part of the SCAWVEX project. The data

discussed in this paper were collected during two of the SCAWVEX experiments at
Holderness, UK, and at Petten in the Netherlands.

2. The datasets

Ž .Krogstad et al. 1999 discuss various approaches to the problem of comparing data
Žfrom instruments with different methods for measuring the same physical quantity in

.this case, the wave spectrum and different sampling variabilities. The methods are
presented there and applied to the standard wave parameters significant waveheight,

Ž .mean period and mean spectrally averaged direction. In this paper, the data are
Ž .examined in more detail using a ML method Sova, 1995 and relative or mean

differences depending on the particular parameter under consideration. This approach
provides quantitative information about the performance of the measurement technique.
Before doing this, an overview of the datasets will be presented and important features
of the comparisons highlighted.

Fig. 2 shows time series of radar-measured wind directions, using the Wyatt et al.
Ž .1997 method, during both experiments. At Holderness, they are compared to wave
directions at the same frequency measured by a co-located Directional Waverider buoy.
These are also shown for the Petten experiment where wind directions measured at the

Ž .coast ;10 km away from the radar and buoy measurements are also included. Note
that the buoy measurements have not been compensated for surface current effects and
these are thought to be contributing to the apparent tidal modulation of the buoy short
wave direction measurements. Apart from this, agreement is generally very good even
during periods of rapid change.

ŽFig. 3 shows time series of radar and wavebuoy amplitude see Section 4.1 for the
.definition of amplitude used here for the Holderness and Petten experiments. Mean

direction and mean period are shown in Figs. 4 and 5, respectively. The amplitude,
direction and period estimates at high frequencies and at the peak of the spectrum are

Ž .also shown. Note that the sampling variability not shown associated with estimates of
the peak parameters is large and so more scatter between the two measurements is
expected. The qualitative agreement between radar and wavebuoy is good in general.
The most obvious difference between the two experiments is the continuity in radar
measurements at Petten and the relative sparseness at Holderness. This is related to the
data collection capabilities of the systems used which, for OSCR, were limited by old
computer hardware. The Petten experiment demonstrated that HF radar is capable of
measuring wave statistics on a regular basis. WERA backscatter measurements were
made every 20 min but there were occasional gaps in wave measurement at particular
locations when the quality of the radar measurements was not sufficient. These cannot
be identified in these time series plots because the gaps in time between good quality
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Fig. 4. As Fig. 3 for mean period.
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Fig. 5. As Fig. 3 for mean direction towards which the waves are propagating.
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measurements are so short. Quality is judged by measuring the signal to noise of key
Žfeatures in the backscatter signal. Often, wave measurement is limited both at Holder-

.ness and Petten by current variability andror high antenna sidelobe levels, both of
Ž .which distort the first order part of the signal Wyatt, 1994; Kingsley et al., 1997 . If the

distortion is particularly bad, this is detected by the signal-to-noise analysis and no
inversion is carried out. Other effects of this distortion will be discussed below.

Another difference between the two experiments is the increased scatter in radar
direction measurements at Petten. This is reflected in the detailed statistics discussed in
Section 4 and more discussion on the origin of the difference is included there. Some of

Žthe variabilities are at times of low amplitude also contributing to mean period
.variability . Variability in the peak direction, in particular, could be associated with

bimodality in the spectrum with similar amplitude contributions in rather different
directions and at different frequencies, thus also explaining some of the peak period
variability.

Fig. 6. Radar and buoy experiment mean frequency spectra and directions. Radar means shown with diamonds.
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One feature they have in common is the overestimation in significant waveheight
when it is high and this is particularly noticeable in the high frequency amplitude
contributions, peak amplitude being, if anything, slightly underestimated. The overesti-
mation of high frequency amplitude is directly related to the underestimation in mean
period at these times. These features can be seen particularly clearly in Fig. 6 which
shows the experiment mean frequency spectra for both instruments and experiments.
The experiment mean for each instrument is the average overall measurements that are
co-temporal and co-located with those of the other instrument. The figure also shows the
experiment mean directions showing good agreement, especially near the peak of the
radar mean spectrum, with some disagreement at lower frequencies.

