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Abstract The high-frequency (HF) radar inversion algorithm for spectrum
estimation (HIAS) can estimate ocean wave directional spectra from both
dual and single radar. Wave data from a dual radar and two single radars are
compared with in-situ observations. The agreement of the wave parameters
estimated from the dual radar with those from in-situ observations is the best
of the three. In contrast, the agreement of the wave parameters estimated from
the single radar in which no Doppler spectra are observed in the cell closest to
the in-situ observation point is the worst among the three. Wave data from the
dual radar and the two single radars are compared. The comparison of the wave
heights estimated from the single and dual radars shows that the area sampled
by the Doppler spectra for the single radar is more critical than the number
of Doppler spectra in terms of agreement with the dual-radar-estimated wave
heights. In contrast, the comparison of the wave periods demonstrates that
the number of Doppler spectra observed by the single radar is more critical
for agreement of the wave periods than the area of the Doppler spectra. There
is a bias directed to the radar position in the single radar estimated wave
direction.

Keywords HF radar · Wave directional spectrum · Wave height · Wave
period · Inversion · Doppler spectrum · HIAS

1 Introduction

A high-frequency (HF) ocean radar can estimate the surface currents and
ocean wave spectra from the Doppler spectra, which are obtained by analyzing

Y. Hisaki
Aza-Senbaru 1, Nishihara-cho, Nakagami-gun, Okinawa, Japan
Tel.: +81-98-8515
Fax: +81-98-8552
E-mail: hisaki@sci.u-ryukyu.ac.jp



2 Yukiharu Hisaki

the backscattered signals of HF radio waves from the sea surface. The wave
spectrum can be estimated from the Doppler spectrum on the basis of the
relationship between the Doppler spectrum and the ocean wave spectrum (e.g.,
Barrick, 1971; Barrick and Weber, 1977; Gill and Walsh, 2001; Gill et al., 2006;
Hisaki, 1999; Hisaki and Tokuda, 2001).

More than two radars are deployed to measure the surface current vectors
in the east of Okinawa Island (Figure 1) (e.g., Hisaki et al.,2001) , west of
Okinawa Island (Hisaki and Imadu, 2009), and Yaeyama Islands (Hisaki et
al., 2016), which is located in the south of the East China Sea. Most of the
methods to estimate the ocean wave directional spectrum from the HF radar
require dual radar systems (Wyatt, 1991; Howell and Walsh, 1993; Hisaki,
1996; Hashimoto and Tokuda, 1999), and the wave spectrum is estimated at
the intersection point of the radar beams. The signal-to-noise (SN) ratio of
both Doppler spectra from both radars must be high in order to estimate the
wave spectrum. However, there may be cases where only a single radar can be
operated or deployed; thus, it is useful to develop a method for a single radar
array.

Hisaki (1996) described a method for discretizing the integral equation
which describes the relationship between the Doppler spectrum and the ocean
wave spectrum. Hisaki (2005, 2006, 2009, 2014) described a method for in-
corporating the energy balance equation and regularization in the case of the
single radar. In this method, the wave spectra are estimated on radial grids
with the origin at the radar position. Only one other study has estimated the
wave directional spectra from single HF radar using inversion (de Valk et al.,
1999). Gurgel et al. (2006) also estimated the wave spectra from single radar
using the empirical method.

Hisaki (2015) developed a method to estimate the ocean wave spectra,
which can be applied to multiple, dual, and single radar cases. The method
is named HF radar inversion algorithm for spectrum estimation (HIAS). The
wave spectra are estimated at regular grids in the HIAS. The method to select
the Doppler spectra using a self-organization map analysis (Hisaki 2013) is
also described in Hisaki (2015). The method, which can be applied to both
dual and single radar, is useful, because even if one of the radars is stopped
during the operation of the dual radar system, the wave data can be obtained
continuously. However, the wave estimation from the single radar was not
demonstrated in Hisaki (2015).

To date, there have been no comparisons of the wave data estimated from
the single and from dual radar systems. The objective of the present study is
to compare the radar-estimated wave spectra from the single and dual radar
arrays.

The outline of the method is described in Section 2.1. Sections 2.2 and
2.3 describe the discretization. The wave parameters for the comparison are
summarized in Section 2.4. The number of the Doppler spectra, which is im-
portant for the comparison is presented in Section 3.1. Examples of the di-
rectional spectrum comparison are provided in Section 3.2. The comparison
of the wave parameters with in-situ observations is described in Section 3.3.
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The comparisons of the wave parameters from the dual and single radar are
presented in Sections 3.4 and 3.5. Section 4 contains a discussion of the results,
and Section 5 summarizes the conclusions and addresses the next subjects.

2 Method

2.1 Outline of the method

The method of estimating the ocean wave spectra was described in Hisaki
(1996, 2005, 2006, 2009, 2014, 2015). Herein, we describe the method in detail
only the points that were omitted from the previous studies. The outline of
the method is briefly presented.

The constraints between the ocean wave spectra and the Doppler spectra
are as follows: (c1) the relationship between the first-order scattering and the
ocean wave spectrum, (c2) the relationship between the second-order scatter-
ing and the ocean wave spectrum, (c3) the energy balance equation, (c4) the
two-dimensional continuity equation of the wind, (c5) the smooth spectral val-
ues in the frequency-direction plane, and (c6) a small propagation term in the
energy balance equation. Constraint (c5) acts as the regularization constraint
in the frequency-direction plane, and constraint (c6) acts as the regulariza-
tion constraint in the horizontal plane. The solution to minimize the weighted
squared sum of these constraints is estimated, and the wave spectra are esti-
mated. The weights of constraints (c1) and (c2) are proportional to the number
of the Doppler spectra for the wave estimation (Hisaki, 2015).

The first step for the nonlinear minimization problem is the Monte Carlo
method. The wave spectra are the same in the wave estimation area, and the
spectra are expressed using the parametric form. The parameters are estimated
by generating random values for the decided ranges of the parameters. The
objective function from (c1) and (c2) is evaluated for the parameters, and the
parameters to minimize the objective function are obtained.

The second step is to obtain the wave spectra to minimize the objective
function from (c1), (c2), and (c4). The wave spectra are also the same in the
wave estimation area, but the spectra are not expressed by the parametric form
but instead by the values at the discretized wave frequencies and directions.

The final step is to obtain the wave spectra to minimize the objective
function from (c1) to (c6). The method is described in Hisaki (2006). If the
iteration in the final step does not converge adequately, the initial guess in the
the first step is changed by selecting another“ seed”from which to generate
random numbers.

The parameters are normalized in terms of the Bragg frequency fB, the
radian Bragg frequency ωB = 2πfB and the Bragg wave number 2k0, where
k0 is the radio wave number. The rightmost lower subscript ’N’ denotes the
normalized values.

The unknowns are the ocean wave spectral values, the wind directions (θw),
and the normalized wind speeds (uwN ) by the Bragg wave speed (ωB/(2k0)).
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The derivatives of the constraints (c1) to (c6) with respect to the unknowns
are calculated to solve the nonlinear minimization problem. The derivatives
of the source function with respect to ocean wave spectra, θw and uwN are
calculated for the nonlinear minimization problem.

