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Abstract

As an important equipment for sea state remote sensing, high frequency surface wave radar (HFSWR) has
received more and more attention. The conventional method for wave height inversion is based on the ratio
of the integration of the second-order spectral continuum to that of the first-order region, where the strong
external noise and the incorrect delineation of the first- and second-order Doppler spectral regions due to
spectral aliasing are two major sources of errors in the wave height. To account for these factors, two more
indices are introduced to the wave height estimation, i.e., the ratio of the maximum power of the second-or-
der continuum to that of the Bragg spectral region (RSCB) and the ratio of the power of the second harmonic
peak to that of the Bragg peak (RSHB). Both indices also have a strong correlation with the underlying wave
height. On the basis of all these indices an empirical model is proposed to estimate the wave height. This
method has been used in a three-months long experiment of the ocean state measuring and analyzing ra-
dar, type S (OSMAR-S), which is a portable HFSWR with compact cross-loop/monopole receive antennas
developed by Wuhan University since 2006. During the experiment in the Taiwan Strait, the significant wave
height varied from 0 to 5 m. The significant wave heights estimated by the OSMAR-S correlate well with the
data provided by the Oceanweather Inc. for comparison, with a correlation coefficient of 0.74 and a root
mean square error (RMSE) of 0.77 m. The proposed method has made an effective improvement to the
wave height estimation and thus a further step toward operational use of the OSMAR-S in the wave height

extraction.
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1 Introduction

The knowledge of sea waves is always needed in a wide
range of human's applications from weather forecasting, ocean
engineering for the design and operational safety of harbors,
ships, and offshore structures, to coastal management includ-
ing coastal stability and pollution. Because the sea waves in-
fluence so many processes and operations at sea, many tech-
nologies have been invented for measuring waves in different
temporal and spatial scales (Chen et al., 2013; Wang et al., 2013).
Buoys can provide direct and in-situ wave measurements with
the highest accuracy and the smallest scales, while a satellite
altimetry can provide measurements over an extremely large
spatial extent with relatively low resolutions in both time and
space. A high frequency surface wave radar (HFSWR) fills the
gap between these two methods, which can provide low-cost
wave measurements by remote sensing with a time resolution
of a few tens of minutes and a spatial resolution of several kilo-
meters. Owing to the great advantages in sea state monitoring,
the HFSWR has been continuously receiving attention from
several researchers (Barrick, 1972; Gill et al., 2006; Wyatt et al.,
2009; Zhou et al., 2012; Wu et al,, 2012) and been established

and tested worldwide in various situations. Now it is widely
accepted and also expected to play a more important role in a
modern sea surveillance network, where different instruments
based on different mechanisms work together to provide mea-
surements that can meet the needs of various applications with
a higher accuracy and a higher confidence level.

The prevailing method used for wave extraction from the
high-frequency (HF) radar echoes is mainly based on the first-
and second-order electromagnetic scatter theory founded by
Barrick (1972). The Doppler spectrum from the sea surface is
dominated by two strong first-order peaks due to the Bragg
scattering effect. There are also weaker spectral continuums
adjacent to them. The overall power of the second-order con-
tinuum is normalized by the energy in the first-order region to
calculate the significant wave height (Barrick, 1977). This meth-
od has been validated by several field comparison experiments.
In a majority of situations, say under not very high sea states,
high correlations between measurements by the HFSWR and
by in-situ buoys can be achieved. However, an external inter-
ference may frequently lead to large errors in the radar-derived
wave height estimates, which is a major problem in HFSWR
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operations. Moreover, the incorrect delineation of the first- and
second-order spectral regions due to spectral spread and split
is also a source of error, especially when the radar beam is not
sufficiently narrow. So, some measures should be taken to de-
crease the error and increase the confidence level of the wave
height estimate.

Owing to the low cost and ease of installation and main-
tenance, the HFSWR with a compact antenna array is often
preferred to that with a large-aperture array. The ocean state
measuring and analyzing radar type S (OSMAR-S) is a portable
HFSWR developed by Wuhan University of China, aiming at
providing sea surface current, wave and wind parameters. The
capability of the OSMAR-S on large-area current field measure-
ment has been verified in a series of field experiments (Wen et
al., 2009; Zhou et al., 2012), but only average wave and wind pa-
rameters can be obtained on each range cell so far due to the
insufficient directional resolution. Furthermore, the OSMAR-S
is more susceptible to external interferences than large-aper-
ture radars and has a lower accuracy of the wave estimate. The
wave extraction algorithm and the specific wave processing
settings of the radar software still need to be further tested and
improved by more experiments under different sea conditions.