3. Directional spectra comparisons

Comparisons of full directional spectra are discussed here. Differences provide
guidance for the interpretation of the qualitative comparisons presented above and the
quantitative results in Section 4. Directional frequency spectra will be used and those of
the wavebuoy are estimated from the Fourier coefficients using the Lygre and Krogstad
Ž . Ž . Ž .1986 maximum entropy method. Wyatt 1997 , Ewans 1998 and Krogstad et al.
Ž .1999 present evidence to support the use of maximum entropy for the interpretation of
wavebuoy data and, in particular, show its use in demonstrating the existence of
bimodality in the spectrum.

Ž .Fig. 7 shows eight spectra at mostly three hourly intervals during the development
Ž .of a storm. There was just one occasion in this time sequence at 1800 h on 1r12r96

when there was no WERA wave measurement and hence, the next 20-min measurement
has been used instead. Each directional spectral pair is scaled to the maximum in the

Ž .radar measurement and contours are drawn at up to six logarithmically spaced levels
with increments from the radar peak of 0.3. Logarithmic levels have been selected to
enable a clearer comparison at the high frequencies where amplitudes are relatively low.
The time sequence shows the change in shape of the spectrum as the storm develops; the
relative amplitudes are shown in the lower frame of the figure which also shows a
comparison of significant waveheight. Wind directions are also indicated on the figures.
Those on the wavebuoy plots are directions measured not at the location of the

Ž .wavebuoy and hence, not at the same place as the radar wind direction estimates but at
Ža site on the coast. The size of this arrow reflects the measured wind speed the radar

.does not provide a reliable wind speed measurement at present .

Ž .Fig. 7. Directional spectra measured by the radar upper panel for each group and the directional waverider
Ž .centre panel . Contour levels are described in the text. The number next to the radar label is a measure of the
convergence of the inversion procedure and values less than 2 are usually acceptable. Wind directions are

Žshown with arrows. In the waverider plots, these are scaled according to wind speed as measured on the
.coast which is also shown next to the arrow. The lower panel shows the corresponding frequency spectra,

Ž .radar is the solid line and buoy the dashed line note the log scaling , and corresponding significant
waveheights, radar above wavebuoy.
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The tendency for the radar to slightly underestimate peak amplitude is clear in both
the 2D and 1D plots in Fig. 7. In the 2D plots, the highest contour on most of the
wavebuoy directional spectra plots marks the direction and frequency ranges of waves
above the radar peak. Although this could be attributable to the known tendency of the
maximum entropy method to enhance peaks, the larger peak amplitude in the wavebuoy
measurements can also be seen in the frequency spectra. The radar overestimation of
amplitude at high frequencies as the storm builds up is also very clear. There is also
evidence of overestimation at frequencies below the peak. This latter effect is clearly
related to the presence of features in the radar spectrum that are not present in the
wavebuoy spectrum, e.g., the mode at ;0.12 Hz and 2508 in the spectrum at 1500 h on
the first of December or at ;0.07 Hz and 2308 at 0300 h on the second of December.
These are probably linked to the current variability andror high sidelobe levels
mentioned earlier. These produce clearly identifiable peaks in the radar backscatter
spectrum which are invertible if they are more than 3 dB below the first order signal and
then contribute identifiable peaks, the modes referred to above, in the resulting wave
spectra.

Differences between the measurements have been identified but it is important to also
stress the similarities. The shape over most of the spectrum for these and most other
WERA and OSCR spectra show generally good agreement with that of the wavebuoy
estimates. One feature that both spectra demonstrate particularly in the later measure-
ments is bimodality at high frequencies. This is thought to be a feature of fetch-limited

Ž .seas Young et al., 1995; Ewans, 1998 . Here, wind direction is onshore but the wave
field is perhaps fetch-limited by the English coast. This aspect of the measurement
merits further study. There are also occasions when the longer waves also exhibit

Ž .bimodality in the wavebuoy spectrum but not or at least not so clearly in the radar
spectrum. This is probably related to the more limited direction and frequency resolution

Ž .in the radar measurements Wyatt and Holden, 1994 .