2.2 Discretization of the wave spectrum

A wave spectrum at arbitrary wave frequency (ωN ), wave direction (θ), and
position (xN ,yN ) is expressed in terms of wave spectra at the wave frequency,
wave direction, horizontal space ( ωN − θ − xN − yN ) grid points. A wave
spectrum GN (ωN , θ) = GN (ωN , θ, xN , yN ) is expressed as

GN (ωN , θ) =
2∑

n1=1

2∑
n2=1

w(n1, n2)GN (ω̃N (kf + n1 − 1), θ̃(ld + n2 − 1)), (1)

where

w(n1, n2) = wω(n1)wd(n2), (2)

wω(n1) = wd(n2) = 0 for ωN < ωminN , (3)

wω(1) =
log(ωminN ) + log(∆ω)kf − log(ωN )

log(∆ω)

for ωminN ≤ ωN ≤ ωmaxN , (4)

wω(2) = 1− wω(1) for ωminN ≤ ωN ≤ ωmaxN , (5)

wω(1) = (ω−1
N ωmaxN )p for ωN > ωmaxN , (6)

wω(2) = 0 for ωN > ωmaxN , (7)

wd(1) =
−π +∆θld − θ

∆θ
, (8)

wd(2) = 1− wd(1), (9)

and ω̃N (kf ) = ωminN∆
kf−1
ω , θ̃(ld) = −π+∆θ(ld − 1), and ωmaxN = ω̃N (Mf ).

Here, ∆ω is the frequency resolution, ∆θ is the direction resolution, Mf is
the number of wave frequencies, ωminN is the minimum wave frequency and
p = 4. The wave frequency and direction index number kf and ld in Eq. (1)
are determined to satisfy the relations

log(ωN/ωminN )

log(∆ω)
≤ kf < 1 +

log(ωN/ωminN )

log(∆ω)
for ωminN ≤ ωN ≤ ωmaxN ,(10)

kf = Mf , for ωN > ωmaxN , (11)

and
θ + π

∆θ
≤ ld < 1 +

θ + π

∆θ
. (12)

The parameters for the discretization such as ∆ω, ∆θ, ωminN and Mf are the
same as those in Hisaki (2015).
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2.3 Discretization of the energy balance equation

We did not use numerical differentiation to evaluate the derivatives of con-
straints (c1) to (c6). These derivatives are written analytically and are calcu-
lated. For example, the derivatives with respect to the unknowns of the source
function in the energy balance equation are evaluated. The derivatives of the
wind input and the dissipation source functions can be written analytically.
The derivatives of the propagation term can also be written analytically from
equation (15) in Hisaki (2015).

The nonlinear interaction source function in the energy balance equation
uses the Discrete Interaction Approximation (DIA). The nonlinear interaction
is represented by the discrete interactions for a single representative quadruplet
(ωi, θi) (i = 1, 2, 3, 4), where (ωi, θi) is the radian wave frequency and direction
of the quadruplet.

The increment of the nonlinear interaction source function is written using
equation (5.5) of Hasselmann et al. (1985) as δSNlN

δS+
NlN

δS−
NlN

 =

−2
1
1

DN (ω1N , ω3N , ω4N , θ, θ3, θ4), (13)

DN (ω1N , ω3N , ω4N , θ, θ3, θ4) = (2π)−9C0ω
11
1N

[
(GN (ω1N , θ))2

{GN (ω3N , θ3)

(1 + λNl)4

+
GN (ω4N , θ4)

(1− λNl)4

}
−2

GN (ω1N , θ)GN (ω3N , θ3)GN (ω4N , θ4)

(1− λ2
Nl)

4

]
,(14)

where δSNlN , δS+
NlN and δS−

NlN are increments at wave vectors k1N (= k2N ),
k3N and k4N respectively, λNl = 0.25 and C0 = 3 × 107. The resonance
conditions

k1N + k2N = k3N + k4N , (15)

ω1N + ω2N = ω3N + ω4N (16)

are satisfied, and (ω3N , ω4N ) = (1 + λNl, 1 − λNl)ω1N (e.g., Hasselmann et
al., 1985).

Equation (13) is written in terms of the source function to calculate the
derivative of the nonlinear source function analytically. If (ω1N , θ1) = (ω2N , θ2)
is on the frequency-direction (ωN−θ) discretized grid point, then (ω3N , θ3) and
(ω3N , θ3) are not on the ωN−θ discretized grid point. If (ω3N , θ3) (or (ω4N , θ4))
is on the frequency-direction (ωN − θ) discretized grid point, (ω1N , θ1) and
(ω4N , θ4) (or (ω3N , θ3)) are not on the ωN − θ discretized grid point.

Therefore, we classified into three cases for calculation of the nonlinear
interaction term (ωN , θ) = (ω1N , θ1) = (ω2N , θ2), (ωN , θ) = (ω3N , θ2), and
(ωN , θ) = (ω4N , θ3). In the case of (ωN , θ) = (ω1N , θ1) = (ω2N , θ2), the in-
crement δSNlN/2 in Eq. (13) is evaluated. In the cases of (ωN , θ) = (ω3N , θ3)
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and (ωN , θ) = (ω4N , θ4) the increments δ+SNlN and δ−SNlN in Eq. (13) are
evaluated, respectively.

These calculations are summarized into the following equation, and the
normalized nonlinear interaction term SNlN is written in terms of the dis-
cretized form as

SNlN (ωN , θ) =
4∑

i=1

2∑
n=1

(−1)int((i+1)/2)DN (ω
(i)
1N , ω

(i)
3N , ω

(i)
4N , θ1(n)

(i), θ3(n)
(i), θ4(n)

(i)),

(17)
where int(a) denotes the integer part of a,

ω
(i)
1N = ωN (for i = 1, 2), (18)

ω
(3)
1N = (1 + λNl)

−1ωN , (19)

ω
(4)
1N = (1− λNl)

−1ωN , (20)

ω
(i)
3N = (1 + λNl)ω

(i)
1N (for i = 1, 2, 3, 4), (21)

ω
(i)
4N = (1− λNl)ω

(i)
1N (for i = 1, 2, 3, 4), (22)

θ1(n)
(i) = θ (for i = 1, 2, and n = 1, 2), (23)

θ1(n)
(3) = θ + (2n− 3)θ+ (for n = 1, 2), (24)

θ1(n)
(4) = θ + (3− 2n)θ− (for n = 1, 2), (25)

θ3(n)
(i) = θ1(n)

(i) + (3− 2n)θ+ (for i = 1, 2, 3, 4, and n = 1, 2),(26)

θ4(n)
(i) = θ1(n)

