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Abstract A method for estimating ocean wave directional spectra using an HF (high-frequency)
ocean radar was developed. This method represents the development of work conducted in previous
studies. In the present method, ocean wave directional spectra are estimated on polar coordinates
whose center is the radar position, while spectra are estimated on regular grids. This method can be
applied to both single and multiple radar cases. The area for wave estimation is more flexible than that
of the previous method. As the signal to noise (SN) ratios of Doppler spectra are critical for wave
estimation, we develop a method to exclude low SN ratio Doppler spectra. The validity of the method
is demonstrated by comparing results with in situ observed wave data that it would be impossible to
estimate by the methods of other groups.

1. Introduction

An HF ocean radar observes surface currents and ocean waves by radiating HF radio waves to the sea sur-
face. Surface currents are estimated by identifying the first-order Doppler peaks in the Doppler spectrum
from HF ocean radar. The wave spectrum is estimated not only from the first-order, but also from the
second-order scattering. Although estimating ocean wave spectra is important for both scientific and practi-
cal applications, few studies have sought to estimate ocean wave spectra from HF radar [e.g., Lipa and Bar-
rick, 1986; Wyatt, 1990; Howell and Walsh, 1993; Hisaki, 1996; Hashimoto et al., 2003]. Here we developed a
method for estimating ocean wave spectra from HF radar.

The relationship between the ocean wave spectrum and the second-order radar cross section is written in
terms of the integral equation. The wave spectrum is inverted from the integral equation.

Methods have previously been developed for estimating ocean wave spectra. Wyatt [1990] and Howell and
Walsh [1993] developed the inversion method, in which the integral equation is linearized by assuming the
spectral form at higher frequencies. Hisaki [1996] and Hashimoto et al. [2003] developed a method of the
inversion without linearization. An ocean wave directional spectrum at a given location can be estimated
from two or more radars in these methods. The SN ratios in the Doppler spectra at the position in all radars
must be high enough to estimate a wave spectrum. The area for wave estimation is thus limited in these
methods.

A method to estimate ocean wave spectra using a single radar has also been developed [e.g., de Valk et al.,
1999; Hisaki, 2005, 2006, 2009, 2014]. In this method, constraints such as the energy balance equation are
used along with the relationship between the wave spectra and Doppler spectra. Wave spectra are esti-
mated on radial grid points with the origin at the radar position in the method. Hisaki [2005] compared sin-
gle radar-estimated wave data with in situ observed wave data; he then [Hisaki, 2006] described and
verified the method from simulated Doppler spectra. The radar-wave data were significantly affected by the
contamination of Doppler spectra, and so Hisaki [2009] developed a method of quality control for single
radar-estimated wave data. He then [Hisaki, 2014] compared radar-estimated wave data with model-
predicted wave data.

These methods are for a phase array system. Wave parameters are also estimated by the Coastal Ocean
Dynamics Applications Radar (CODAR)-type HF radars, which is a compact antenna system. The CODAR-
type HF radar systems, however, can only isolate the Doppler spectrum in range, not in azimuth. The wave
parameters are estimated by applying the Pierson-Moskowitz model to second-order Doppler spectra in the
CODAR radar system [Long et al., 2011].
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We extend the method in the present work, the
radar | P .
wave spectra are estimated on the regular grid,
\ and this method can be applied to both single
A and multiple radar array cases. The area for wave

estimation is flexible, because wave spectra at
positions where the Doppler spectra are not
observed can be estimated in this method. The
method is named HIAS (HF radar Inversion Algo-

>
4 _|_ \ rithm for Spectrum estimation).

The objectives of this paper are as follows: (1) to
describe the HIAS; (2) to describe the method for
excluding low SN Doppler spectra; and (3) to vali-
date the HIAS by comparing results with in situ

7 observations.

A
\

This paper is organized as follows. The inversion
A X method is described in section 2. In section 3, we
present the observations by HF radar and the
method to select Doppler spectra for wave esti-
Figure 1. Schematic illustration of averaging Doppler spectra. mation. The results of the selection of Doppler
spectra and wave estimation are presented in
section 4, and discussed in section 5. We summa-
rize our conclusions in section 5.