4. Statistical analysis

4.1. Methodology

The starting point for the application of the ML method is a dataset which consists of
a time-ordered series of spectra measured by the radar and a directional waverider

Žlocated within the region of the radar measurement. Each radar wave file after the
.processing referred to in Section 1 above contains values for the frequency spectrum,

Ž . Ž . Ž .S f , mean direction, u f , directional spread, s f , the first and second Fourier
Ž . Ž . Ž . Ž .coefficients, a f and b f is1,2, and 90% confidence intervals for S f , u f andi i

Ž .s f . The confidence intervals have been determined using the results of a simulation
method that determines the degrees of freedom in these radar measurements. Nine model
sea-states are used to generate simulated radar spectra. All have wind sea and swell
contributions with differing relative amplitudes and directions. The known sampling
variability in the radar spectrum is then used to generate 5000 samples, each of which is
inverted to provide an ensemble of radar wave measurements. The time taken to do this
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is the limiting factor in the analysis, i.e., this is the reason for the restriction to nine
different models. The variances can then be estimated and analysed. The process has to
be carried out in full for different radio frequencies, sampling or averaging procedure
and hence, a separate analysis was required for OSCR and WERA. However, the
differences found were actually quite small. The wavebuoy data files contain values for
Ž . Ž . Ž .S f , u f and s f , and either the Fourier coefficients or values for the second

harmonics of the angular power distribution from which they may be calculated. The
variances of these parameters are determined using the known degrees of freedom.

Ž .Comparisons are made of parameters obtained by integrating S f and its moments
over specified frequency ranges. The variances for the integrated parameters are

Ž .determined using standard techniques Krogstad et al., 1999 . Comparisons can also be
made at individual frequencies but these have large variances resulting in a ML fit that
has itself a large variance and hence, can only provide limited quantitative information.

Ž .From the integral of S f , amplitude is calculated using the standard definition of the
Žsignificant wave height, H , but restricting the frequency range of the integral H sS S

1f 2 2w Ž . x .4 H S f d f . Mean period, for a specified frequency band, is determined from thef1

first moment of the frequency spectrum, i.e.,
f2

S f d fŽ .H
f1T s .1 f2

f S f d fŽ .H
f1

This expression is also used to estimate peak period where the integration is carried
Ž .out over a 20-mHz band around the frequency of the maximum of S f . The sampling

variability of the radar-measured peak period has not been determined and so the ML
analysis is not carried out for this parameter. The sampling variability based on the use
of the T formulation is not appropriate. Mean direction, for a specified frequency band,1

is determined using:
f2

S f sin u f d fŽ . Ž .H
f1y1u s tan .m f2

S f cos u f d fŽ . Ž .H
f1

Note that these expressions also define the parameters over the full range of measured
frequencies which provides the conventional measure of significant wave height and

Ž .mean period. Krogstad et al. 1999 discuss the ML analysis for these full range
parameters. The figures are also included here for completeness.

A scatter plot of the paired data is fitted with a ML estimate of the best straight line
fit through the data, assuming a normal distribution for the data. An iterative technique
is needed to estimate the slope, b, and intercept, a, for the amplitude and mean period
relationships. Having obtained the slope and intercept for H and mean period, the biasS

of the radar relative to the wavebuoy for each parameter is computed. This is given by:

aq by1 xŽ .
y s ,rel x
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where x spans the range of the wavebuoy data. The 95% confidence intervals for the
relative bias are given by:

var a 2cov a,bŽ . Ž .
y "1.96 qvar b q .Ž .(rel 2 xx

These are used to assess the statistical significance of any bias that might be
suggested by, e.g., b)1. If zero bias for a particular parameter falls within the
confidence interval for the relative bias for a specified range of frequencies, then we can
assert that the experiment provides no evidence of bias for that parameter over that
range.

