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ABSTRACT

Ocean wave spectra estimated by high-frequency (HF) radar are very sensitive to the noise of Doppler

spectra. The method for estimating wave spectra has been improved. This method is a nonlinear inversion and

can be applied to a single radar case by combining the energy balance equation and the regularization con-

straint. A simple method for selecting radar-estimated wave data for various weights of the nonlinear

weighted least squares problem and initial guesses of the iterative algorithm is proposed. This method is based

on the residuals of the objective function to be minimized and is then applied to observed Doppler spectra.

The selected radar-estimated wave heights using the method correlated well with in situ observations, even in

conditions of low signal-to-noise ratios of Doppler spectra, low wave heights, and small temporal variations of

wave heights. The optimal value of the criterion of the residuals is dependent on the required wave height

accuracy and number of selected radar-estimated wave data.

1. Introduction

Monitoring sea surface features such as surface cur-

rents and waves is important for ocean research and

engineering as well as ship navigation and marine pollu-

tion prediction. High-frequency (HF) radar can observe

ocean surface currents and waves. The surface current is

estimated from the Bragg peak of the Doppler spectrum,

which is obtained by processing the backscattered radio

wave signals from the sea. The ocean wave directional

spectrum is estimated by inverting the integral equation,

which is the relation between the Doppler spectrum and

the wave directional spectrum.

HF radars are widely used for ocean surface current

observations in various countries, groups, and areas (e.g.,

Cochin et al. 2006; Hisaki and Naruke 2003; Hisaki 2006b;

Kohut et al. 2006; Paduan et al. 2006). On the other hand,

the observations of ocean wave spectra by HF radars (e.g.,

Hisaki 2005, 2006a; Wyatt et al. 2003; Lipa and Nyden

2005) have not been as extensive as those of surface cur-

rents. One reason is that wave estimation by HF radar is

much more complicated than surface current estimation.

The other reason is that the radar-estimated wave data

are much more sensitive to the noise of the Doppler spec-

trum than radar-estimated surface currents. Therefore, a

method for estimating ocean wave spectra that is robust to

noise should be developed. In addition, if the Doppler

spectrum is contaminated significantly by the noise and if it

is unavoidable that the radar-estimated wave data are

eliminated, a method of selecting or eliminating the radar-

estimated wave data should be developed.

Hisaki (2005, 2006a) developed a method to estimate

ocean wave spectra from HF radar Doppler spectra.

This method uses the energy balance equation and

regularization constraints in addition to the relationship

between the Doppler spectrum and the ocean wave

spectrum. These equations are converted to a nonlinear

weighted least squares problem, where the objective

function to be minimized is the sum of the weighted

squared residuals of the equation, as explained in sec-

tion 2a. As a nonlinear inversion method, this method is

different from other methods. Even though the Doppler

spectra are missing at a few positions, it is possible to

estimate the wave spectra at those points. This method is

used for the single radar case, and it is possible to extend

the method for a dual radar system.

On the other hand, one disadvantage of this method is

that it is computationally difficult because of the large-scale
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nonlinear least squares problem. Another disadvantage

is that the solution of the nonlinear least squares prob-

lem is dependent on the initial guess for the iterative

algorithm to solve the nonlinear least squares problem.

A third disadvantage is that the solution is dependent on

the weights in the objective function. The second and the

third disadvantages are the focus of the present study.

Hashimoto et al. (2003) developed a method to deter-

mine the weights of the regularization constraint for the

dual radar system. However, it is not feasible for the

present method because of the large number of un-

knowns to be estimated.

The radio wave and ocean wave conditions of the an-

alyzed data are not good in the present study; for exam-

ple, the signal-to-noise ratios (SNRs) of Doppler spectra

are low, as described in section 4b. In addition, the wave

heights are low, and the temporal variability of waves is

low (section 4c). Under these conditions, the quality

control of the Doppler spectra and radar-estimated wave

data is critical for the accuracy of the wave estimation.

The objectives of the paper are as follows: first, to

develop a simple method to control the radar-estimated

wave data, even when the SNR Doppler spectra are low,

and then to develop a simple method to select radar-

estimated wave data from various solutions. The method

to estimate ocean wave spectra from HF radar is de-

scribed in section 2. The methods for processing the

Doppler spectra and wave data are described in section 3.

The HF radar and in situ observations are described

in section 4. Examples of the wave estimation are de-

scribed in section 5a. The results of the wave selection are

given in section 5b. Section 6 discusses the results and

future subjects.

2. Method to estimate wave spectrum

a. Formulation

The method is almost same as those of Hisaki (2005,

2006a), which is described in detail therein. The HF radar

is the narrow beam type, and Doppler spectra are ob-

tained on polar grid points with the origin at the radar

position. Wave spectra are estimated on the grid points of

the polar coordinates (r, ub), as shown in Fig. 1. The wave

spectra F 5 F(v, u) 5 F(r, ub, v, u) are functions of dis-

tances from the radar r, beam directions ub, radian wave

frequencies v, and counterclockwise wave directions u

with respect to the eastward orientation. The wave

spectral values are estimated for grid points [r(ir), c( jb),

v(kf), u(ld)] in four-dimensional (r–ub–v–u) space, and
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where r(ir) is the distance between the radar and the grid

point for the range (distance from the radar) index

number ir, rmin is the closest distance from the radar, Dr

is the range resolution, c( jb) is the beam direction for

a beam index number jb (hereafter the direction is the

counterclockwise angle with respect to the eastward

direction), cmin is the rightmost direction, Dc is the beam

resolution, v(kf) is the wave radian frequency for the

frequency index number kf, vmin is the minimum radian

frequency, Dv is the frequency increment, u(ld) is the

wave direction for the wave direction index number ld,

Nr is the number of ranges, NB is the number of beams,

Mf is the number of wave frequencies, and Md is the

number of wave directions.