(i) + (2n− 3)θ− (for i = 1, 2, 3, 4, and n = 1, 2),(27)

and θ+ =11.5◦, θ− =33.6◦, which is derived from the resonance conditions
(Eqs. (15) and (16)) and (ω3N , ω4N ) = (1+λNl, 1−λNl)ω1N (e.g., Hasselmann
et al., 1985). The index number i in Eq. (27) denotes that ωN in Eq. (27)
corresponds to ω of Equation (5.1) in Hasselmann et al. (1985) for i = 1 and
i = 2; ωN in Eq. (27) corresponds to ω+ in Equation (5.2) of Hasselmann et
al. (1985) for i = 3, and ωN in Eq. (27) corresponds to ω− in Equation (5.3)
of Hasselmann et al. (1985) for i = 4. The index number n = 2 in Eq. (27)
corresponds to the mirror image of the first quadruplet n = 1 with relative
angles of θ+ and −θ−. The function DN in Eq. (27) is calculated from GN as

GN (ω
(i)
mN , θm(n)(i)) =

2∑
n1=1

2∑
n2=1

wNlGN (kω+n1−1, lθ+n2−1), m = 1, . . . , 4

(28)
where kω = kω(kf ,m, i, n, n1, n2) is the frequency number, lθ = lθ(ld,m, i, n, n1, n2)
is the direction number which satisfies relations (10), (11), and (12), and
GN (kω, lθ) = GN (ω̃N (kω), θ̃(lθ)). The weight wNl = wNl(kf , ld,m, i, n, n1, n2)

is the weight of (ωN , θ) = (ω
(i)
mN , θm(n)(i)) in Eq. (1) determined from Eqs. (2)–

(9), where kf and ld are index numbers of wave frequency and direction ( ωN

= ω̃N (kf ) and θ = θ̃(ld) ).
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The derivative of DN in Eq. (17) with respect to an ocean wave spectral
value at a frequency-direction grid number (kp, lp) is

∂

∂GN (kp, lp)
DN (ω

(i)
1N , ω

(i)
3N , ω

(i)
4N , θ1(n)

(i), θ3(n)
(i), θ4(n)

(i))

= (2π)−9C0(ω
(i)
1N )11

({
2G

(i)
N1(n)

[ G
(i)
N3(n)

(1 + λNl)4
+

G
(i)
N4(n)

(1− λNl)4

]
−2

G
(i)
N3(n)GN4(n)

(1− λ2
Nl)

4

} ∂G
(i)
N1(n)

∂GN (kp, lp)

+
[ (G(i)

N1(n))
2

(1 + λNl)4
− 2

G
(i)
N1(n)G

(i)
N4(n)

(1− λ2
Nl)

4

] ∂G
(i)
N3(n)

∂GN (kp, lp)

+
[ (G(i)

N1(n))
2

(1− λNl)4
− 2

G
(i)
N1(n)G

(i)
N3(n)

(1− λ2
Nl)

4

] ∂G
(i)
N4(n)

∂GN (kp, lp)

)
, (29)

G
(i)
Nm(n) = GN (ω

(i)
mN , θm(n)(i)), m = 1, 3, 4 (30)

∂G
(i)
Nm(n)

∂GN (kp, lp)
=

2∑
n1=1

2∑
n2=1

wNlδ
(kp,lp)

(kω+n1−1,lθ+n2−1), m = 1, 3, 4 (31)

where δqp = 1 for p = q and δqp = 0 for p ̸= q.
The calculation of the nonlinear source function SNlN (ωN , θ) at (ωN , θ)

= (ω̃N (kf ), θ̃(ld)) can be summarized as follows. The wave frequencies and

directions (ω
(i)
mN , θm(n)(i)) (m = 1, . . . , 4, i = 1, . . . , 4, n = 1, 2) are obtained

from Eqs. (18)–(27). The wave spectra G
(i)
Nm(n) = GN (ω

(i)
mN , θm(n)(i)) (m =

1, . . . , 4, i = 1, . . . , 4, n = 1, 2) are evaluated from bilinear interpolation using
Eqs. (28) and Section 2.2. The nonlinear source function SNlN (ωN , θ) and its
derivative with respect to GN (kp, lp) are calculated using Eqs. (17) and (29).

2.4 Wave parameters

The radar-estimated significant wave heights Hr, mean periods Tr, spectral
mean directions θm, and frequency spectra P (f) were calculated from radar-
estimated wave spectra as

Hr = 4E1/2 (32)

E =

∫ fu

0

∫ π

−π

F (f, θ)dθdf =

∫ fu

0

P (f)df, (33)

Tr = E−1

∫ fu

0

f−1P (f)df, (34)

θq(fl) = atan(QsQ
−1
c ), (35)

Qc = Qc(fl) =

∫ fu

fl

∫ π

−π

cos θF (f, θ)dθdf, (36)
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Qs = Qs(fl) =

∫ fu

fl

∫ π

−π

sin θF (f, θ)dθdf, (37)

where F (f, θ) = fB(2k0)
2GN (ωN , θ) is the dimensional wave directional spec-

trum at the wave frequency f (= fBωN ) in Hz and wave direction θ.
The upper limits of integrations fu in Eqs. (33)–(37) is 0.81 Hz (Hisaki

2014). The spectral mean wave direction is θm = θq(fl) at fl = 0. The short-
wave direction is also evaluated, which is almost determined from the first-
order scattering as θs = θq(fl) at fl = 0.47 Hz, because the frequency fl is
close to the Bragg frequency fB = 0.506 Hz. The radar-estimated wave heights
from the dual radar, single radar A, and single radar B are Hr(D), Hr(A),
and Hr(B), respectively. Similarly, the radar-estimated wave parameters are
written as Tr(D), Tr(A), and Tr(B) (mean wave periods), θm(D), θm(A), and
θm(B) (spectral mean wave directions), θs(D), θs(A), and θs(B) (short-wave
directions), respectively.

The in-situ observed significant wave heights (Hs = H1/3) and periods (Ts

= T1/3) were observed by the zero-up-crossing method.

3 Results

3.1 Number of Doppler spectra

The HF radar Doppler spectra data are the same as those of Hisaki (2015). Fig-
ure 1 shows the HF radar observation area. Radar A was located at (26.12◦ N,
127.76◦ E) and radar B was located at (26.31◦ N, 127.84◦ E). The beam di-
rections of radar A and radar B are from 43.5◦ T to 126◦ T, and 118.5◦ T
to 201◦ T, respectively. The beam step is 7.5◦, and the number of beam di-
rections for each radar is 12. The radar frequency is 24.5 MHz. The Doppler
spectra are sampled on polar regular grids with the origins at the radar po-
sition, a range resolution of 1.5 km, and an azimuthal resolution of 7.5◦. The
radars successively measure in one direction and then change direction for
the next measurement. The beam formation is controlled electronically in real
time (Hisaki et al., 2001). The Doppler spectra are interpolated with respect
to time at two-hour intervals.

The red triangles and blue squares in Figure 1 are the sampling points of
the Doppler spectra from radar A and radar B, respectively. However, not all
of the Doppler spectra are used for wave estimation. A self-organizing map
(SOM) analysis is used to classify the Doppler spectra, and to reject noise-
contaminated Doppler spectra. The selection of Doppler spectra is described
in Hisaki (2015). The temporal resolution of the observed Doppler spectra was
2 h. The period of analysis was from 0 Local Standard Time (LST) April 17
to 22 LST May 13, 1998. Data were missing for three time series, and 321 time
series data were used for the comparison (Hisaki, 2015).