When comparing mean directions, it is sufficient to apply the method to the
directional difference and assume that this has a normal distribution. The ML estimate of
the mean difference is obtained by using the summed, integrated variances for the radar
and wavebuoy, s 2, to weight the individual direction differences, c , which are thenj j

included in a weighted mean, m.ˆ
n cjÝ 2sjjs1

ms .ˆ n 1
Ý 2sjjs1

The variance of m is given by:ˆ
1

var m s ,Ž .ˆ n 1
Ý 2sjjs1

and hence, 95% confidence intervals for the mean difference can be determined.
The results of this analysis will be compared with more standard statistical parame-

ters, i.e., relative bias and variance when considering amplitude and mean period, and
bias and variance for direction using direction differences. These are the standard

Žstatistics identified as being most useful for wave measurement comparisons in Krogs-
.tad et al., 1999 . However, in that paper, they were shown to provide a less useful

measure of bias than is obtained with the ML analysis.

4.2. Results

We present comparisons of the radar and wavebuoy data integrated over the whole
experimental range 0.05–0.4 Hz, over a 20-mHz frequency range centred on the

Ž .maximum amplitude in each individual spectra hereafter referred to as ‘peak’ , and over
the following frequency bands: 0.05–0.1 Hz, 0.1–0.15 Hz, 0.15–0.2 Hz, 0.2–0.3 Hz,
0.3–0.4 Hz.

4.2.1. QualitatiÕe analysis
Fig. 8 shows the scatter plots with 90% confidence intervals for the full range and

peak bands for the Holderness and Petten experiments. The ML fits are shown except
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Ž . Ž .Fig. 8. Wave parameters measured at Holderness H and Petten P . 90% confidence intervals are shown. The ML lines are shown in all cases except for the peak
period comparisons.



(
)

L
.R

.W
yattet

al.r
C

oastalE
ngineering

37
1999

259
–

282
274

Ž . Ž . Ž . Ž . Ž .Fig. 9. Wave parameters measured at Holderness. Frequency bands: a 0.05–0.1 Hz, b 0.1–0.15 Hz, c 0.15–0.2 Hz, d 0.2–0.3 Hz, e 0.3–0.4 Hz.
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Table 1
Ž . Ž . Ž .Holderness2 amplitude comparison. ML biases are coded as: q4 )15%, q3 10–15%, q2 5–10%,

Ž . Ž .q1 0–5%, 0 0% and similar for negatives

Frequency Relative Standard Slope Intercept ML bias ML bias Zero bias
Ž . Ž . Ž . Ž . Ž .Hz error % deviation b a amplitude amplitude range m

Ž .% low high

0.05–0.1 92 121 0.872 0.078 q3 y1 0.5–0.7
0.1–0.15 23 53 0.900 0.082 q3 y1 0.7–1.0
0.15–0.2 1 23 1.060 y0.027 y1 q1 0.4–0.65
0.2–0.3 4 23 1.171 y0.053 y1 q2 0.25–0.35
0.3–0.4 6 39 1.407 y0.114 y3 q3 0.27–0.29
Peak y9 22 0.700 0.039 y3 y4 nra
0.05–0.4 1 18 1.062 I0.064 I1 H1 0.9–1.3

for the case of peak period where the analysis was not performed and the line of slope
unity was drawn instead. The significant waveheight comparisons show good correlation
with some indication of overestimation by the radar in high sea-states when confidence
intervals are also wider. The underestimation in peak amplitude, commented on earlier,
is clearly seen in both experiments. Mean and peak directions at Holderness are in very
good agreement. There is rather more scatter in the Petten dataset particularly for peak
direction where it can be seen that the confidence intervals are rather wide for the cases
with largest differences. The different ranges in direction are related to the geographical
location of the two sites. Mean and peak period are also well-correlated. Some of the
scatter in the Petten case can be attributed to the same cause as the scatter in peak

Ždirection, i.e., to the presence of spurious peaks in the spectrum mostly at low
.frequencies due to antenna sidelobes andror current variability.