The observed data by HF radar is the Doppler spec-

trum P(vD), where vD is the radian Doppler frequency.

The Doppler spectrum P(vD) is separated into P1(vD)

and P2(vD), where Pm(vD) is the first-order (m 5 1) and

second-order (m 5 2) Doppler spectrum, and P(vD) 5

P1(vD) 1 P2(vD). The first-order Doppler spectrum

P1(vD) is determined by identifying local minima around

the two first-order scattering peaks in the Doppler spec-

trum P(vD). The first- and second-order Doppler spectra

Pm(vD) (m 5 1, 2) are calibrated as
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for wave estimation.
The equations for estimating wave spectra are as

follows:

1) The relationship between first-order Doppler spectra

and wave spectra is

F
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where s1(vD) is the first-order radar cross section,

which is given in Eq. (A1).

2) The relationship between second-order Doppler spec-

tra and wave spectra is
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FIG. 1. HF radar observation area for (a) 2000 and (b) 2001. Radar positions

(denoted by d), radial grids to estimate wave spectra, and wind station. Wave station

at 26.268N, 127.658E (USW; denoted by 3).
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where s2(vD) is the second-order radar cross section,

which is given in Eq. (A2). The function F is given as

F(s) 5 log(s) in Hisaki (2005, 2006a).

3) The wave energy balance equation is under the

assumption of stationarity [Eq. (A5)].

4) The continuity equation of wind vectors is under the

assumption of no horizontal divergence [Eq. (A6)].

5) Regularization constraints are in wave frequency–

wave direction grids [Eq. (A7)].

6) Regularization constraints are in spatial radial grids

[Eq. (A8)].

The first- and second-order radar cross sections [sm(vD),

m 5 1, 2] in Eqs. (6) and (7) are written in terms of the

wave spectrum F(v, u) (Barrick 1971a) as Eqs. (A1) and

(A2). The Eqs. (7) and (A2) are the nonlinear integral

equations, and the discretization of the integral equation

is described in Hisaki (1996).

These constraints are called constraints 1–6. The un-

knowns to be estimated are the wave spectral values and

wind vectors. The number of unknowns is Nu 5 Ns 1

2Ng, where Ng 5 NrNB is the number of radial grids and

Ns 5 MfMdNg is the number of spectral values. The total

number of constraints is

N
t
5 3N

s
1 2N

g
1 K

DT
,

5 3M
f
M

d
N

r
N

B
1 2N

r
N

B
1 K

DT
, (8)

where KDT is the total number of second-order Doppler

spectral values for wave estimation.

The equations from (A1) to (A8) are normalized by

the Bragg wavenumber 2k0 and the radian Bragg fre-

quency vB 5 [2gk0 tanh(2k0d)]1/2, where g is the gravi-

tational acceleration, k0 is the radio wavenumber, and

d is the water depth (Lipa and Barrick 1986).

Even when a few Doppler spectra on the radial grid

points are missing, the total number of constraints is

larger than the number of unknowns (i.e., Nt . Nu).

Therefore, it is possible to estimate the wave spectrum at

the grid points where the Doppler spectra are missing.

The parameterizations of the source function in the

energy balance equation [constraint 3 or Eq. (A5)] are

the same as those in the WAMDI group (1988). These

equations are discretized in terms of wave spectral values

in four-dimensional space and wind vectors on the polar

grids.

Thus, we seek the Nu-dimensional vector x to mini-

mize the objective function defined as the sum of

weighted squared differences of constraints 1–6, or

U(x) 5
1

2
�
N

t

K51
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where the Nu-dimensional vector x denotes spectral

values, wind speeds, and directions and FK corresponds

to constraints 1–6. The parameter lwM (M 5 1, . . . , 6)

is the weight for the constraint M [Eqs. (6), (7), and

(A5)–(A8)].

b. Algorithm

The process to seek x to minimize U(x) [Eq. (9)] is

divided into three steps. In the first step, the estimated

wave spectrum does not depend on the radial grids.

The estimated wave spectrum is expressed by the par-

ametric form as Eqs. (B1)–(B5) (Hisaki 2006a), and

the parameters are estimated by the Monte Carlo

method. The wind direction is also estimated in the first

step. The initial wind direction is estimated only from

the ratios of first-order scattering, such as in the method

described in Hisaki (2002, 2007).

The wave spectrum is also independent of the radial

grids in the second step. The MfMd spectral values are

estimated in the second step from constraints 1 [Eq. (6)],

2 [Eq. (7)], and 5 [Eq. (A7)]. The spectral values es-

timated in the second step are initial guesses for the

third step. The steepest descent method, or Levenberg–

Marquardt method, is adopted to seek the MfMd spec-

tral values. If the iterative algorithm to seek the MfMd

spectral values does not converge, the spectral values

inferred by the Monte Carlo method as in the first step

are initial guesses in the second step. The initial wind

speed is empirically estimated from initial spectral values

at high frequencies in the second step.

The third step is the iterative algorithm to estimate the

Nu-dimensional vector x (Hisaki 2006a). The number of

unknowns Nu is large, more than several thousand. It is

impossible to store the Nu 3 Nu matrix in the memory of

a personal computer. The steepest descent method or a

modified form of the steepest descent method is used

(Hisaki 2005, 2006a). The updating vector is obtained by

multiplying the gradient vector of U(x) [Eq. (9)] by a

positive definite diagonal matrix from the left as Eq.

(B10). The details of the iterative algorithm for the large

number of unknowns are described in Hisaki (2006a).