From January to April 2013, the OSMAR-S was operated in
Zhangpu County, Fujian Province to fully test its performance
on sea state measurement. The surface current, wave height,
wave period, wind direction and wind speed in the Taiwan Strait
were measured continuously. In this paper, we discuss the wave
height estimation. During the experiment, the significant wave
height in the Taiwan Strait varied from 0 to 5 m. Buoys were
placed in the radar detection area but the data are unavailable
for comparison now. So alternatively the wave height provided
by a global wave model GROW2012 developed by the Ocean-
weather Inc. (Hope et al., 2013) is used as the “ground truth”
data here. The conventional integration-based method per-
formed well and captured every varying cycle of the wave suc-
cessfully with the correlation coefficient being 0.67 and the root
mean square error (RMSE) being 0.89 m. However, some outli-
ers were measured due to the external interferences. To improve
the wave estimate, two semiempirical models are proposed to
calculate the significant wave height simultaneously. One uses
the ratio of the maximum power in the second-order spectral
continuum to that of the Bragg peak (RSCB), and the other uses
the ratio of the power of the second harmonic peak to that of
the Bragg peak (RSHB). Using the peak power only instead of
the integration means only the strongest sea waves of particular
wavelengths are involved but many other weaker waves are ig-
nored. This will of course lead to some errors in the wave height
estimate, but the errors due to incorrect delineation of the first-
and second-order regions and the external interferences will be
effectively decreased. To make a further improvement, all the
three estimates by the models are combined together and then
smoothed to give the final wave height estimate. The compar-
ison results show that the correlation coefficient increases to
0.74 and the RMSE decreases to 0.77 m.

2 Method for wave height estimation

2.1 Conventional method

HF echoes from the sea surface are dominated by the first-or-
der or Bragg scatter peaks. In the 1970s, Barrick (Barrick, 1972)
derived the first- and second-order cross-section equations for
narrow-beam HF radars, which established the theoretic basis
for the wave extraction. He also proposed an efficient method to

calculate the significant wave height via the ratio of the overall
power in the second-order spectral region to that in the first-or-
der region (Barrick, 1977), i.e.,
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where w=2xfis the circular Doppler frequency; o, and ¢, are the
first- and second-order power spectral densities respectively; k,
is the radar wavenumber; Wis a dimensionless weighting func-
tion to eliminate the coupling coefficient of the double scatter;
Q, and @, indicate the first- and second-order spectral regions
respectively; and o, is a calibration factor. Usually only the spec-
tral side with stronger Bragg peaks is involved in the above in-
tegrations. Till now this method has been used in most of the
oceanographic radars.

As can be seen from Egs (1) and (2), the delineation of the
first- and second-order spectral regions has a crucial impact
on the wave extraction, but often there is no clear null between
them. If some first-order peaks are mistakenly included into the
second-order spectrum, the wave height will be greatly overes-
timated. Moreover, because the second-order spectral continu-
ums are relatively weak, even a moderate interference or clutter
can lead to a significant rise in the wave height estimate.

2.2 Semiempirical method I

To account for the susceptibility to the noise and difficulty
in allocating the spectral regions, more indices may be includ-
ed in the wave height estimation. Intuitively, the ratio of the
maximum value of the second-order continuum to that of the
first-order region may be such a helpful index. The second-or-
der peak region contains a large portion of the total power of
the wave height spectrum, and usually it is much easier to lo-
cate the second-order peak only than to determine the edges
of the first- and second-order spectral regions. Moreover, when
there exist interferences, the delineation of the spectral regions
is more likely to be affected, and thus larger error may result. In
fact, there is a quantitative relation between the integration and
the peak value of the wave height spectrum for some particular
wave models. Here we consider the two most popular spectral
models, i.e., the Pierson-Moskowitz (P-M) spectrum (Pierson
and Moskowitz, 1964) for a fully developed sea and the Joint
North Sea Wave Project (JONSWAP) spectrum (Hasselmann et
al., 1980) for a not fully developed sea. The JONSWAP spectrum
is given by
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=0.0081; g=9.8 m/s%; f=1.251; a = exp[—(w — @, ) /Za)pzaz],
with
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in which a)p=21rfp, is the peak circular frequency; and y is a peak
enhancement parameter between 1 and 7.
The power of the P-M spectrum, E, can be expressed by
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The ratio of the overall integration to the modified peak value
(RIP) is
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The power of the JONSWAP spectrum has no analytical ex-
pressions available but can be calculated numerically. The RIP
in the JONSWAP spectrum with a given y is also nearly a con-
stant
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which is shown in Fig. 1 for different y from 1 to 7.

