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Ocean surface wind and wave monitoring at Typhoon Fung-Wong
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Abstract: This paper provides wind and wave observation results detected by high frequency surface wave radar OSMARO071
during Typhoon Fung-Wong. Methods for extracting ocean surface parameters from HFSWR sea echo are introduced. The Stew-
art Barnum and Maresca SBM method combined with multi-beam sampling method is used to invert wind direction. A modified
Barrick’s model is proposed to obtain significant wave height and the SMB formulation is used to extract wind speed informa-
tion. Compared with buoy data of wind and wave, radar inversion results show good agreement with in-situ observations. The
root-mean-square error RMSE of significant wave height, wind speed and wind direction between radar-derived and those from
the buoy are 0.48 m, 3.5 m/s, 27.7°, and the coefficients of determination (RZ) are 0.72, 0.60 and 0.97, respectively. Factors af-

fecting detecting accuracy are also discussed in this paper.
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1 INTRODUCTION

As China is located at western bank of the Pacific Ocean,
the typhoon is a frequent issue. With the varieties of global cli-
mate, the frequency of typhoon and typhoon-caused disasters all
present trends of escalation. At present, the typhoon surveying
methods are limited, mainly by in-situ observations, from nu-
merical simulations and remote sensing. It is difficult and expen-
sive to measure typhoon by buoy, dives tools or research ship,
and also limited partial spot or on-line data of special time can
be obtained, which cannot reflect the real sea state of large area
and cannot satisfy the oceanographic engineering and the marine
forecasting demands. The numerical simulation results cannot
completely represent the spatial structures of the sea wind or
wave field. Study of typhoon is restricted by the limited typhoon
observation methods. With more than 40 years’ development,
High Frequency Surface Wave Radar (HFSWR) operated in the
HF band (3—30 MHz), employs the ground wave mode of radio
wave propagation where the radar signal is guided by a good
conducting surface such as the ocean surface to follow a path
that essentially matches the Earth’s curvature. It is capable of

all-weather remote sensing of large area ocean surface dynamics
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with relatively high precision (Barnes, 1998). Its capability of
currents detection has been considered satisfying the require-
ments for routine marine observations while its wind and wave
measurements cannot provide engineering applications (Barrick,
2008; Wu, et al., 2003; Liu, et al., 2007). Observation ocean sur-
face wind and wave field at typhoon by HFSWR is a new remote
sensing technology. OSMARO71 is the latest product of Ocean
State Monitor and Analysis radar (OSMAR) series of HFSWR
which is developed by the Radiowave Propagation Laboratory
(RPL) of Wuhan University. It demonstrates high signal qual-
ity and engineering reliability compared with the prototype
OSMAR and offers a good platform for the study of extracting
ocean wave parameters from the second-order spectra of sea
echoes. Recently, OSMARO71 system has made certain break-
through in the wind and wave survey. Compared with buoy in-
situ observations in nearly half one year time, results show that
the RMSE difference between radar-derived significant wave
heights and those from the buoy is 0.39 m and the coefficients of
determination between the two series is 0.67 (Wu, et al., 2003).
From 2008-07-28 to 2008-07-29, Typhoon Fung-Wong came
across the north of Taiwan Straits, and the OSMARO71 observa-
tion sites located at Longhai and Dongshan in Fujian Province
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of China went through the terrible disaster and got all the on
time current, wind and wave data of the sea area at the typhoon
duration. This paper presents the wind and wave measurement
at Typhoon Fung-Wong, and compares the results with in-situ
observations.

2 METHOD
2.1 OSMARO071 system

OSMARO071 applies the Frequency Modulated Interrupted
Continuous Wave (FMICW) waveform with 30 kHz bandwidth.
A three-element Yagi-Uda antenna serves as transmitting antenna
and an 8-element non-lineable receiving array as the radar antenna
filed (Fig. 1). The major characteristic parameters of OSMAR071
are shown in Table 1. Array amplitude and phase correction is ob-
tained by real-time software calibration. A Fast Flourier Transform
(FFT) process is used by every pulse-repetition-interval PRI which
we call a snapshot to produce a Range spectrum. After coherent
accumulation at the same range, a second FFT is used to produce
Range Doppler Power Spectrum. Fig. 2 shows the measured Range
Doppler Power Spectrum of 1024 PRI coherent accumulation,
which is from Longhai NO.2 receive antenna. From Fig. 2, we can
see that a typical HFSWR sea echoes’ Range Doppler Power Spec-
trum contains two nearly symmetrically located first-order peaks,
second-order continuous spectral points, the obvious distance belt
distributed ionosphere reflection echo, the obvious frequency belt
distributed radio frequency interference, ship echo and the noise
floor. The Multiple Signal Characteristic (MUSIC) algorithm is
applied to discern the direction of arrival (DOA) of sea echoes.
The Digital Beam Forming (DBF) is used to obtain the direction of
Range Doppler Power Spectrum.