The wave spectra are estimated at 4 × 4 = 16 regular grid cells in Figure 1.
Cell (ix, jy) = (2, 4) is the closest to the in-situ observation point N in Figure 1,
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where ix and iy (1 ≤ ix, jy ≤ 4) are the cell index numbers for the eastward
and northward directions, respectively. The optimization problem with 6080
unknowns (Hisaki 2015) is solved numerically, which requires 1−2 min per time
series data using a personal computer (Intel Core i7-3630QM CPU:2.40GHz,
RAM:8GB).

Figure 2a and b show the percentages of the numbers of the Doppler spec-
tra of radar A and radar B that are suitable for wave measurement against
the total number of the Doppler spectra that are suitable for the wave mea-
surement. The numbers of the regular cells indicate the time-averaged number
of the Doppler spectra for the wave estimation of radar A and radar B, as
shown in Figure 6b and c in Hisaki (2015). For example, the mean numbers
of the Doppler spectra of radar A and radar B for the wave estimation are
Ncd(ix, jy) =12.8 and Ncd(ix, jy) = 7.5 at (ix, jy) = (2, 3), respectively. The
percentages of the numbers of the Doppler spectra are 12.8/(12.8+7.5) ≃ 63 %
and 7.5/(12.8+ 7.5) ≃ 37 % for radar A (Figure 2a) and radar B (Figure 2b),
respectively.

Cells (ix, jy) = (1, 1), (2, 1), (3, 1), (4, 1), (3, 2), and (4, 2) are empty-radar
Doppler spectrum cells for both radars over the entire period (Figure 2 or
Hisaki 2015). An empty-radar Doppler spectrum cell for both radars (or for
radar A or radar B) means that the Doppler spectra in the cell for both radars
(or for either radar A or radar B) are not used for the wave estimation. Cells
(ix, jy) = (2, 1), (4, 3), (1, 4), (2, 4), (3, 4), and (4, 4) were the single radar
Doppler spectrum cells during the observation period.

The mean numbers of Doppler spectra for the wave estimation from the
radar A and radar B per observation are 59.1 and 48.9, respectively. The mean
number of the Doppler spectra Ncd(ix, jy) for the wave estimation from radar
A is greatest in cell (ix, jy) = (1, 3) and has a value of 17.0 (Figure 2a). The
mean number of the Doppler spectra Ncd(ix, jy) for the wave estimation from
radar B has its maximum value in cell = (2, 4) and a value of 11.6 (Figure 2b),
which is the closest to the in-situ observation point.

The number of the Doppler spectra of radar A is larger than that of radar
B. The number of cells in which the mean Ncd(ix, jy) is larger than 10 is
four cells and one cell for radar A and radar B, respectively. The number of
empty-radar Doppler spectrum cells for radar A during the entire observation
period is larger than that for radar B. The Doppler spectra of radar A are
concentrated in a few regular cells.

3.2 Examples of wave spectra comparisons

Figure 3 shows examples of the wave directional spectra estimated from the
dual and single radars in the regular cell (ix, jy) = (2, 4), which was closest to
the in-situ wave observation point. The in-situ observed wave heights (Hs) were
0.63 m and 1.22 m at 14 LST April 26 and 12 LSTMay 8, respectively. The dual
radar-estimated wave heights (Hr(D)) were 0.70 m and 1.17 m at those times,
respectively. The wave heights estimated from only radar A (Hr(A)) were
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1.09 m (at 14 LST April 26) and 1.37 m (at 12 LST May 8). The wave heights
estimated using only radar A were larger than those dual radar-estimated wave
heights for both times (Figure 3a–d).

The spectral peak wave direction is about θ = 160◦ in Figure 3a, which
means that the dominant wave propagated west-northwestward. The hindcast-
dominant wave direction at (26◦ N, 128◦ E) from the Japan Meteological
Agency (JMA) was from east-southeast at 9 LST (0 UTC) on April 26 (JMA,
1999).

The spectral peak wave direction is about θ = −160◦ in Figure 3b, which
means that the dominant wave propagated west-northwestward, while JMA
hindcast-dominant wave direction was from the east at 9 LST (0 UTC) May 8
(JMA, 1999). Thus, the dominant wave directions of the dual-radar-estimated
wave spectra agreed with the directions calculated by JMA.

Figure 4 shows the averaged ocean wave directional spectra during the HF
radar observation period. Figure 4a shows the dual-radar-estimated averaged
wave spectrum at cell (ix, jy) = (2, 4). The wave height (Hr(D)) estimated
from the averaged wave spectrum and Eq. (33) was 1.03 m, while the root
mean square (rms) value of the in-situ observed significant wave heights was
0.86 m. The dominant wave direction was westward in Figure 4a. The wave
period from Eq. (34) and the spectral mean and short-wave direction from
Eq. (35) are Tr(D) = 6.35 s, θm(D) = 147.2◦, and θs(D) = 148.4◦, respectively.
Figure 4b shows the dual-radar-estimated averaged wave spectrum of all cells.
The 16×321= 5136 wave spectra were averaged, where 321 is the time series
number. The wave height estimated from the averaged wave spectrum and
Eq. (33) was Hr(D) = 1.15 m, which is higher than that in Figure 4a. The
wave period from Eq. (34) and the spectral mean and short-wave direction
from Eq. (35) are Tr(D) = 6.49 s, θm(D) = 145.9◦, and θs(D) = 148.9◦,
respectively. The difference between the spectral mean (θm(D)) and the short-
wave direction (θs(D)) is small, which shows that the wind wave is dominant
in the HF radar observation area and period.

Figure 4c shows the averaged wave spectrum estimated from single radar
A at cell (ix, jy) = (2, 4). The wave height estimated from the averaged wave
spectrum was Hr(A) = 1.26 m, which is higher than that from the dual radar.
The spectral peak direction is θ = 160◦ in Figure 3c, which is clockwise with
respect to that in Figure 3a. The wave period from Eq. (34) and the spectral
mean and short-wave direction from Eq. (35) in Figure 4c are Tr(A) = 6.80 s,
θm(A) = 166.2◦, and θs(A) = 168.3◦.

Figure 4d shows the averaged wave spectrum of all cells estimated from sin-
gle radar A. The wave height, period, spectral mean and short wave directions
are Hr(A) = 1.22 m, Tr(A) = 6.77 s, θm(A) = 165.6◦, and θs(A) = 168.8◦,
respectively. The wave height is higher than that in Figure 4c, whereas the
wave height in Figure 4b is smaller than that in Figure 4a. The spectral mean
and short-wave directions estimated from single radar A are counterclockwise
with respect to those from dual radars (Figure 4a and b), i. e., θm(A) > θm(D)
and θs(A) > θs(D).