So, with the nearly definite relationship between the overall
integration and the peak value of the JONSWAP spectrum, the
semi-empirical index based on the ratio of the maximum of the
second-order continuum to the Bragg peak power (RSCB) for
the wave height estimation can be denoted as
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with «, being a calibration factor to be determined by fitting to
the data.

2.3 Semiempirical method I1

From a large amount of the HFSWR data, we find the ratio
of the power of the second harmonic peak to that of the Bragg
peak (RSHB) can also be used to estimate wave heights. The sec-
ond harmonic peak is a line spectrum within the second-order
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spectral region which is located at /2 times Bragg frequency.
This peak corresponds to a singularity in Barrick's (1972) sec-
ond-order integral equation. It is due to both electromagnetic
and hydrodynamic second-order effects. The electromagnetic
effect is from ocean waves of length being equal to the radar
wavelength, and the hydrodynamic effect is from a second
spatial harmonic of the same wavelength. In the conventional
method as described in Eqgs (1) and (2) the second harmonic
peak is weakened by setting small weights at the specific fre-
quency position. Some research has been performed to quanti-
tatively explain the second harmonic peak in the HF radar spec-
tra. Ivonin et al. (2006) derived a quantitative expression of the
second harmonic peak in the HF radar spectra and showed that
the second harmonic peak was primarily due to the water wave
of wavelength being equal to the radar wavelength 7, or twice
that of the Bragg wave. By the boundary perturbation method,
Zhang et al. (2013) derived a different form of the second har-
monic peak. However, the evaluations of these theoretical mod-
els show that they do not correlate with the experimental results
well. Because the second harmonic peak has a similar spectral
structure as the Bragg peak and often has a strong strength, the
use of it in the wave height estimation will certainly be helpful
due to the reduced complexity, extra confidence level and im-
proved accuracy.

The RSHB-based semi-empirical method to estimate the
wave height can be described as

5, =10lg max[az(\/inerCJrA)] , (10)
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where @, = \/@ ,is the circular Bragg frequency; o, is the circu-
lar Doppler frequency shift due to the underlying radial current
velocity; 4 is a small neighborhood of the predicted position for
the second harmonic peak to account for the underlying cur-
rent shear; and a, and f, are the linear model parameters to be
determined by fitting to the data. In this paper, 4 is empirically
set to be within three frequency bins.

RIP

Fig. 1. The JONSWAP spectrum (a) and the RIP of the JONSWAP spectrum versus parameter y (b).



76 ZHOU Hao et al. Acta Oceanol. Sin., 2015, Vol. 34, No. 1, P. 73-78

2.4 Combination and postprocessing

Each model by itself may be susceptible to some kind of ex-
ternal noise. However, it can be expected that a combination or
fusion of all the three wave estimates will effectively decrease
the error. The combined wave height estimate can be denoted
as

(13)
. . e . R Z w, =1
where w; (i=0, 1, 2) is the positive weights satisfying < ™~ .
To make a further improvement, smoothing is performed on
the wave height sequence to give the final result with 1 h time
step.

3 Description of radar experiment

The field experiment of the OSMAR-S was performed on the
western coast of the Taiwan Strait from January 10 to March 31,
2013. During the experiment, the wind predominantly blew
from the northeast direction with a speed varying from 0 to
more than 20 m/s, and the wave height varied from 0 to above 6
m. The observation system consisted of two radar sites working
near the 13 MHz band, namely XIAN (23°44.60'N, 117°36.29'E)
and SHLI (24°9.85'N, 117°59.01'E), both located in Zhangpu
County of Fujian Province. The geographic map is shown in Fig.
2. The radial current maps provided by the two radar sites were
combined to calculate the corresponding vector current map,
while each radar site independently provided the wave and
wind estimates of its adjacent sea area. The sea state parameters
were output every 20 min, and 3-months long continuous data
were obtained. The system parameters of the OSMAR-S used in
the experiment are listed in Table 1 for brevity. During the ex-
periment, the external noise level at SHLI had been at least 6
dB higher than that at XIAN, so hereinafter only the wave height
output from XIAN is to be discussed. Figure 3 shows a Doppler
spectrum collected by XIAN for example, where the ratio of
Bragg peak to noise power has exceeded 40 dB showing a high
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Fig. 2. Geographic map of the radar experiment 2013 in
the Taiwan Strait. The pentagram marks the XIAN radar
site and the four-pointed star indicates the grid point
No. 111879 in the GROW2012 project developed by the
Oceanweather Inc.