The equations for the algorithm are given in Eqs. (B6)–

(B10) in appendix B. The iterative algorithm is stopped

by the number of iterations (105).

c. Modifications from previous studies

As explained in section 4b, the SNR of the observed

Doppler spectrum is low. Therefore, the methods are
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modified in the following points. One modification is

that the function F(s) 5 s in Eqs. (6) and (7), whereas

F(s) 5 log(s), as given in Hisaki (2005, 2006a).

If the SNR is low and if Doppler spectral values close

to the noise level are used for wave estimation, the func-

tion F(s) must be a linear function, because the noise

level is subtracted from the Doppler spectrum and the

wave spectrum is sensitive to small Doppler spectral

values in the case of F(s) 5 log(s). On the other hand,

the radar-estimated wave height is dependent on the

largest second-order Doppler spectral values in the case

of F(s) 5 s. The radar-estimated wave height in the

case of F(s) 5 s is more sensitive to spurious Doppler

signals than that in the case of F(s) 5 log(s).

The other modification is that the Doppler frequency

range for wave estimation is extended. The Doppler

frequency range for wave estimation in Hisaki (2005) is

near the second-order Doppler peaks. If the Doppler

spectral values only in the four sidebands are used

for wave estimation, then the ocean wave spectral values

at higher frequencies are often overestimated; the

retrieved Doppler spectral values are overestimated at

lower or higher Doppler frequencies, where the Doppler

spectral values are not used for wave estimation. To

avoid this overestimation of the retrieved Doppler

spectrum and radar-estimated wave height, the Doppler

frequency range for wave estimation is extended. The

second-order Doppler spectral values close to zero are

used for wave estimation, but the small Doppler spectral

values are not sensitive to wave estimation, because the

contribution of these values to the objective function

U(x) [Eq. (9)] is small in the case of F(s) 5 s. These

modifications from Hisaki (2005) are due to the low-

SNR Doppler spectra analyzed in this study.

3. Data processing

a. Radar and wave parameters

The radar parameters are as follows: the radiowave

frequency of the HF radar is 24.5 MHz, and the radio

wavelength is 2p/k0 5 12.2 m. The Bragg frequency is

fB 5 vB/(2p) 5 0.506 Hz. The range and beam resolu-

tions of the radar are 1.5 km and 7.58, respectively. The

Doppler spectra are spatially averaged: the 3 (range) 3 3

(beam) 5 9 Doppler spectra are averaged to reduce the

number of unknowns Nu. The range resolution [Eq. (1)] is

Dr 5 4.5 km, and the number of ranges is Nr 5 4. The

beam resolution [Eq. (2)] is Dc 5 22.58, and the number of

beam directions is NB 5 4. The number of radial grids is

Ng 5 16.

The Doppler frequency ranges of the second-order

scattering for wave estimation are 0 # jvDNj # 0.45 at

the 0.15 interval, 0.6 # jvDNj # 0.96 at the 0.04 interval,

and 1.04 # jvDNj# 1.4 at the 0.04 interval, where vDN 5

vD/vB is the normalized Doppler frequency. The values

of Pc2(vD) [Eq. (7)] within the first-order scattering

Doppler frequency ranges, which are between local

minima near the Bragg peaks, are replaced with small

positive values. The values of Pc2(vD) near the zero

Doppler frequency are also replaced with small posi-

tive values. The radar-estimated wave height is not sen-

sitive to small positive values in the case where F(s) 5 s

[Eq. (7)].

The wave parameters estimated by the HF radar are

as follows: the wave frequency parameters in Eq. (3)

are Dv 5 1.15, vmin/(2p) 5 0.049 Hz, and Mf 5 21. The

maximum wave frequency is vmax/(2p) 5 0.813 Hz.

The wave direction parameter in Eq. (4) is Md 5 18. The

number of unknowns is Nu 5 NgMfMd 1 Ng 5 6080.

b. Weights of constraints

The solution x in Eq. (9) is dependent on the weights

lwM (M 5 1, . . . , 6). The solution x is also dependent on

the initial guess in the second step (section 2b), and the

initial guess is dependent on the weights lw1 [Eq. (6)],

lw2 [Eq. (7)], and lw5 (constraint 5 in section 2a).

The weights lw1 5 (n1/n2)1/2 and lw2 5 1, where

n1 and n2 are the degrees of freedom of the integrated

first-order and the second order Doppler spectra, re-

spectively. Typical values are n1 5 72 and n2 5 11 (e.g.,

Hisaki 2005).

The initial guesses in the second step are calculated

for the following:

d Case A: lw5 5 1022;
d Case B: lw5 5 1021; and
d Case C: lw5 5 1.

The solutions x in the third step are calculated for the

following:

d Case 1: (lw2, lw3, lw5) 5 (102, 1, 1), lw4 5 1, lw6 5 lw5;
d Case 2: (lw2, lw3, lw5) 5 (103, 1, 1), lw4 5 1, lw6 5

lw5; and
d Case 3: (lw2, lw3, lw5) 5 (102, 10, 1), lw4 5 1, lw6 5

lw5.

The wave spectra are estimated for 3 (second step) 3 3

(third step) 5 9 cases. If the second step is case B and if

the third step is case 1, to estimate the solution x, it is

referred to as case B-1.

c. Processing of Doppler spectra

The nine Doppler spectra are spatially averaged.

Doppler spectra are often affected by spurious signals. It

is desirable to remove the Doppler spectra affected by

spurious signals from the calculations.
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The radar-estimated wave height Hr is approximately

proportional to

R
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where w(vDN) is the weighting function for normalized

Doppler frequency vDN 5 vD/vB defined in Barrick

(1977). If R12 is much larger than the other R12 values of

the back and forth time, the Doppler spectrum is ex-

cluded from the averaging.