2. Inversion Method

2.1. Constraints
The inversion method is almost the same as that described in Hisaki [2005, 2006]. The details are presented
in Hisaki [2005, 2006, 2009]. The constraints for estimating wave spectra are as follows:

1. The relationship between the first-order Doppler spectrum and ocean wave directional spectrum.

2. The relationship between the second-order Doppler spectrum and ocean wave directional spectrum.
3. The energy balance equation under the assumption of stationarity.

4. Regularization constraints for spectral values in the wave frequency-wave direction plane.

5. The continuity equation of surface winds.

6. Regularization constraints for spectral values in the x-y plane.

2.2, Relationship Between the First and Second-Order Doppler Spectrum and Wave Spectrum
An observed Doppler spectral density P(wpy) at a normalized Doppler frequency wpy=wp/wg is decom-
posed into

P1 (wpn)=P(wpn) wgn(m) < wpy < wgun(m) Mm
P (wpn)=P(wpn) wpy < wgn(m),  wpy > Wgun(m) )]

where Py (wpy) and P,(wpy) are the first and second-order Doppler spectral densities, respectively.
Parameters wp and wg are a radian Doppler frequency and the radian Bragg frequency, respectively.
The normalized Doppler frequency ranges wqgn(m) and wgun(m) are lower and upper Doppler frequen-
cies of the first-order scattering for the negative (m = 1) and positive (m = 2) Doppler frequency regions,
respectively. They satisfy wgn(m) <2m—3 < wgun(m), and are determined by identifying local minima
around the two first-order scattering peaks [e.g., Hisaki, 2006, Figure 1]. The effect of the surface current
on the Doppler spectrum is corrected. The Doppler spectra are shifted so that the first-order peaks are
at the Bragg frequency.

The first and second-order Doppler spectral densities are written in terms of a normalized wave directional
spectrum Gy (wy, 0) =wg(2ke)>G(w, 0), in which kq is the radio wave number, o is the radian wave
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frequency, 0 is the wave direction, and wy = @/wg is the normalized frequency. The radian Bragg wave fre-
quency is wg = (ngo)”2 for deep water, where g is the gravitational acceleration. The subscript “N” denotes
the normalized form by the Bragg parameters, such as wg and Bragg wave number 2k.

The relationship between the first-order Doppler spectral density P; (wpy) and the normalized first-order
radar cross section oy (wpy) is written in equations (2), (4), (5), and (6) in Hisaki [2006]; the relationship
between the second-order Doppler spectral density P, (wpy) and the normalized second-order radar cross
section ooy (wpy) is written in equations (3), (4), (5), and (7) of that same study. The integrated first-order
radar cross section is written as

(o]
J o ((2m—3)wpy)dwpy=2nGn(1, Y+ (m—1)m), (m=1,2) 3)
0
for deep water, where {3 is the radar beam direction. The second-order radar cross section is written in
terms of Gy(wy, 0), as

OL+g
GzN(wDN):J b KI(wDN7eb)GN(w1N791)GN(0~72N7 92)d9 (4)
LTYg

where 0, =0— [Hisaki, 2006]. Meanwhile, the kernel function Ki(wpy, 05) may be found in equation (29)
in Hisaki [1996]. The integration range 0, in equation (4) is = for 3 < 2 for deep water, or equations (19),
(20), and (21) in Hisaki [1996] for shallow water. The normalized wave frequencies and directions, (w1, 61)
and (wap, 07), are those of wave components contributing to the second-order scattering. Details regarding
the calculation of equation (4) are described in Hisaki [1996].

2.3. Energy Balance Equation
The energy balance equation under the assumption of the stationarity of wavefields is written as

Cn - VnGn(op, 0)—Sin=0 (5)

where Cgy=0wy /0Ky is the normalized group velocity vector of waves for wave frequency wy and
wave number vector ky, Vy denotes the normalized horizontal gradient by 1/(2ky), and S,y denotes
the total wave energy input [Hisaki, 2006]. The parameterization of the source function Sy is the
same as that in Hisaki [2006]. The propagation term in equation (5) is written in the regular coordi-
nates (xy, yn) = 2ko(x,y) as

BGN(wN, 0) +C aGN(wN, 9)

Con - VNG (op, 0)=Cgu O N o

6)
where g,y and Cgyy are the x and y components of the group velocity vector Cgy. They are written as
(Caxn, Cgyn) =Cgn(cos 0, sin ) @)

where 0 is the wave direction with respect to the x direction, and the counterclockwise is positive.