The scatter plots, confidence intervals and fits for the other frequency bands are
shown in Fig. 9 for Holderness and Fig. 10 for Petten. The overestimation of short-wave

Ž .amplitude is seen very clearly in the Petten dataset Fig. 10c–e . The scatter in low
frequency direction is very clear for both experiments and is present to a lesser degree
across all frequencies in the Petten dataset. The scatter at higher frequencies is likely to

Table 2
Petten amplitude comparisons

Frequency Relative Standard Slope Intercept ML bias ML bias Zero bias
Ž . Ž . Ž . Ž . Ž .Hz error % deviation b a amplitude amplitude range m

Ž .% low high

0.05–0.1 107 135 1.517 y0.048 q4 q4 nra
0.1–0.15 16 43 0.896 0.093 q1 y2 0.85–1.0
0.15–0.2 11 31 1.002 0.036 q2 q1 nra
0.2–0.3 20 30 1.171 0.001 q4 q4 nra
0.3–0.4 49 53 1.511 y0.066 q4 q4 nra
Peak 1 51 0.852 0.046 q1 y3 0.28–0.35
0.05–0.4 15 28 1.050 0.017 H3 H1 nrrrrra
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Table 3
Ž . Ž . Ž .Holderness2 mean period comparisons. ML biases are coded as: q4 )15%, q3 )10%, q2 5–10%,

Ž . Ž .q1 0–5%, 0 0% and similar for negatives

Frequency Relative Standard Slope Intercept ML bias ML bias
Ž . Ž . Ž . Ž . Ž .Hz error % deviation % b a T low T high

0.05–0.1 3 8 0.647 4.083 q1 y2
0.1–0.15 2 4 0.806 1.614 q1 y1
0.15–0.2 0 2 0.953 0.276 q1 0
0.2–0.3 0 2 1.001 y0.021 0 0
0.3–0.4 y1 3 1.012 y0.021 0 0
0.05–0.4 1 8 0.765 1.252 H2 I2

be due to inadequacies in the scatter model in high sea-states. Additional high frequency
modes are often seen in the directional spectra in these conditions. The increased

Ž .confidence intervals seen in the highest frequency band e reflect the fact that the
inversion only partly covers the band, the rest being described by a high frequency tail.

4.2.2. QuantitatiÕe analysis
Tables 1–6 summarize the results of the statistical analysis for all bands and the three

parameters: amplitude, period and direction. Note that positive biases indicate that the
radar overestimates the parameter relative to the wavebuoy. Positive direction differ-
ences indicate that the radar direction estimate is larger in the clockwise sense.

4.2.2.1. Amplitude. The ML bias figures included in the tables were obtained using
figures, such as Fig. 11, that show the relative bias and confidence intervals for

Ž .significant waveheight bold in the tables for the two experiments. The figure shows
that there is no evidence for a bias in significant wave height greater than "5% for
values above 0.5 m in the Holderness experiment. In this case, the range of H forS

which there is no evidence of bias, i.e., that range where zero relative bias lies between
the upper and lower confidence intervals, is 0.9–1.3 m. However, the bias is larger and
positive in the Petten experiment in the lower sea-state conditions. It seems likely that
this is due to low frequency amplitude overestimation which is significantly biased in
this experiment due to a greater impact of short time scale current variability andror

Table 4
Petten period comparisons

Frequency Relative Standard Slope Intercept ML bias ML bias
Ž . Ž . Ž . Ž . Ž .Hz error % deviation % b a T low T high

0.05–0.1 5 8 0.996 y0.024 0 0
0.1–0.15 1 4 0.566 3.414 0 y1
0.15–0.2 0 2 0.857 0.818 q1 y1
0.2–0.3 y1 2 0.926 0.279 0 y1
0.3–0.4 y1 2 0.958 0.139 0 0
0.05–0.4 0 13 0.597 2.043 H2 I4
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Table 5
Holderness2 mean direction comparisons in degrees

Ž .Frequency Hz Mean Du Standard deviation ML Du

0.05–0.1 y7.3 58.3 y9.9
0.1–0.15 y8.9 26.0 y6.9
0.15–0.2 y5.9 8.0 y8.7
0.2–0.3 y6.7 9.4 y10.5
0.3–0.4 y10.5 13.2 y2.5
Peak y2.1 22.1 y3.3
0.05–0.4 I6.6 7.7 I3.5

antenna sidelobes. In high sea-states, the bias at Petten is down to q5%, roughly the
same figure as at Holderness.