The noise floor is subtracted from the average Dopp-

ler spectrum. The noise floor is evaluated by the rank

ordering technique (Heron and Heron 2001). The

Doppler spectral values P are sorted from the smallest

value and plotted as a function of cumulative probability

q. The [22 log(q)]1/2 and P plot is drawn. The noise-

dominated part of the Doppler spectrum is expressed

by the straight line in the [22 log(q)]1/2 and P plot (e.g.,

Fig. 4 in Heron and Heron 2001). The straight line ex-

pressing the noise-dominated part is evaluated by the

least squares method, and the noise floor of the Doppler

spectrum is estimated.

d. Selection of wave data

The selection of radar-estimated wave data is based

on residuals of the objective function [Eq. (9)]. The

logarithm of the root of the residual of the second-order

radar cross-sectional equation [Eq. (7)] is

R
s
5

1

2
log

1

K
DT

�
Ng1KDT

K5Ng11
F2

K(x)

2
64

3
75. (11)

The residual of constraint 3 (energy balance equation) is

used; however, instead of the residual of the constraint,

the rate of wave height change represented as

F(t 1 Dt) 5 F(t) 1 (�C
g
$F 1 S

t
)Dt, (12)

H
r
(t) 5 4

ðvmax

vmin

ðp

�p

F(v, u, t) du dv

" #1/2

, and (13)

H
dif

5 jH
r
(t 1 Dt)�H

r
(t)j (14)

is calculated, where F 5 F(t) 5 F(v, u, t) is the radar-

estimated wave spectrum at the time t, Cg 5 (Cg cosu,

Cg sinu) is the group velocity vector, $ denotes the

horizontal gradient on the polar coordinate with the or-

igin at the radar position, and St is the source function.

FIG. 2. Examples of Doppler spectra for various ranges (dis-

tances from the radar) and the beam directions (a) 2358 and (b)

227.58T. The left vertical axis indicates the distance of each Dopp-

ler spectrum from the radar. The right vertical axis indicates the

relative signal intensity in decibels.
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The time step is Dt 5 2 h here, because the time interval

of both the radar and ultrasonic wave gauge (USW)

wave height is 2 h. We can calculate F(t 1 Dt) from the

radar-estimated wave spectrum F 5 F(t) 5 F(v, u, t) by

Eq. (12). The wave heights Hr(t 1 Dt) and Hr(t) are

calculated from F(t 1 Dt) and F(t), and Hdif is calculated

from Eq. (14).

The wave data are selected from nine cases (section

3b) by using the following procedure:

1) Find the minimum Rs.

2) If Rs , Rsmax and Hdif , Hdmax and the frequency

spectrum decreases as the frequency increases, then

the wave data are selected.

3) Otherwise, the wave data are not selected.

This selection is conducted for various values of Rsmax

and Hdmax.

4. Observation

a. HF ocean radar and in situ observations

Observation of surface waves was conducted in the

west of Okinawa Island in Japan by using the HF ocean

radars of the Okinawa Radio Observatory, Communi-

cations Research Laboratory (Okinawa Subtropical

Environment Remote Sensing Center, National Insti-

tute of Information and Communications Technology)

from 21 October to 7 December 2000 and from 26 May

to 2 July 2001. The observation map is shown in Fig. 1.

The HF radar system is the ground wave system, in

which the radio wave is guided along the surface of the

earth. The Doppler spectra are sampled on polar grid

points, with the origin at the radar position. The tem-

poral resolution of the radar system is 2 h. The radar

was of the beam-forming type, with the beam forming

electronically controlled by a phase shifter in real time.

The beam step was 7.58. The HF ocean radar system is

described in Hisaki et al. (2001).

The location of the HF radar was 26.388N, 127.738E

in 2000 and 26.428N, 127.728E in 2001. The beam di-

rections were from 1998 to 281.58 from true north (T) in

2000 and from 197.58 to 2808T in 2001. The radar beam

in 2000 was directed in a more landward direction than

that in 2001, because of the difference of the radar

position. The Doppler spectra were spatially averaged,

and wave spectra were estimated by the 16 radial grid

points in Fig. 1.

FIG. 3. Examples of Doppler spectra, with solid straight line

denoting noise levels estimated by rank ordering technique (Heron

and Heron 2001).
FIG. 4. Averaged noise floor (dashed line), averaged noise floor

plus noise-subtracted Doppler spectra (solid line), and averaged

noise floor plus std dev (dotted line) for (a) 2000 and (b) 2001.

2450 J O U R N A L O F A T M O S P H E R I C A N D O C E A N I C T E C H N O L O G Y VOLUME 26



FIG. 5. Time series of (a) significant wave heights Hs and (b) wind

vectors in 2000. Time series of (c) significant wave heights Hs and (d)

wind vectors in 2001.
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The waves were observed by USW at 2-h intervals in

26.268N, 127.658E, where the water depth is 53 m. The

significant wave heights Hs were estimated by the zero-

up-cross method. The closest radial grid point to the

USW in Fig. 1 was (ir, jb) 5 (3, 4) in both 2000 and 2001,

where ir and jb are the range and beam number index,

respectively.

The wind speeds and directions are observed at 10-min

intervals off of Okinawa Island by the Japan Meteoro-

logical Agency (JMA) at 26.208N, 127.698E. The resolu-

tion of wind speed is 1 m s21, and the resolution of wind

direction is 22.58.

b. Doppler spectrum

Figure 2 shows examples of Doppler spectra as a

function of Doppler frequency fD 5 vD/(2p). The pe-

riodic structures of Doppler spectra can be clearly seen

in Fig. 2b at a range greater than the 30-km range. For

example, the uppermost Doppler spectrum has gentle

peaks at fD ’ 0.35 Hz and fD ’ 0.95 Hz in Fig. 2b,

which are not first- or second-order Doppler spectrum

peaks. These periodic structures show that the Dopp-

ler spectra are strongly affected by spurious signals,

although the source of the spurious signals is unclear.