Fig. 1 Antenna array field of HFSWR OSMARO071

Table 1 The characteristic parameters of OSMARO071

Paramerter Value
Work frequency / MHz 7.5—8.5
Mean transmitting power /W 150

The maximum range / km 200 (cgrrents, wind direct}on)
100 (wind speed, wave height)
Range resolution/km 5
Coverage bearing scope/(°) 150
Azimuth resolution/(°) 1.5 (currents), 5(wind, wave)
10 (Current field)

Result temporal resolution/min 30 (wind and wave field)

B R T
350 B I'. 0 i 1 PR

AR F, Bragg Lines I W
300 5 'f'Filrst-:drdelr B iy

Backscatter
I -'lBalckS‘cutte Wi AR
bk i 1 't .l 1y 4 4

[oe]
W
S

Distance/km
- = o
[ W [}
S S 3

W
S

A &b i W
0 -06 -04 -02 0 0.2 04 0.6
Doppler Frequency/Hz

Fig. 2 Range doppler power spectrum of OSMARO071
(12:00, 2008-07-28)

2.2 OSMARO071 ocean surface parameters inversion

Based on the first-order sea echo radar cross section (RCS)
derived by Barrick, the ocean surface current can be extracted
by the dispersion relation of gravity wave in deepwater. The
radial current can be obtained by one shore-based radar. As
two radars detecting the same area from different directions at
the same time, vector current can be synthesized. Several field
experiments show that the ocean surface current information ex-
tracted from OSMAR series HFSWR can be applied in routine
observations (Wu, et al., 2003).

The difference between the positive and negative first order sea
echo Doppler spectrum peeks have close relationship with the wind
direction which is formulated as a SBM model derived by Stewart
and Barnum (1975):

R, =101g[tan’(16,//2)] )

where R, is the ratio of the positive and negative first order wave
energy, s is the value of spreading parameters which determines
the wind energy disperse degree, 6y is the wind direction from
radar beam direction. The wind direction obtained by Eq. (1) is
¢y = ¢, t2arctan[10°"*Y]  where ¢, is the radar beam direction.
The symbol “£” indicates the ambiguity in the deduced wind di-
rection. The same wind direction to the radar beam direction is
equivalent to the first order energy which causes the wind direc-
tion ambiguity. Finding wind direction by multi-beam sampling
method proposed by Heron and Rose(1986) can be used to avoid
wind direction ambiguity which assumes that the ocean wave
spectral in the observation area is a uniform distribution approx-
imately and by using different radar beam azimuths to observe
corresponding ratios R,. The ambiguity removal by switching
radio beam direction relies on the assumption of an approxi-
mately uniform wind direction over area of ocean being observed.
Fig. 3 gives the principle diagram of obtain wind direction by
three radar beam directions.

The significant wave height information can be extracted
from the continuous second order sea echo Doppler spectrum.
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Fig. 3 Schematic diagram of three radar beam sampling method

In 1977, Barrick proposed a significant wave height inversion
model which demonstrates robust applicability. A modified Bar-
rick’s model is proposed by Wu and Li (2009) to invert signifi-
cant wave height from OSMARO071.

h=""(R-p)’ @
k(J
where R is the direct ratio of second-order power to that of the first-
order power, k,is the radar wave number, a, £ and u are parameters
of OSMARO71 which are 1.43, 0.71, and 0.4 using dataset from
half one year experiments. The detailed description can be found in
Wu, et al. (2009).

Proposed by Sverdrup and Munk and modified by Bret-
schneide, the SMB function gives the principle relationship
of wind speed and significant wave height (Dexter & Theo-
dorides, 1982) from which we can obtain wind speed by non-

linear iteration:

g—IiS =0.26tanh

10 m’ 10

I \e (5902
s 3

where H is ocean significant wave height, f,, is the peek fre-
quency of ocean wave non-directional spectral, U,, is the wind
speed at 10 m above sea surface and g is acceleration of gravity
which equals to 9.8 m/s’.