The relative error of q1% for peak amplitude at Petten is not consistent with the
comments made earlier about underestimation of the peak on average. This underestima-
tion is revealed in the high amplitude ML bias of y10–15%. The overestimation in
relative error is probably due to the same factors that led to an overestimation in the ML
bias in low sea-states and again is attributable to current variability andror antenna

Ž .sidelobes at Petten. At Holderness, the relative error y9% seems to underestimate the
Ž .larger negative bias found with the ML method )15% at the higher sea-states . This is

probably due to the same factors since the lower frequencies in the radar measurements
are most affected and these have larger variances and therefore carry less weight in the
ML analysis.

Note that the standard relative error estimates have not been subdivided into
amplitude ranges. This would be possible of course, but with the ML approach, this
information emerges automatically. The variation in standard deviation from band to
band is partially reflecting the amplitude-related variations in bias in each band.

Ž .The overestimation of amplitude at high frequencies at Petten seen in Figs. 3 and 6
is ;17% for 0.2–0.3 Hz and higher at higher frequencies. This is directly attributable

Ž .to limitations in the scattering theory in high sea-states Wyatt, 1995 when the small
slope assumption becomes invalid and the backscattered power is much higher than is
predicted by the theory.

Table 6
Petten mean direction comparisons in degrees

Ž .Frequency Hz Mean Du Standard deviation ML Du

0.05–0.1 y5.3 57.9 y25.9
0.1–0.15 1.8 22.0 6.4
0.15–0.2 2.4 19.2 3.3
0.2–0.3 3.3 20.0 4.1
0.3–0.4 4.1 21.8 19.1
Peak 2.6 29.7 4.0
0.05–0.4 0.6 18.6 3.8
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Fig. 11. Fractional significant waveheight relative bias for the two experiments shown with a solid line. The
95% confidence limits are shown with dotted lines.

It is noticeable that although the relative errors are different from experiment to
experiment, the ML slopes are rather similar over most of the frequency ranges. It is
possible therefore that the ML analysis could provide a robust mechanism for calibrating
the data to improve the performance of the system pending improvements in the
inversion algorithms or scattering model.

As has already been noted, the largest amplitude biases are at high frequencies. An
alternative approach to a calibration based on these biases would be to reduce the
frequency range, for which a full inversion is carried out, in proportion to significant
waveheight. The model used for high frequencies would thus be extended to lower
frequencies.

4.2.2.2. Period. The period comparisons presented in Tables 3 and 4 are less easy to
interpret and for many bands, are not especially useful because, of course, the range of
periods can be rather small. Biases are anyway generally rather small. Of most interest is

Žthe comparison of mean period over the full frequency range shown in bold on the
.tables . Once again, the standard relative error calculation does not reveal the variation
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in bias with wavebuoy period. The larger variation in this for the Petten data over the
full range is reflected in the standard deviation. When the wavebuoy period is low, the
positive bias is related to the overestimation in low frequency amplitude which had an
impact on significant waveheight in low sea-states and was discussed above. The
underestimation in period when the wavebuoy measures a high mean period is associ-
ated with the overestimation in amplitude at high frequencies in high sea-states. As can
be seen, this effect is more noticeable at Petten where the number of such events was
larger. Although the ML parameter estimates are not the same for period from
experiment to experiment, since there is obviously a direct link between the period and
amplitude biases, one would not want to calibrate for period independently. A calibra-
tion on the basis of the amplitude ML analysis should deal with the period problems
identified here.