Figure 2a seems to be better Doppler spectra in the HF

radar observation period. Figure 3 is the Doppler

spectrum at the range of 30 km in Fig. 2a. The noise

floor is also indicated in Fig. 3. The noise floor is esti-

mated by the rank ordering technique (Heron and

Heron 2001). The data quality of the Doppler spectrum

in Fig. 3a is not as bad in the datasets of the present

study. However, the second-order Doppler spectrum

peak at fD ’ 20.7 Hz is larger than the noise floor by

only 6 dB. In Fig. 3b, the periodic structure in the

Doppler spectrum at the range of 30 km is unclear. But

we can see that the Doppler spectrum in Fig. 3b is also

affected by the spurious signals.

The mean SNRs during the HF radar observation

period and over the analysis area are estimated in the

following procedure: noise floors are estimated by the

rank ordering technique (Heron and Heron 2001).

The noise floors are subtracted from the Doppler

spectra. Both noise-subtracted Doppler spectra and

noises are averaged in time and space. Averaged noise-

subtracted Doppler spectra and noises are summed.

All of the Doppler spectra in the analysis area and

period are averaged. The effects of the surface cur-

rents are corrected. The standard deviations are also

estimated.

Figure 4 shows the mean SNRs during the HF radar

observation period in 2000 and 2001. The mean noise

floor, the mean noise floor plus the mean noise-subtracted

Doppler spectra, and the mean noise floor plus the stan-

dard deviation of the noise-subtracted Doppler spectra

are indicated in Fig. 4. The mean noise-subtracted Dopp-

ler spectral values are small, except in the first-order

scattering Doppler frequency and the zero Doppler fre-

quency in 2000 (Fig. 4a); this shows that the mean SNR is

almost 0 dB. The peaks in Fig. 4a near the zero Doppler

frequency are associated with the echoes reflected from

the land. The echoes reflected from the land cannot be

seen in Fig. 4b, because the beam directions in 2001 are

different from those in 2000 (Fig. 1). The standard devi-

ation is about 6 dB. This shows that most of the SNRs

FIG. 6. Radar-estimated (a) frequency spectrum E( f ) 5

2p
Ð p

�p
F(r, u

b
, v, u) du and (b) normalized directional distribution

(%) D( f, u) 5 2pF(r, ub, v, u)/E( f ) at (ir, jb) 5 (3, 4) at 1800 LST

2 Dec 2000.
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were less than 6 dB in 2000. The SNRs of the Doppler

spectra in 2001 were higher than those in 2000.

c. Waves and winds

Figure 5 shows time series of significant wave heights

Hs and hourly averaged wind vectors during the HF radar

observation period. The maximum wave height during

the HF radar observation period in 2000 was 3.4 m at

0400 LST 11 November. The variation of wave height is

not large (Fig. 5a). The mean wave height is 1.16 m and

the standard deviation of Hs is 0.64 m in Fig. 5a.

The wind directions were southward or southwest-

ward in 2000 (Fig. 5b). Northwestward winds were

also observed, often associated with a passage of a

storm. Winds typically change because of the passage of

typhoons or atmospheric fronts. Typhoon Yagi passed

in the south of the HF radar observation area on

25 October 2000. An atmospheric front passed over

the HF radar observation area on 30 October 2000.

Typhoon Xangsane passed to the west of the HF radar

observation area on 1 November 2000.

The mean significant wave height during the HF radar

observation period was only 0.53 m in 2001 (Fig. 5c). The

maximum wave height was 1.65 m at 1600 LST 24 June,

and the minimum wave height was 0.14 m at 1200 LST

9 June. The standard deviation was 0.32 m, which is

smaller than the root-mean-square (rms) difference be-

tween in situ observations and radar-estimated significant

wave heights Hr by 25-MHz radar (Hisaki 2005).

Northward winds were dominant in 2001 (Fig. 5d). In

particular, most of the wind directions were northward

after 4 June. No significant storms passed near the HF

radar observation area in 2001. In the case of north-

westward winds, the fetch is limited (Fig. 1).

FIG. 7. Radar-estimated frequency spectra E( f ) at (ir, jb) 5 (3, 4) at 1000 LST 14 Jun 2001 for cases (a) A-1, (b) C-1,

(c) A-2, and (d) C-2.

NOVEMBER 2009 H I S A K I 2453



5. Results

a. Examples of wave estimation

The wave spectra during the observation period were

estimated at 16 grid points (Fig. 1), except when the HF

radar system was stopped. Figure 6 shows an example of

the wave spectrum at (ir, jb) 5 (3, 4) estimated by HF

radar. The weight parameters [lwM (M 5 1, . . . , 6) in

Eq. (9)] are those for case A-1 (section 3b). Figure 6a

shows the frequency spectrum E( f), and Fig. 6b shows

the normalized directional distribution D( f, u) 5 2pF

(r, ub, v, u)/E( f ), where f 5 v/(2p) is the wave frequency

and u is the counterclockwise direction with respect to

the eastward direction. The significant wave height

measured by USW is Hs 5 1.68 m, and the radar-

estimated wave height is Hr 5 1.45 m. The wind direc-

tion was southward at the time, which is consistent with

the directional distribution at higher frequencies.