Title Suppressed Due to Excessive Length 11

Figure 4e and f show averaged wave spectra estimated from single radar B
at cell (ix, jy) = (2, 4) and at all cells, respectively. The wave heights (Hr(B))
from Eq. (33) and wave spectra in Figure 4e and f are 1.04 m and 1.16 m,
respectively. The differences in the wave heights from those in the dual-radar
case (Figure 4a and b) are small. The wave periods (Tr(B)) from Eq. (34) and
wave spectra in Figure 4e and f are 6.16 s and 6.21 s, respectively. The spectral
mean and short-wave directions from the wave spectrum in Figure 4e are θm(B)
= 134.9◦ and θs(B) = 141.9◦, respectively. The spectral mean and short-wave
directions from the wave spectrum in Figure 4f are θm(B) = 136.1◦ and θs(B)
= 140.5◦, respectively. These values are smaller than those from Figure 4a
and b, indicating that the wave directions are clockwise with respect to those
estimated from the dual radar. However, the differences between the dual-
radar-estimated wave directions and those of single radar B are smaller than
the differences between the dual-radar results and those of single radar A: the
absolute values of θm(B)−θm(D) and θs(B)−θs(D) are smaller than those of
θm(A)−θm(D) and θs(A)−θs(D), respectively.

3.3 Comparisons of wave parameters for the in-situ observation area

Correlation coefficients and rms differences ⟨(X − Y )2⟩1/2 are used as metrics
for comparison, where X and Y are wave parameters, and ⟨. . .⟩ denotes av-
eraging. If X and Y are wave directions, |X − Y |≤180◦. Figure 5 shows the
comparisons of the in-situ observed wave parameters and the radar-estimated
wave parameters at cell (ix, jy) = (2, 4). Figure 5a and b shows a comparison
of wave heights. The correlation coefficient between the in-situ observed wave
heights and the dual radar-estimated wave heights (Hr(D)) was 0.82 with an
rms difference of 0.22 m (Hisaki 2015). The correlation of the wave heights es-
timated from single radar A (Hr(A)) is 0.68, with an rms difference of 0.44 m.
The wave heights from single radar A are overestimated compared with the
dual-radar-estimated wave heights. The correlation of the wave heights esti-
mated from single radar B (Hr(B)) with the in-situ observation is 0.76 with an
rms difference of 0.25 m. Thus, the wave heights estimated from single radar
B are not as overestimated.

Figure 5c and d show comparisons of the wave periods. The correlation
coefficient between the in-situ observed significant wave periods and the dual-
radar-estimated wave periods from Eq. (34) (Tr(D)) was 0.69. The in-situ
observed significant wave periods are longer than the energy periods (Eq. (34)),
which is consistent with Takahashi et al. (1979).

The correlation coefficients of the radar-estimated wave periods from single
radar A (Tr(A)) and B (Tr(B)) with the in-situ observed significant wave
periods were 0.56 and 0.66, respectively. The wave periods estimated from
single radar A were longer than those from the dual radar and single radar B.
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3.4 Comparison of averaged wave parameters in the entire observation area

Figure 6 shows the mean spatial distributions wave heights, spectral mean wave
directions, wave periods, and short-wave directions. These mean wave param-
eters are estimated from the averaged radar-estimated wave spectra during
the observation period. The wave heights are larger and the wave periods are
longer in the empty-radar Doppler spectrum cells for both radars. The spec-
tral mean wave directions and short-wave directions are northwestward in all
cases: however, these wave directions are directed to the radar in the single
radar cases. The spectral mean wave directions and short-wave directions are
directed to radar A in Figure 6b and c and to radar B in Figure 6d and e.

Figure 7 shows comparisons of the wave heights and periods estimated from
the single and dual radar. The number of samples is 5136. The correlation of
the wave heights between the dual radar (Hr(D)) and single radar A (Hr(A)) is
0.71, and the rms difference between them is 0.22 m. The mean difference in the
wave height between single radar A and the dual radar (mean value of Hr(A)
−Hr(D)) is 0.068 m, demonstrating that the mean wave height estimated from
single radar A is higher than that from the dual radar. The correlation of the
wave heights between the dual radar (Hr(D)) and single radar B (Hr(B)) is
0.74, and the rms difference is 0.20 m. The mean difference in the wave heights
between the values for single radar B and those for the dual radar (mean value
of Hr(B) −Hr(D)) is −0.001 m. The agreement in the wave heights between
single radar B and the dual radar is better than that between single radar A
and the dual radar.

The correlation of the wave periods of single radar A is 0.82 and the rms
difference is 0.47 s. The mean difference (mean value of Tr(A) −Tr(D)) is
0.26 s, and the mean period from single radar A is longer than that from the
dual radar. The correlation of the wave periods of single radar B is 0.69 and
the rms difference is 0.59 s. The mean difference (mean value of Tr(B) −Tr(D))
is −0.31 s, and the mean period from single radar B is shorter than that from
the dual radar. The differences in the wave heights and periods between the
dual radar and the single radar in all cells are smaller than those in cell (ix, jy)
= (2, 4).

Figure 8 shows comparisons of the spectral mean and short-wave direc-
tions estimated from the single and dual radars. The rms difference between
θm(A) and θm(D) and the mean difference between them (mean value of θm(A)
−θm(D)) are 45.9◦ and 15.1◦, respectively (Figure 8a). The positive mean dif-
ference is consistent with Figure 4b and c, which means that the spectral mean
wave directions estimated from single radar A are directed to that radar A in
comparison with the dual radar-estimated wave directions. The rms and mean
difference (mean value of θm(B) −θm(D)) between the dual radar and single
radar B are 38.8◦ and −2.2◦, respectively (Figure 8b). The negative mean
difference is also consistent with Figure 4b and f.

Figure 8c shows comparisons of the short-wave directions estimated from
single A and the dual radar. The rms and mean difference (mean value of
θs(A) −θs(D)) between the dual radar and single radar A are 51.0◦ and 16.6◦,
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respectively. Figure 8d shows comparisons of the short-wave directions for
single radar B and the dual radar. The rms and mean difference (θs(B)−θs(D))
of the dual radar and single radar B are 38.0◦ and 1.2◦, respectively. The
differences in the spectral mean and short-wave directions between single radar
A and the dual radar are larger than those between single radar B and the dual
radar. In particular, the plots around the line θm(A) +θm(D) = ±180◦ (θs(A)
+θs(D) = ±180◦) can be seen in the case of single radar A (Figure 8a and c). As
a result, the differences between the single radar-A-estimated wave directions
and the dual-radar-estimated wave directions are larger than those between
the single-radar-B-estimated wave directions and those estimated from dual
radar.

3.5 Comparisons of wave heights and periods in each cell

Figure 9 shows time series of radar-estimated wave heights (Hr(D), Hr(A),
and Hr(B)) and periods (Tr(D), Tr(A) and Tr(B)) at cell (ix, jy) = (1, 3),
(2, 3), and (3, 3). The Doppler spectra are present for both radar A and radar
B, but there are many more Doppler spectra for radar A than for radar B at
(ix, jy) = (1, 3). There are a good number of the Doppler spectra from both
radar A and radar B at cell (ix, jy) = (2, 3), but there is a larger number of the
Doppler spectra for radar A than for radar B. There are few Doppler spectra
for both radar A and radar B at cell (ix, jy) = (3, 3), but the number of the
Doppler spectra is larger for radar B than for radar A (Figure 2).