Ž .4.2.2.3. Direction. Biases in mean direction Tables 5 and 6 are within 158 for the
Holderness experiment with rather larger differences at the frequency extremes for the
Petten experiment. Confidence intervals for the ML estimates are all less than 18. The
large standard deviations at low frequencies for both experiments reflect the bimodality
in the radar measurements due to spurious spectral contributions from surface current
variability andror antenna sidelobes. The ML biases present a similar picture to the
standard mean differences presented in the tables. As was seen in Fig. 10, there is rather
more scatter in the directions measured at Petten at higher frequencies which is reflected
in the increased standard deviations beyond 0.15 Hz. Averaged over the whole fre-

Ž .quency range in bold , the ML bias is negative at Holderness and positive but roughly
the same magnitude at Petten, perhaps reflecting the different geographical locations,
Holderness being on the west and Petten on the east of the Southern North Sea.

4.2.3. Summary
The results of this analysis can be summarised as follows.
Ž .1 The radar measurements underestimate the amplitude of the spectral peak. Since

this is not linked to a corresponding underestimation in significant waveheight, a
possible reason is a poorer frequency resolution in the radar measurements associated

Ž .with the inversion procedure which includes a certain amount of averaging .
Ž .2 The radar measurements overestimate high frequency amplitude in high sea-states.

This leads to an overestimation in H .S
Ž .3 The radar measurements overestimate amplitude below the peak due to spurious

contributions to the spectrum caused by antenna sidelobes and current variability.
Ž .4 The ML analysis provides bias estimates that are more consistent from experiment

to experiment and with qualitative comparisons of directional spectra than those
obtained using simpler statistical techniques, e.g., relative error.

Ž .5 Differences between radar and wavebuoy measurements of period can be related
to differences in the distribution of energy with frequency, i.e., to the differences in peak
and high frequency amplitudes.

Ž .6 At low frequencies, radar-measured mean directions are not very reliable.
Ž .7 At high frequencies, radar-measured mean directions appear to be less reliable in

higher sea-states.
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5. Discussion and conclusions

In this paper, we have presented qualitative and quantitative evidence of the
advantages and limitations of HF radar for monitoring ocean waves in coastal waters.
Directional spectra are obtainable every hour with OSCR and 20 min with WERA at
ranges up to 20 km from the coast providing detailed measurements of the spatial
variability of the coastal wave field. During the Petten experiment, measurements were
available more or less continuously over a period of more than a month. The limitations
that have been identified, by comparisons of particular parameters or of the full
directional spectrum, are associated with short time or space scale current variability
andror antenna sidelobes. Both of these are the subject of research at Sheffield. One
other limitation is the problem of applying the inversion based on a theory that is clearly
invalid in high sea-states at the operating frequencies of OSCR and WERA. This has
been shown to lead to a substantial overestimation in amplitude at high frequencies. One
suggestion for dealing with this is the calibration approach using ML relationships. An
alternative is to limit the frequency range of the inversion and parameterise the
amplitude at high frequencies with, e.g., a f 5 spectral tail. Of course, the most
satisfactory solution would be to develop a theory that explains the observed backscatter
in high seas conditions. This is the subject of investigation at Sheffield.

We have demonstrated that it is possible and important to include the variability
associated with both radar and wavebuoy in an analysis of their relative performance as
wave measuring systems. This has allowed detailed quantitative intercomparisons to be
made. The analysis reported here for the OSCR system has revealed that in certain
frequency bands and for certain amplitude ranges, there exists no bias between the two
measurement systems. However, the maximum significant waveheight at Holderness
was only 3.5 m. At Petten, there were periods of higher waveheights and the amplitude
biases tended to be larger. However, although the amplitude bias estimates for the two
very different experiments using very different radar systems are different, the ML
relationships between radar and wavebuoy amplitude found are similar. The provision of
this type of data opens up the possibility of producing calibrationrcorrection curves for
radar measurements that could be used until more accurate parameter extraction methods
are developed.

Direction biases over most of the frequency range of less than 158 and are within the
nominal directional resolution in the Sheffield inversion process. Except at the extremes,
the relative biases in amplitude estimation are within "10% for the frequency bands
analysed here and "5% for significant waveheight. These ranges are certainly adequate
for many operational purposes.
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