Figure 7 shows examples of radar-estimated fre-

quency spectra E( f) at (ir, jb) 5 (3, 4) for various cases

(section 3b). The significant wave height by USW was

Hs 5 1.56 m. The frequency spectra were different for

various cases. The radar-estimated wave heights were

Hr 5 1.41 m for case A-1 (Fig. 7a), Hr 5 1.49 m for

case C-1 (Fig. 7b), Hr 5 1.03 m for case A-2 (Fig. 7c),

and Hr 5 1.25 m for case C-2 (Fig. 7d). The radar-

estimated wave height is dependent on both the weights

TABLE 1. Rating of the comparison between HF ocean radar–

derived wave heights Hr and USW significant wave heights Hs.

A 1/1.1 # Hr/Hs # 1.1, or jHs 2 Hrj # 0.1 (m)

B1 1.1 , Hr/Hs # 1.3, or 0.1 , Hr 2 Hs # 0.15 (m)

B2 1.1 , Hs/Hr # 1.3, or 0.1 , Hs 2 Hr # 0.15 (m)

C1 1.3 , Hr/Hs # 1.5, or 0.15 , Hr 2 Hs # 0.25 (m)

C2 1.3 , Hs/Hr # 1.5, or 0.15 , Hs 2 Hr # 0.25 (m)

D1 1.5 , Hr/Hs # 1.7, or 0.25 , Hr 2 Hs # 0.35 (m)

D2 1.5 , Hs/Hr # 1.7, or 0.25 , Hs 2 Hr # 0.35 (m)

E1 1.7 , Hr/Hs # 1.9, or 0.35 , Hr 2 Hs # 0.45 (m)

E2 1.7 , Hs/Hr # 1.9, or 0.35 , Hs 2 Hr # 0.45 (m)

F1 1.9 , Hr/Hs # 2.1, or 0.45 , Hr 2 Hs # 0.55 (m)

F2 1.9 , Hs/Hr # 2.1, or 0.45 , Hs 2 Hr # 0.55 (m)

G1 Hr/Hs . 2.1, and Hr 2 Hs . 0.55 (m)

G2 Hs/Hr . 2.1, and Hs 2 Hr . 0.55 (m)

FIG. 8. Ratings (Table 1) of the compari-

son between radar-estimated wave heights

Hr and the USW significant wave heights Hs

for case A-1 for (a) 2000, (b) 2001 and (c) the

total. The left vertical axis denotes the

number of samples, and the right vertical axis

denotes the frequency (%).
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lwM (M 5 1, . . . , 6) in Eq. (9) and the initial guess in

the second step (section 2b).

We compared the radar-estimated wave heights Hr

with USW significant wave heights Hs. The comparison

is categorized from A to G1 or G2, as shown in Table 1.

The subscript 1 denotes overestimation of radar wave

heights Hr and subscript 2 denotes underestimation of

radar wave heights Hr. Because the minimum USW

wave height was less than 0.15 m (Fig. 5c), the rating of

the comparison is based on either the ratio of wave

heights (Hr/Hs) or their difference (Hr 2 Hs).

Figure 8 shows a comparison of the radar-estimated

wave heights at (ir, jb) 5 (3, 4) and the USW significant

wave heights in case A-1. All of the radar-estimated wave

heights are compared with Hs. The number of compar-

isons are 549 and 436 in 2000 and 2001, respectively.

The rating G1 was the most frequent, particularly in

2000. This means that Doppler spectra are often af-

fected by spurious signals, and the SNRs of Doppler

spectra are very low especially in 2000, as presented in

section 4b. There are no correlations between Hr and

Hs. The result that G1 is the most frequent shows that

excluding Doppler spectra of large R12 [Eq. (10)] values

does not completely exclude the Doppler spectra af-

fected by spurious signals. The second most frequent

rating was A in both 2000 and 2001, which suggests that

radar-estimated wave heights agree well with in situ

observations if the Doppler spectra contaminated by

spurious signals can be completely excluded.

The wave spectra are calculated for nine (3 3 3) cases,

as in section 3b. The best wave heights, which are the

closest to the USW significant wave heights Hs, are se-

lected from nine wave heights Hr at each time. Figure 9

shows a comparison of the best wave heights and the

USW significant wave heights. The most frequent rating

was A in both 2000 and 2001. The rating G1 was the

second most frequent rating in 2000 and the third most

frequent rating in 2001. If the radar-estimated wave data

are selected properly from various cases in section 3b

(various pairs of weights in the second and the third

step), the waves can be estimated. However, there are

radar-estimated wave data that should be eliminated in

any case. The method to select radar-estimated wave

data is described in section 3d.

FIG. 9. As in Fig. 8, but for the closest wave

heights to the USW significant wave heights

from nine cases (section 3b) of weights lwM

(M 5 1, . . . , 6) in Eq. (9).
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b. Comparison of selected wave data

Figure 10 shows the comparison of selected radar

wave heights (section 3d) and the USW significant wave

heights for Rsmax 5 23.4 and Hdmax 5 1 m. The number

of wave data was 93 in 2000 and 190 in 2001. Although

the total number of wave data in 2000 was larger than

that in 2001, the total number of the selected wave data

was smaller in 2000. This shows that most of the Doppler

spectra in 2000 were significantly contaminated by noise.

The frequency of the rating of G1 becomes small by

selecting wave data as in section 3d. The frequency of

the rating A was the largest in both 2000 and 2001. The

selected radar wave heights tended to be under-

estimated in 2000 and overestimated in 2001.

Figures 11a,b show the time series of selected radar-

estimated wave heights Hr for (Rsmax, Hdmax) 5 (23.4,

1 m) and the USW significant wave heights Hs in 2000

and 2001, respectively. The radar-estimated wave heights

Hr were underestimated in 2000, especially from 10 to

15 November, and overestimated in 2001. In particular,

from 8 to 10 June and 26 June 2001, when the USW sig-

nificant wave heights were low (less than 0.5 m), radar-

estimated wave heights Hr were often overestimated.