3 REMOTE MEASURING RESULTS AND
ANALYSIS

3.1 Description of Typhoon Fung-Wong

Fung-Wong is the typhoon No.8 of the western north Pacific,
generated in the east of Taiwan province over the ocean (130.6°E,
21.6°N) at 14:00, 2008-07-25. Then, it moved to the northwest
steadily, intensified into severe tropical storm at 16:00, 2008-07-25,
and then strengthened into typhoon in the afternoon while moving
steadily to the west, and at 20:00 July 27 transformed into severe
typhoon whose biggest wind power reached 45 m/s near the center.

Around 6:30, 2008-07-28, it landed on Hualian in Taiwan province,
and landed again on Donghai Town of Fuqing in Fujian province. It
faded when entered into Shandong province.

3.2 Remote sensing of ocean surface wind and wave

OSMARO71 was located in Longhai in Fujian province which
was in the radius of the gust of 7. During the Typhoon Fung-Wong
landed on the Taiwan Straits and Fuqing of Fujian Province, the
working frequency of radar was 7.82 MHz, while the correspond-
ing resonant first-order scattering wave length was 19 m, and the
Bragg frequency was 0.28 Hz. The range and azimuth resolution
of the radar was 5 km and 5°, respectively. By weighted averag-
ing the Doppler spectrum of the 3 (range cell)x3(azimuth cell)
= 9 grid points, the wind and wave parameter inversion of the
central grid point can thus be performed. Fig. 4 and Fig. 5 show
the distribution of ocean surface wind and wave fields at 00:00,
6:00, 12:00, 18:00, 2008-07-28, respectively. In Fig. 4, the wave
height of the northeast on the illuminated sea area of the radar
was relatively high, which is consistent to the fact that the center
of the typhoon was just in the northeast of the illuminated area.
The tendency that the detected wave length ascended first and
then descended is exactly in line with the time when the typhoon
first landed on Taiwan Straits and then Fuqing of Fujian Province.
Since tycoon is in low pressure, that is, the central air ascends
and the sideward will complement the vacancy, the air turns out
to be in a way of counterclockwise cyclone influenced by the
deflecting force of earth rotation. The radar station was located in
the southwest of the typhoon center, so during the typhoon center
moving across northern Taiwan Straits, the wave direction of the
illuminated area transformed from north to northwest, which is
consistent with the features of wind direction displayed in Fig. 4.
Besides, the features of wind velocity in Fig. 5 agree with those
of wave height.

3.3 Analysis of measuring accuracy

The qualitative analysis in Section 3.2 indicates some insights.
The ocean surface remote sensing results of OSMARO71 have sat-
isfied the varying features of ocean surface wind and wave fields. In
order to qualitatively verify the OSMARO71’s measuring accuracy
of wind and wave, results of radar’s observations are compared to
the wind and wave data of the big buoy in-situ observation nearby.
Fig. 6 and Fig. 7 are comparisons and scatter diagrams of valid
wave height time series by the radar and the buoy respectively dur-
ing the Typhoon Fung-Wong. The correlation coefficient and the
root mean square error (RMSE) are 0.72 and 0.48 m, respectively.
Fig. 8 is the comparisons of time series of wind direction and wind
velocity. Fig. 9 shows the scatter diagram of wind vector. The cor-
relation coefficient and RMSE of wind direction are 0.97 and
27.7°, respectively. The correlation coefficient and RMSE of
wind velocity are 0.6 and 3.5 m/s, respectively. The buoy went
wrong since 12:00, 2008-07-29, so the real data of wind velocity
was inaccessible.

According to the comparison results, the radar remote measuring
results of the typhoon coincide with the buoy observation results,
but there remains variance to some extent, and the reasons of the
variance mainly lie in several respects:(1) Two detecting methods
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Fig. 5 Detected ocean surface wind field during Typhoon Fung-Wong by OSMARO071
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are different in the sampling modes spatially and temporally. Radar
averages the wave field data during from several square kilometers
during tens of minutes, while buoy samples from the local wave
height, which results in the variance. (2) Radar observation results
are easily interfered by the complex electromagnetic environment
(radio frequency interference (RFI)), hard targets such as ships
on the sea, and ionosphere echo. (3) In high sea states, the strong
high-order nonlinearity can make the edge between the first-order
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Fig. 9 Scatter diagram corresponding to the wind vector series in Fig. 8