There are several cases in which the wave data are not estimated ade-
quately. For example, the dual-radar-estimated wave heights in the cell at
(1, 3) on 8 LST 23 April are too high (Figure 9a): this result is due to the
inadequate convergence of the iteration.

The agreement between Hr(A) (green) and Hr(D) (red) in Figure 9a and b
appears to be better than that between Hr(B) (blue) and Hr(D), whereas the
agreement of Hr(B) with Hr(D) seems to be better than that of Hr(A) with
Hr(D) in Figure 9c. The agreement between Tr(A) (green) and Tr(D) (red)
seems to be better than that between Tr(B) (blue) and Tr(D), in Figure 9d–f.
In addition, the plots of the radar-estimated wave periods from single radar A
(Tr(A)) in Figure 9d–f seem to agree with each other. The plots of Tr(D) also
appear to be consistent.

Figure 10 shows the comparison of the wave heights in each regular cell.
The spatial pattern of the rms differences of the wave heights is opposite to
that of the correlations. If the correlation of wave heights is high for a cell, the
rms difference of the wave heights is low for that cell. The higher correlation
is related to the lower rms difference. The correlation of the wave heights
between single radar A (Hr(A)) and the dual radar (Hr(D)) is 0.86, with the
highest value at (ix, jy) = (2, 2). The correlation at (ix, jy) = (2, 4), which is
the closest to the in-situ observation point, is 0.68, which is a low value. The
correlations range from 0.64 to 0.86 (Figure 10a).
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The mean values of Hr(A) −Hr(D) are positive in all of the regular cells,
demonstrating that the mean single-radar A-estimated wave heights are higher
than the mean dual-radar-estimated wave heights. The difference is 0.23 m at
(ix, jy) = (2, 4), which is the largest value. The mean differences range from
0.018 m to 0.23 m: most of the differences are less than 0.1 m (Figure 10b).

The correlation of the wave heights between single radar B (Hr(B)) and
the dual radar (Hr(D)) is 0.88 at (ix, jy) = (2, 4), which is the highest value.
The correlation at (ix, jy) = (2, 2), where the dual radar to single radar A
correlation is the highest, is 0.60, which is the lowest correlation for single
radar B (Figure 10c).

The mean differences in the wave heights in Figure 10d are smaller than
those in Figure 10b. All of the absolute values of mean differences are less than
0.1 m, and half are less than 0.01 m. The mean difference at (ix, jy) = (2, 3) is
−0.062 m, which is the maximum absolute value of the difference (Figure 10d).

Figure 11 shows the comparison of the wave periods in each regular cell.
The correlation of the wave periods between single radar A (Tr(A)) and the
dual radar (Tr(D)) has a maximum value of 0.87 and at (ix, jy) = (2, 2), and
a minimum value of 0.78 at (ix, jy) = (1, 3) (Figure 11a).

The mean differences in the wave periods (mean values of Tr(A)−Tr(D))
are positive in all of the cells, which means that the wave periods from single
radar A are longer than those from the dual radars. The largest difference is
0.45 s at (ix, jy) = (2, 4) (Figure 11b), where the correlation is low (Figure 11a):
the lowest difference is 0.18 s at (ix, jy) = (3, 2).

The maximum correlation between Tr(B) and Tr(D) is 0.81 at (ix, jy) =
(3, 4). The minimum correlation of the wave periods is 0.59 at (ix, jy) = (2, 2)
(Figure 11c), where the correlation between Tr(A) and Tr(D) is the highest.

The mean differences of the periods are negative in all cells, which means
that the wave periods obtained from single radar B are shorter than those from
the dual radar. The maximum difference is −0.535 s at (ix, jy) = (1, 3), and the
minimum difference is −0.181 s at (ix, jy) = (2, 4) (Figure 11d). The cells with
the maximum and minimum difference are different from those with cells of
the minimum and maximum correlation. However, the correlation is 0.66 and
low at (ix, jy) = (1, 3), and 0.80 and high at (ix, jy) = (2, 4) (Figure 11c). The
wave directions are also compared for each cell (Figure 12): this is discussed
in Section 4.4.

4 Discussion

4.1 Wave height and period

Wave data from the single and dual HF radar arrays are compared with each
other. The iteration of the final step (Section 2.1) for solving the nonlinear
optimization problem in the single radar case is less stable than that of the
dual radar case.
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Changes in the seed used to gerenate random numbers in the first step and
reiterations due to the inadequate convergence of the iteration (Section 2.1)
were performed several times for the single radar cases. The iteration of the
final step seeks the local minimum of the objective function instead of the
global minimum. Therefore, the solution may be inadequate if the initial guess
is inadequate. In some cases, the dual-radar estimated wave heights or periods
are inadequate (Figure 9); thus, the criterion for recomputation to solve the
nonlinear optimization problem must be improved.

Radar A can be characterized as having larger number of the Doppler
spectra for the wave estimation but a smaller coverage of the Doppler spectrum
area . The number of regular cells in which Ncd(ix, jy) is 0 for the radar A is
larger than the equivalent number for radar B.

The number of the Doppler spectra for the wave estimation from radar A
is Ncd(ix, jy) = 0 for (ix, jy) = (2, 4), the closest cell to the in-situ observation
point. The number of the Doppler spectra for wave estimation from radar B
is not 0 at the regular cell.

In a previous study, the correlation of 25-MHz radar-estimated wave heights
with in-situ observed wave heights was 0.97, and the rms differerence is 0.45 m
(Wyatt et al., 2011). Both the correlation and the rms difference are smaller
for the present method, but the range of the wave heights in the present study
is smaller than that in Wyatt et al. (2011). The radar-estimated periods, which
are the energy period (Eq. (34)), are shorter than the significant wave periods
T1/3 (Takahashi et al., 1979), and the radar-estimated periods Tr are shorter
than the in-situ observed periods (Figure 5c).

The ranking of the accuracy of radar-estimated wave parameters at cell
(ix, jy) = (2, 4) is in the order of dual-radar-estimated wave parameters, single-
radar B-estimated wave parameters, and single-radar A-estimated wave pa-
rameters from greatest to least accuracy. The wave heights and periods from
single radar A at that cell, which is an empty-radar Doppler spectrum cell for
that radar, are significantly overestimated.

The differences in the dual- and single-radar-estimated wave heights and
periods in all cells are smaller than those for cell (ix, jy) = (2, 4). How-
ever, there are differences in the details. The difference from the dual-radar-
estimated wave heights is smaller for single radar B than for single radar A
for all cells. The correlation of the dual-radar-estimated wave heights with
the single-radar-B-estimated wave heights is higher than that with the single-
radar-A-estimated wave heights. In contrast, the correlation of the wave pe-
riods estimated from the dual radar with those from single radar B is lower
than the correlation of the dual radar with single radar A.