Figure 11c is the scatterplot between USW significant

wave heights Hs and selected radar wave heights Hr for

(Rsmax, Hdmax) 5 (23.4, 1 m). The rms difference be-

tween Hs and Hr was Drms 5 0.38 m, and the correlation

coefficient was rc 5 0.73, where the number of samples is

283. The mean USW significant wave height for the

comparison was 0.83 m and the standard deviation of

the USW significant wave heights was 0.55 m. Although

the mean and standard deviation of wave heights were

small, the radar-estimated wave heights correlated with

in situ observations.

Figures 12a–e show the rms differences, correlation

coefficients, mean USW significant wave height for the

comparison, standard deviation of the USW significant

wave heights, and ratio of the selection for various Hdmax

and Rsmax, as discussed in section 3d. The selection ratio

(Fig. 12e) became smaller for smaller Hdmax and Rsmax

values, which is obvious from the definition of Hdmax and

Rsmax. The rms difference (Fig. 12a) was smaller for larger

Hdmax and smaller Rsmax. However, the decrease of the

FIG. 10. As in Fig. 8, but for the selected

wave heights for Rsmax 5 23.4 and Hdmax 5

1 m.
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rms difference with larger Hdmax was not clear for Hdmax .

1 m in Fig. 12a. Figure 12b shows the contour map of

100(rc 2 0.7). For example, the contour value of 2 de-

notes that the correlation coefficient is rc 5 0.72. The

correlation coefficient between Hs and Hr is about 0.7 in

this case. The correlation coefficient is larger for smaller

Rsmax values. On the other hand, the correlation coeffi-

cient was the largest at Hdmax ’ 1 m, which shows the

optimal value of Hdmax for radar-estimated wave selec-

tion. The mean value of the USW significant wave height

for the comparison was higher for larger Rsmax values

and larger Hdmax values when Hdmax . 1 m (Fig. 12c).

The standard deviation of the USW significant wave

height for the comparison was also higher for larger

Rsmax. The smaller the standard deviation, the smaller the

correlation is expected to be, but the correlation is larger

for smaller Rsmax (Fig. 12b), which shows that the residual

of the second-order radar equation [Eq. (7)] is an ade-

quate parameter for selecting radar-estimated wave data.

Figure 12f shows the frequency that jHs(t 1 Dt) 2

Hs(t)j . Hdmax for various Hdmax values estimated by

total USW significant wave heights from 1997 to 2001.

The time interval of USW significant wave heights is

Dt 5 2 h, and the total number of jHs(t 1 Dt) 2 Hs(t)j is
16 612, which is smaller than 21 912 because of the miss-

ing data. The frequency at which jHs(t 1 Dt) 2 Hs(t)j .
Hdmax was 2.63%, 0.30%, and 0.078% for Hdmax 5

0.5 m, Hdmax 5 1 m, and Hdmax 5 1.5 m, respectively.

The possibility that the wave height changes more than

1 m is very rare.

6. Discussion and conclusions

The wave spectrum estimated from HF radar is very

sensitive to the noise of the Doppler spectrum. The

present method can estimate even when a few second-

order Doppler spectra are missing. In estimating wave

spectra, it is critical to exclude the Doppler spectra that

are significantly contaminated by spurious signals. The

method based on the second-order Doppler spectral

peak levels with respect to the noise floor is not suitable

for selecting Doppler spectra to estimate ocean wave

spectra, because if the wave height is low, the peak levels

are low. The Doppler spectra with spurious signals

cannot be removed in this method.

The method from the value of R12 [Eq. (10)] was at-

tempted to exclude the contaminated Doppler spectra.

Then, Doppler spectra were spatially averaged to re-

duce the number of unknowns (i.e., Nu). The noise floor,

which is evaluated by the rank ordering technique

(Heron and Heron 2001), was subtracted from the

Doppler spectra. Some contaminated Doppler spectra

may have been excluded by the method using the value

of R12, but the method overall proved insufficient. Some

radar-estimated wave heights were significantly over-

estimated compared with USW significant wave heights.

The radar-estimated wave data should be selected or

eliminated.

The present method to estimate wave spectra was

converted to a nonlinear optimizing problem. The so-

lution is dependent on the initial guess of the iterative

algorithm. The solution is also dependent on the weights

lwM (M 5 1, . . . , 6) in Eq. (9). The radar-estimated wave

data are selected based on the residuals of the second-

order radar cross-sectional equation [Eq. (7)] and the

energy balance equation. The significantly overestimated

radar wave heights can be removed. The correlation

FIG. 11. Comparison of selected radar-estimated wave heights

Hr for (Rsmax, Hdmax) 5 (23.4, 1 m) and USW significant wave

heights Hs. Time series in (a) 2000 and (b) 2001 (solid line: Hs,

dots: Hr). (c) Scatterplot between Hs and Hr [white circle: 2000,

black circle: 2001].
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FIG. 12. (a) The rms difference (cm) between selected radar-estimated wave heights Hr and USW significant wave

heights Hs as a function of Hdmax and Rsmax. (b) As in (a), but 100(rc 2 0.7), where rc is the correlation coefficient of Hr

and Hs. (c) Mean USW significant wave heights (cm) for the comparison, (d) standard deviation (cm) of the USW

significant wave heights for the comparison, and (e) ratio (%) of the selection (section 3d). (f) Frequency (%) at

which jHs(t 1 Dt) 2 Hs(t)j . Hdmax for various Hdmax.
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between radar-estimated wave heights and in situ ob-

servations is good, considering the low-SNR Doppler

spectra and small temporal variability of wave heights.