and the second-order sea echo spectrum blur and difficult to distin-
guish. (4) The inversion of valid wave height and wind velocity by
HFSWR has depended on the SNR of second-order spectrum in the
Radar echo spectrum to a large extent. The antenna’s sidelobe and
beam will affect the second-order spectrum. (5) During process-
ing the echo spectrum, the average number of grid points, analysis
of FFT spectrum and noise of the echo spectrum will definitely
affect the inversion of wind and wave parameters. (6) The inver-
sion model of wind direction is a binary nonlinear function, and
the accuracy of wind direction measuring can be influenced by the
error of the positive and negative first-order energy ratio and the
error of extended wind direction factor. Several data of radar beam
direction have been used to eliminate ambiguous wind directions
in the study. In fact, the extended wind direction factor varies from
different beam directions. And the low SNR, external RFI and the
echo of hard targets like ships can also cause selecting fuzziness,
leading to misjudgments. All these facts can affect the inversion
accuracy of wind direction. In Fig. 9, at 21:00, 2008-07-28, there
is an abnormal point resulted from ambiguous judgement of wind
direction. From the sea echo Doppler spectrum, we can see fairly
severe spectrum splitting, and it is possible that the echos of hard
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targets like ships polluted the first-order sea echo, which leads to
wind direction misjudgement.

In Fig. 9, the deviation becomes larger when the wind veloc-
ity measured by the buoy is smaller, because after 4:00, 2008-07-
29 the buoy went wrong, which leads to unreliability of the data.
In fact, it is a prevailing phenomenon of the foreign radars in low
frequency that smaller wind velocity produces the larger errors.
Its main reasons involve: (1) HFSWR measures the parameters of
dynamics through remote sensing the resonant wave, and the wave-
length of resonant wave is half that of radio wave. Between 7.5 and
8.5 MHz, the wavelength of resonant sea wave is about 20 m, and
the wave fails to get sufficient energy to develop so that the echo
is relatively weak and of poor stability, which leads to poor results.
(2) The mechanism of HFSWR remote sensing of the ocean indi-
cates that a lower radio wave frequency is suitable for detection
of high sea states, while a high radio wave frequency is suitable
for detection of low sea states. Consequently, part of the wind and
wave detection problems in low sea states can be solved through
matching the high and low end frequency to remote measure the sea
surface simultaneously. But the attenuation of a high end frequency
is severe, which results in the reduction of detection range and re-
striction of illuminated areas. (3) Another reason of the increase of
observation errors with small wind velocity is unscientific, that is,
when the wind and wave is small, a large number of inshore fisher-
men head out with their vessels among which themselves and the
HF radio wave communication can cause interference and decrease
the accuracy of the results.

4 CONCLUTION

The ocean wave spectra scope detected by HFSWR is limited
by the applied radio wave frequency. In high sea conditions the
low radio frequencies are needed in order to make wave meas-
urements whereas in low sea conditions, higher radio frequen-
cies are required. The OSMARO71 operates at 7.5—8.5 MHz
which belongs to low radio frequency and the wavelength of
corresponding ocean wave which can cause Bragg resonant
scattering is nearly 20 m, thus radio wave at this frequency band
are not sensitive to low sea condition and are suitable for high
sea conditions monitoring. The sea state is relatively high at the
period of typhoon which offers a proper opportunity for HF-
SWR wind and wave measurement study. It gives validation
of wind and wave measurements from HFSWR OSMARO071
through the remote sensing at Typhoon Fung-Wong and results
compared to buoy in-situ observations, which is the first time for
measuring all time wind and wave at typhoon with wide spread
by HFSWR in China. HFSWR which is located on the coast,
measures ocean wind and wave extended to more than 100 km
offshore and 200 km for wind direction measurements, which is
more convenient than buoy in-situ observations. Offshore HF-
SWR, which is located on the coast of the ocean, easy to main-
tain and not influenced by inclement weather is a new remote
sensing technique for ocean surface parameters observation
at the period of typhoon.

Studies on extraction of waves and winds information from
HFSWR is still under development. More work should be done to
enhance the stability and accuracy of the wind and wave measure-

ments. Moreover, the radar ocean echoes contain the ocean surface
parameters such as wind direction, wind speed, wave height, wave
direction and wave period, which can be extracted from ocean wave
spectrum, and the radar range Doppler spectrum is characterized
the interaction of radio wave and ocean gravity wave. Therefore,
inversion the ocean wave spectrum from HFSWR range Doppler
spectrum (Lipa & Barrick, 1986; Wyatt, 1986; Howell & Walsh,
1993; Hisaki, 2009), especially at the period of typhoon is the main
work in the future.
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