A possible explanation follows for the result that the correlation of Hr(D)
withHr(B) is higher than that ofHr(D) withHr(A), whereas the correlation of
Tr(D) with Tr(A) is higher than that of Tr(D) with Tr(B). The contributions of
the spatial and temporal variability of the wave heights to the total variability
of the wave heights are different from those of the wave periods. The time-mean
value of the standard deviations of the spatial variability of the dual-radar-
estimated wave heights is 0.116 m, which means that the averaged spatial
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variability of the wave heights in the radar observation area is approximately
0.12 m. The spatial mean value of the standard deviations of the temporal
variability is 0.256 m, which means that the averaged temporal variability of
the wave heights in the radar observation period is about 0.26 m. The ratio of
these values is 0.256/0.116 ≃ 2.2.

The time-mean value of the standard deviations of the spatial variability of
the dual-radar-estimated wave periods is 0.205 s, and the spatial-mean value
of standard deviations of the temporal variability is 0.652 s. The ratio of these
two values is 0.652/0.205 ≃ 3.18. The contribution of the spatial variability
to the spatio-temporal variability of the wave heights is larger than that of
the wave periods. Therefore, the difference in the wave heights between single
radar B, which covers a wider area of the Doppler spectra (Figure 2), from
the dual-radar-estimated wave heights is smaller the difference between single
radar A and the dual radar. On the other hand, the difference in the wave
periods between single radar A, which uses a larger number of the Doppler
spectra, and the dual radar is smaller than that between single radar B and
the dual radar.

4.2 Wave direction

The short-wave directions estimated from the first-order scattering in 1.5-
km grids are also almost unidirectional (Hisaki 2002). The wave directions
in Figure 6 are more uniform because of averaging of the Doppler spectra in
space and because of the regularization constraint ((c6) in Section 2.1).

There is a tendency for both the spectral mean and the short-wave direc-
tions estimated from a single radar to be directed to the radar direction. We
explain this tendency in the case of the short-wave direction, which is almost
determined from the first-order scattering and which is simple, as follows.

The first-order scattering has two peaks, at the positive and negative Bragg
frequencies. The normalized first-order scattering ((c1) in Section 2.1) is the
ratio of the larger first-order scattering to the sum of the two first-order scat-
terings

rf (θb) =
Larger first−order scattering

Sum of the first−order scattering
(38)

or equation (2) in Hisaki (2006), where θb is the wave direction with respect
to the beam direction.

The value of rf (θb) (Eq. (38)) is 1/2 and minimum at θb = π/2 theoretically
because both first-order peaks are the same level as each other. The value of
rf (θb) is 1 and maximum at θb = π theoretically. The derivative of rf (θb)
with respect to θb is 0 at θb = π. The second-order derivative d2rf (θb)/dθ

2
b

is negative around θb = π, and the curve of rf with respect to θb is convex
upward in the θb−rf plane around (θb, rf ) = (π, 1). The inverse function of rf
= rf (θb) is θb = θb(rf ), which is convex downward in the rf − θb plane around
(rf , θb) = (1, π). The mean position of the plots on the θb = θb(rf ) curve is
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above the curve in the rf − θb plane because the curve is convex downward.
Therefore, the value of θb estimated from the single radar is closer to π.

There is an exception to this tendency in Figure 8d, which shows that the
mean difference (θs(B) −θs(D)) between the dual radar and single radar B
is positive, while the short-wave directions from the averaged wave spectrum
in Figure 4b and f are θs(D) = 148.9◦ and θs(B) = 140.5◦, respectively. This
inconsistency between the difference in the short-wave directions from the av-
eraged wave spectra and that from the scatter plot (Figure 8d) shows that the
bias of the single radar-estimated wave direction to the radar is insignificant
at lower wave height conditions. Wind speeds are not high and wind direc-
tions are fluctuating at lower wave height conditions. The Doppler spectra are
sampled at different times and are interpolated with respect to time; thus,
fluctuations in the short-wave directions cannot be retrieved.

The great difference in the wave direction between the dual radar and the
single radar is mainly due to the left-right directional ambiguity. The left-
right ambiguity of the single-radar-A-estimated wave direction with respect to
the beam direction is more prominent than that for single radar B. The radar
beam coverage area of radar B is wider than that of radar A (Figures 1 and 2).
Therefore, the possibility that the left-right ambiguity is unresolved is higher
for single radar A than for single radar B.

4.3 Comparisons of wave height and period for each cell

If the correlation between Hr(A) and Hr(D) is high in a cell, the absolute
value of the difference between Hr(A) and Hr(D) is low at that cell, and the
correlation between Hr(B) and Hr(D) is low at that cell. This tendency is also
true for the wave period.

A Doppler spectrum averaged from many Doppler spectra contributes to
the solution of the nonlinear optimization problem more significantly than
one averaged from a few Doppler spectra because the weights of constraints
(c1) and (c2) in the objective function are dependent on the number of the
Doppler spectra available for averaging (Section 2.1). The differences in the
wave heights (Figure 10) and periods (Figure 11) between the dual radar and
the single radar are dependent on the number of ratios of the Doppler spectra
for the wave estimation (Figure 2). For example, the correlation of the dual-
radar-estimated wave heights with those from single radar A is highest at
(ix, jy) = (2, 2) (Figure 10a); the ratio of the number of the Doppler spectra
from radar A is also highest for that cell (Figure 2a).

The correlation between the correlations in Figure 10a and the percentages
of the Doppler spectra of radar A that are suitable for the wave measurement
(Figure 2a) from 12 cells, which are not empty-radar Doppler spectrum cells
for at least one radar, is 0.91. The correlation between the correlations in Fig-
ure 10c and the percentages of the Doppler spectra for radar B (Figure 2b)
is 0.78. The correlations of the absolute values of the mean differences (Fig-
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ure 10b and c) with percentages for radar A and radar B (Figure 2) are −0.72
and −0.91, respectively.

The correlations for the numbers of the Doppler spectra are lower than
those for percentages. For example, the correlation between correlations in
Figure 10a and the number of the Doppler spectra for radar A (numbers
in Figure 2a) for 12 cells is 0.62. The correlation between Figure 10d and the
number of the Doppler spectra for radar B (numbers Figure 2b) is 0.056, which
is low. The differences in the wave heights between the dual radar and the
single radar are related to the percentages of the number of the Doppler spectra
for the wave estimation rather than the numbers of the Doppler spectra.

The differences in the wave periods between from the single radar and
from the dual radar are also related to the percentages of the number of the
Doppler spectra for the wave estimation. The correlations of percentages in
Figure 2a with the correlations in Figure 11a, and with absolute values of
the mean differences in in Figure 11b, are 0.66 and −0.79, respectively, which
are estimated from 12 cells. The correlations for radar B are 0.77 and 0.42,
respectively. Only the correlation between the mean differences of the wave
periods and percentages of the Doppler spectra of single radar B is not so high.
The wave periods are more homogeneous than the wave heights, as discussed
in Section 4.1. The wave period in a cell is more affected by the wave spectra
of the surrounding cells than is the wave height.

4.4 Comparisons of wave direction for each cell

The differences between the wave directions estimated from the dual radar and
the single radar are mainly due to the failure to resolve the left-right ambiguity
with respect to the beam direction. The radar-estimated spectral mean wave
directions are almost unidirectional spatially. There are no cases in which the
left-right ambiguity is resolved for one cell while the left-right ambiguity is
simultaneously unresolved for another cell.