The wind speeds are also estimated; however, there

was no correlation between radar-estimated wind speeds

and observed wind speeds at the land-based wind sta-

tion, whereas there was such a correlation in Hisaki

(2005). The wind speeds are decided from initial wind

speeds estimated from the high-frequency spectral

values in the second step (section 2b). High-frequency

spectral values cannot be exactly estimated in the case of

F(s) 5 s [Eq. (7)], because the estimated wave spec-

trum is insensitive to smaller values of Pc2(vD). On the

other hand, F(s) 5 log(s) in Hisaki (2005) and high-

frequency spectral values could be estimated. A method

to estimate wind speeds from the wind wave spectrum

should be explored.

The optimal values of criteria Hdmax and Rsmax

are decided from the correlation (Fig. 12a), rms dif-

ference (Fig. 12b), selection ratio (Fig. 12e) and fre-

quency of wave height change (Fig. 12f). For example,

if the required accuracy of wave heights is less than

0.4 m, the criterion Rsmax should be less than 23.3.

In any requirement of accuracy, it is recommended

that Hdmax . 0.9 m.

The wave heights and SN ratios of Doppler spectra

were low during the HF radar observation period.

We can expect that the SN ratios of Doppler spectra

would be higher if wave heights were higher, and the

selection ratio of wave data would be increased. On the

other hand, two factors can affect the wave estimation

by HF radar. One factor is that the sea state affects the

ground wave loss for propagating HF radio waves across

the ocean (Barrick 1971b). The signals of Doppler

spectrum become lower as the wave height becomes

higher. The other factor is the breakdown of the second-

order scattering theory [Eq. (A2)], if the wave height Hs

is larger than 2/k0 (Lipa and Barrick 1986). The selection

ratio of wave data will be increased at higher wave

height, but there is a limit to the increase.

Although the minimum number of second-order

Doppler spectra or minimum KDT for estimating wave

spectra is unclear, it is unnecessary to investigate the

minimum number or KDT. If the number of constraints

is larger than number of unknowns, (i.e., Nt $ Nu),

the solution can be estimated. We selected or elimi-

nated the solution by the method proposed in this

study. To increase the selection ratio (Fig. 12e), a

method to select or eliminate the Doppler spectra

should be developed.
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APPENDIX A

Equations to Estimate Wave Spectra

The equations to estimate wave spectra are as follows:

the first- and second-order radar cross sections are

s
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respectively, where S(k) 5 F(v, u)Cg/k is the wave

spectrum in terms of wavenumber vector k 5 (k cosu,

k sinu), k0 is the incident radio wavenumber vector, and

d is Dirac’s delta function. The integral variable k in

Eq. (A2) is the two-dimensional vector, and the vector km

(m 5 1, 2) is km 5 2k0 1 (3 2 2m)k. The variable kdm 5

jkdmj (m 5 1, 2) in Eq. (A2) is kdm 5 tanh(kmd)km, where

km 5 jkmj (m 5 1, 2) and d is the water depth.

The coefficients in Eq. (A2) are
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where D is the normalized surface impedance, and D 5

0.011 2 0.012i (Lipa and Barrick 1986). The energy

balance equation (constraint 3 in section 2a) is

C
g
� $F(v, u)� S

t
5 0, (A5)

where Cg is a group velocity vector, St is the source

function, and $ denotes the horizontal gradient. The

continuity equation of winds (constraint 4 in section 2a) is

$ � u
w

5 0, (A6)

where uw represents the sea surface wind vectors. Con-

straint 5 in section 2a is expressed as
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where F(kf, ld) 5 F(kf, ld, ir, jb) is the wave directional

spectrum for frequency number kf, direction number ld,

range index number ir, and beam index number jb.

Constraint 6 in section 2a is

C
g
� $F(v, u) 5 0. (A8)

APPENDIX B

Equations for the Algorithm

The parametric form for the initial guess of the wave

spectrum in the first step (section 2b) is

F(v, u) 5
1

2p
E( f )D( f , u), (B1)
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where E( f) is the frequency spectrum at the frequency

f 5 v/(2p), D( f, u) is the directional distribution, and

ua(kf) is the mean wave direction for frequency number

kf. The parameter ua(kf) was set as
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where uw is the initial guess for wind direction estimated

from the ratio of first-order scattering; kB is the fre-

quency number, so that f 5 f(kB) is close to fB 5 vB/

(2p); and rq(kf) (kf 5 1, . . . , Mf) are the random numbers

of 0 # rq(kf) # 1, Dubd 5 158, and Dund 5 108. The pa-

rameters a, fp, p, s, and rq(kf) (kf 5 1, . . . , Mf) are un-

knowns to be estimated from the ranges decided upon in

the first step of section 2b.

The iterative algorithm is expressed as follows:

d
m

5�H(m)JT
f f and (B6)

x(m11) 5 x(m) 1 a
m

d
m

, (B7)

where m indicates the step number and am is a positive

constant that has been adjusted such that U[x(m11)] ,

U[x(m)]. The vector x(m) 5 [x
(m)
1 , . . . , x

(m)
Nu

] is x for the

mth step. The vector f 5 ( fK) 5 (lwMFK) (K 5 1, . . . , Nt),

and Jf is the Jacobian matrix defined as

J
f
(K, L) 5

›f
K

›x
(m)
L

(K 5 1, . . . , N
t
) (L 5 1, . . . , N

u
).

(B8)

The positive definite matrix H(m) is set as

H(m) 5 [diag(JT
f J

f
)]�1, (B9)

H(m) 5 [diag(JT
f J

f
) 1 I]�1, (B10)

or H(m) 5 I, where diag() denotes the diagonal matrix for

the square matrix and I is the unit matrix.
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