Table 1. System parameters of OSMAR-S used in the experi-
ment

Center frequency/MHz 13+0.4
f dulated int ted
Waveform requen.cy modulated interrupte
continuous wave (FMICW)
Band width/kHz 60
Average power/W 100

Transmit antenna monopole

Receive antenna cross-loop/monopole
0.38

Coherent processing time/min 20

Sweep period/s
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Fig. 3. Doppler spectrum collected by OSMAR-S at
XIAN at 08:15, February 8, 2013. The range is 10 km. The
Bragg region ¢, and the second continuum region g, in
the conventional method are indicated.
signal quality.

Till now, there is no in-situ buoy data available for compar-
ison, but the wave parameters output from GROW2012 (global
reanalysis of ocean waves, 2012) developed by the Oceanweath-
er Inc. can be used as the “ground truth” data. The GROW2012
couples Oceanweather's global wave model, tropical boundary
layer model, and its vast experience in developing marine sur-
face wind fields to produce a global wave hindcast. The wave
output is available at an hourly time step on a 55 km grid. In
consideration of the coverage of the XIAN site, grid point No.
111879 (23°30'N, 118°00'E) is most suitable for comparison,
which is about 48 km far from the radar as indicated by a
four-pointed star in Fig. 2.

4 Comparison results

The significant wave height estimates are calculated by the
conventional integration-based method and the two line-spec-
trum-based semi-empirical methods at a range cell of 10 km
in the direction of the grid point where comparison data are
available. By fitting to the wave height sequence provided by
the Oceanweather Inc, the parameters in the models are deter-
mined to be a,=1.26, «,=14.0, 2,=0.4 and $,=10.0, respectively.
The three wave height estimates by the OSMAR-S are shown
in Fig. 4, with the wave height provided by the Oceanweather
Inc. for comparison. As can be seen, all the three methods have
tracked the variations of the wave height generally well. There
are several outliers in the results by the conventional meth-
od due to external interferences, whereas there are less by the
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Fig. 4. Comparisons of the significant wave height estimates by the conventional method and the semi-empirical methods versus
that provided by the Oceanweather Inc. a. The time sequences and b. the scatter plots.
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Fig.5. Combined and smoothed significant wave height estimates by the OSMAR-S versus that provided by the Oceanweather Inc.

a. The time sequences and b. the scatter plots.

RSCB-based method and the least by the RSHB-based meth-
od. Then these three wave height estimates are combined and
smoothed using a 1 h moving window to give the final result, as
shown in Fig. 5. The weights used here are w,=0.5, w,=0.2 and
w,=0.3, respectively, corresponding to the different priorities of
the three indices used here. As can be seen, the wild values have
been removed and the fluctuations in the intermediate wave
height estimates have been greatly reduced.

The correlation coefficients and the RMSE between the
wave height estimates by the OSMAR-S and that by the Ocean-
weather Inc. are shown in Table 2. It can be seen that the three

Table 2. Correlation coefficients and standard error between
the estimates by the OSMAR-S and the estimates by the Ocean-
weather Inc.

Method Correlation coefficient RMSE/m
Integration-based 0.67 0.89
RSCB-based 0.65 0.87
RSHB-based 0.71 0.93
Combined 0.72 0.82
Smoothed after combination 0.74 0.77

methods generally have similar statistics, with the RSHB-based
method giving the highest correlation but the biggest error
while the RSCB-based method gave the lowest correlation but
also the smallest error. The combination of the three estimates
and the further smoothing have effectively improved the wave
height estimate, which makes the wave estimate more accept-
able towards operational use.

5 Conclusions

The wave height is one of the most important dynamic pa-
rameters of the sea. The conventional method for the wave
height estimation in HFSWR involves the integrations of the
first- and second-order Doppler spectra. There are two major
sources of large errors in the wave estimates, especially for the
portable radar like the OSMAR-S with a compact antenna array.
One is the strong external noise received by the HFSWR, and the
other is the incorrect delineation of the first- and second-order
spectral regions. To achieve higher accuracy and confidence
level in the wave measurement, two more indices, namely the
RSCB and the RSHB, are incorporated into the wave estimation.
The linear models are used and the parameters are determined
by fitting the ratios to the ground truth wave heights. Calcula-
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tions show that these new indices lead to similar correlation
coefficients and estimation errors as the conventional integra-
tion-based method. But the combination of all the three indices
can effectively improve the estimates. This processing has ad-
vanced toward the operational use of the wave estimation by a
portable HFSWR.

Till now the theoretical relations between the new indices
and the underlying wave height have not been fully developed,
and the above new models used for the wave height estima-
tion are currently semi-empirical. Our future work will include
more theoretical analyses of these indices, further improving
the signal quality by more sophisticated signal processing tech-
nologies, and doing more experiments to test and improve the
methods.
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