The relationship between the differences of the single-radar-estimated wave
directions from the dual-radar-estimated wave directions (Figure 12) and the
numbers or ratios of the Doppler spectra in the cell (Figure 2) is also investi-
gated.

The relationships are unclear, although some pairs of parameters show re-
lationships. For example, the correlation between the rms differences of θm(D)
from θm(A) (Figure 12a) and the numbers of the Doppler spectra (Figure 2a)
is 0.64 for 16 cells. The correlation between rms differences of θm(D) from
θm(B) (Figure 12d) and numbers of Doppler spectra of 16 cells (Figure 2b)
is 0.79. The spatial variability of the difference of θm(D) with θm(A) or with
θm(B) is mainly due to the sampling variability of Doppler spectra, and the
difference is related with the number of Doppler spectra.

The relationships between the differences between θs(D) and θs(A) or θs(D)
and θs(B) and the numbers of the Doppler spectra of the cells are more unclear
than those of θm. For example, the correlation between the rms differences of
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θs(D) and θs(A) and the numbers of the Doppler spectra for the wave estima-
tion is 0.61. The correlation of those parameters for θs(B) is 0.31. The differ-
ence between the dual- and single-radar-estimated short-wave direction is not
only due to the failure to resolve the left-right ambiguity but also fluctuations
in the wind directions. The spatial variability of the short-wave differences is
affected by the spatial variability of the wind direction. The beam formation
is controlled in real time, and the Doppler spectra are interpolated with re-
spect to time. The radar-estimated short-wave directions do not capture the
spatial variability of the short-wave directions when the wind directions are
fluctuating.

5 Conclusion and Future Research

The conclusions of this study can be summarized as follows. It is demonstrated
that HIAS can be applied to both dual and single radar systems. The agree-
ment of the dual-radar-estimated wave heights with those estimated from the
single radar is better for radar B than for radar A, demonstrating that the
agreement is better for the case wherein the area of the Doppler spectra of the
single radar is wider than in the case wherein the number of Doppler spec-
tra of the single radar is larger. The dual-radar-estimated-wave periods show
better agreement with the single-radar-A-estimated wave periods than those
estimated from single radar B, demonstrating that the number of Doppler
spectra of the single radar is more critical for agreement than the area of the
Doppler spectra. The left-right ambiguity in the single-radar-estimated wave
direction can be resolved if the Doppler spectra are obtained from a wider
area. Differences in the wave heights and periods obtained from the single and
dual radars are related to the percentages of the numbers of Doppler spectra
suitable for the wave estimation.

We demonstrate that HIAS can be applied to the single radar case if the
area of the Doppler spectra is sufficiently wide. However, there is room for
improvement in the method. We address one of the subjects related to the
number of Doppler spectra and expansion of the area of the Doppler spectra for
the wave estimation. Herein, we used only the Doppler spectra for which both
the first- ((c1) in Section 2.1) and second-order scattering ((c2) in Section 2.1)
could be used. However, although the second-order scattering is contaminated
by noise, it is possible to use only the first-order scattering. This improvement
will be explored in future work.
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Fig. 1 Map of the HF radar observation area. The island of the radar location is the
Okinawa Island.
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Fig. 2 Percentages of the numbers of the Doppler spectra of (a) radar A and (b) radar B
that are suitable for wave measurement against the total number of the Doppler spectra that
are suitable for the wave measurement. The numbers in the cells are the average numbers
of Doppler spectra for wave estimation per observation.
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Fig. 3 Examples of dual-radar-estimated ocean wave spectra F (f, θ) (f = ω/(2π)) in cell
(ix, jy) = (2, 4) at (a) 14 LST April 26 and (b) 12 LST May 8, 1998. (c) As (a) but for
single radar A. (d) As (b) but for single radar A. (e) As (a) but for single radar B. (f) As
(b) but for single radar B.
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Fig. 4 Averaged wave spectrum during the observation period (a) in cell (ix, jy) = (2, 4)
estimated from the dual radar. (b) Same as (a) but averaged over all radar cells. (c) As (a)
but estimated from single radar A. (d) As (b) but estimated from single radar A. (e) As (a)
but estimated from single radar B. (f) As (b) but estimated from single radar B.
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Fig. 5 (a) Time series of wave heights from in-situ observation (black), dual radar (red),
single radar A (green), and single radar B (blue). (b) Scatter plots of in-situ observed wave
heights (Hs = H1/3) and dual-radar-estimated wave heights (black), of in-situ observed wave
heights and wave heights estimated from single radar A (green), and of in-situ observed wave
heights and wave heights estimated from single radar B (blue). (c) As (a) but for in-situ
observed significant wave periods (Ts = T1/3) and radar-estimated spectrum mean periods.
(d) As (b) but for the in-situ observed significant wave periods and radar-estimated spectrum
mean periods.
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Fig. 6 (a) Wave heights (Hr(D)) and spectral mean directions (θm(D)) from averaged
dual-radar estimated spectra. (b) Wave periods (Tr(D)) and short-wave directions (θs(D))
from averaged dual-radar-estimated spectra. (c) As (a) but from single radar A (Hr(A) and
θm(A)). (d) As (b) but from single radar A (Tr(A) and θs(A)). (e) As (a) but from single
radar B (Hr(B) and θm(B)), and (f) same as (b) but from single radar B (Tr(B)) and θs(B)).
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Fig. 7 Scatter plots of wave heights. (a) Single radar A and dual radar. (b) Single radar B
and dual radar. (c) As (a) but for wave periods. (d) As (b) but for wave periods.
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Fig. 8 (a) As Figure 7a but for spectral mean wave directions. (b) As Figure 7b but
for spectral mean wave directions. (c) As Figure 7a but for short wave directions. (d) As
Figure 7b but for short-wave directions.
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Fig. 9 Time series of wave heights from dual radar (Hr(D): red), single radar A (Hr(A):
green), and single radar B (Hr(B): blue) at cell (a) (ix, jy) = (1, 3), (b) (ix, jy) = (2, 3),
and (c) (ix, jy) = (3, 3). (d) As (a) but for wave periods, (e) as (b) but for wave periods,
and (f) as (c) but for wave periods,
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Fig. 10 Comparisons of wave heights between those obtained from single radar and those
from dual radar. (a) Correlation of dual-radar-estimated wave heights with single-radar-A-
estimated wave heights. (b) As (a) but for the mean difference (Hr(A) −Hr(A)). (c) As (a)
but for single-radar-B-estimated wave heights. (d) As (b) but for single-radar-B-estimated
wave heights.
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Fig. 11 As Figure 10 but for wave period.
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Fig. 12 Comparisons of spectral mean wave directions between single radar and dual radar.
(a) The rms difference between dual-radar-estimated spectral mean wave directions (θm(D))
and single-radar A-estimated spectral mean wave directions (θm(A)). (b) As (a) but for the
mean difference (θm(A) −θm(D)). (c) As (a) but for single-radar-B-estimated spectral mean
wave directions. (d) As (b) but for single-radar B-estimated (θm(B) −θm(D)) spectral mean
wave directions.