2.4. Other Constraints

The source function S,y in equation (5) is not only dependent on the wave spectrum but also on the wind
vector. The unknowns to be estimated are spectral values and wind vectors. The continuity equation of the
nondivergent sea surface wind vector uy= (ux, Uy )= (Uncos 0, uysin 0,,) is written as

Vn -uy=0 (8)

or

O(uncos 0y) n O(upsin 0y) -0 9)
6XN 3}’/\/

Equation (8) is the same as equation (15) in Hisaki [2006]. Equation (9) is written in the regular coordinate,
while equation (16) in Hisaki [2006] is written in the polar coordinate.
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The constraint written as
CgN . VNGN(CUM 9):0 (10)

is used as a regularization constraint in the horizontal plane. This is in order to reduce the computation
time [Hisaki, 2006].

2.5. Discretization
The wave spectral values Gy(wy, 0)=Gy(wy, 0, xy, yn) are estimated on the wy — 0 — xy — yy space at

log wy=log (wn(kr))=log (minn)+ (ks —1)log (A,), (ke=1, ooy M) (11)
0=00)=—m+ 22 (lg=1),  (g=1,., M) (12)
My
XNZXN(iX)ZAXN(iX_1) (I'XZ'I,....,NX) (13)
and
yn=yn(y)=Ayn(y—1) Uy="1,00, Ny) (14)

where k¢ is the wave frequency index number, M¢is the number of frequencies, A, > 1 is the increment of
the frequency, I, is the wave direction index number, and M, is the number of directions. The normalized
spatial resolutions in the x and y directions are Axy=2koAx and Ayy=2koAy, respectively, where (Ax, Ay) is
the dimensional horizontal resolution. The number of grids in the x and y directions are N, and N,, respec-
tively. Meanwhile, the index number of the grids in the x and y directions are i, and ji, respectively.

The discretized propagation term Cgy - VnGu(wy, 0) in equations (5) and (10) is Ag (K, la, ix. ji ), which is writ-
ten as

Ad(ke, I, ix,jy ) =Cgn - VNG (o, 0)

G (ke la, ix My, jy) = G (Ke, la, ix—Myxa, jy)
(Mmy1+my) Axy (15)

= ngN (kh ld)

GN(kf, Id7 iX-,jy+my1)_GN(kf7 ld7 ixvjy_myz)

+
Comlhr. o) (my1+myz)Ayn

The continuity equation (equation (8)) is discretized as

Useny (ix My :jy)_UxN(ix_mszy) + UyN(iX7jy+my1)_UyN(imjy_myZ)

=0 (16)
(mx1 +mX2)AXN (my1 +my2)AYN

where myq, my2,my1, and my, in equations (15) and (16) are 0 or 1. The value m,; =0 for i, = N,, m,, =0 for
ix=1,my=0for j, = N,, and m,, =0 for j, = 1. Otherwise, they are 1.

The regularization constraint is expressed as
log (Gn(ke+1,14)) +log (Gy(ke—1,14))
+log (G (ke, la—1)) +log (Gn(kf, la+1))
—4log (Gy(ks, I4))=0 for 1 < ks < Mg and 1 <Il; <My (17)
or log (Gn(kf,la—1))+log (Gn(ks, la+1))
—2log (Gn(kf, 14))=0 for ke=1, M

where G[\/(kf7 O)ZGN(kf, Md) and GN(kf7 Mg+1 ):G/\/(kf7 1 )

2.6. Summary of Constraints

Constraints 1 in section 2.1 are equations (2), (4), (5), and (6) in Hisaki [2006] and equation (3); constraints 2
in section 2.1 are equations (3-5) and (7) in Hisaki [2006] and equation (4). The discretization of equation (4)
is described in Hisaki [1996]. Constraint 3 in section 2.1 is equation (5). The source function, including the
nonlinear source function, is discretized as section 3b in Hisaki [2006], and the propagation term is discre-
tized as equation (15). Constraint 4 is discretized as equation (17), and constraint 5 in section 2.1 is equation
(8). The discretization of equation (8) is equation (16). Constraint 6 in section 2.1 is equation (10), and the
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discretization of equation (10) is equation (15). The difference here from Hisaki [2005, 2006, 2009, 2014] is
the expression of the horizontal gradient V.

2.7. Doppler Spectrum Averaging

If Doppler spectra are estimated on regular grid points, the beam direction /5 in equations (3) and (4) is the
direction of the grid from the radar. However, Doppler spectra are sampled on polar grids. The origin of the
polar grids is the radar position, the radial resolution is the range resolution, and the azimuthal resolution is
the beam step of the HF radar.

Figure 1 shows a schematic illustration of Doppler spectra averaging. The black rectangle symbol shows the
position of the radar, and the beam directions are indicated by the black lines. Only two beam directions
are indicated for simplicity. The red-line rectangle shows the cell, and the symbol + at the center of the rec-
tangle is the regular grid point. Blue and black circles on the beam direction lines in Figure 1 represent sam-
pling points of the Doppler spectra.

We assume that ocean waves are statistically homogeneous in the rectangle cell. The Doppler spectra
sampled on the blue circles are used for wave estimation; those sampled on the black circles are not used
for wave estimation, however, because of low SN ratios. The Doppler spectra sampled on the blue circles
are averaged. The cell-averaged Doppler spectra P(wpy) in equations (1) and (2) are used for the inversion.
The mean position of Doppler spectra for wave estimation is calculated and shown as the red circle in Fig-
ure 1. The direction of the mean position from the radar is the beam direction g = Yg(ix. jy, mr)
(m,=1,...,M,) in equations (3) and (4), indicated by the blue line in Figure 1. M, is the number of radars
used, and m, is the radar index number.

2.8. Optimization Problem

The number of unknowns N, = N + 2Ny, where N, = N,N, is the number of regular grid points, and

Ns = MiM4Ng is the number of total spectral values of the wave spectrum. The value of 2N, is the number of
wind speeds and directions to be estimated. The total number of the constraints N, in section 2.1 is

Nt=3N5 + Ng + KDF + KDT (18)
M N Ny

Kor=>> > > Koli.jy, mr) (19
m=1i=1j,=1

where Kp(ix, j,, m,) is the number of cell-averaged Doppler spectral values for wave estimation at the posi-
tion (i, j,) and the radar index number m, (these are explained in section 2.7). Ky is the number of the first-
order scattering for the inversion, and it is 1T <Kpr < NgM,. The number of constraints of 1, 2, 3,4, 5,and 6
are Kpr, Kpr N, Ny, Ng, and N, respectively.

The number of constraints is larger than the number of unknowns (i.e., N; > N,). The unknowns, s, are esti-
mated by seeking the values to minimize the objective function, as

N |

Ne
Z (M, K)Fi(s)]? (20)
K=1

The N,-dimensional vector s denotes the logarithm of ocean wave spectral values (log (Gy)), wind speeds
(log (uy)), and wind directions (6,,). The function Fx denotes the constraints in section 2.1. The parameter A,
(M, K) is the weight, which should be given adequately. The index M denotes the type of constraint, while
the number K is the index number of the equations. Here index number M (M = 1,.. .,6) is the same as the
constraint number in section 2.1. For example, M = 3 is constraint 3 in section 2.1 (energy balance equa-
tion). In this case, the range of K for M is

Kg(M—1) < K < Krg(M) (21)
Krg(M):Krg(M_1)+NC(M) (22)

where Ki4(0)=0, and N.(M) is the number of constraints for M. The values of N.(M) are Nc(1) = Kpy,
Nc(2) = Kpr, N(3) = Nc(4) = N(6) = Ny, and N.(5) = N,. The weight /,(M, K) is dependent on M only for
M>3.
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The contribution to the solution of the cell-averaged Doppler spectrum from many Doppler spectra is large,
while the contribution of averaged Doppler spectrum from a few Doppler spectra is small. The weight
Anw(M,K) for M= 1 and 2 is dependent on the number of Doppler spectra for averaging, explained in section
2.7. The weight is written as

D (M, K)= DN (i jyomy)  (M=1,2) (23)

where N(ixj,,m;) is the number of Doppler spectra for averaging in the cell (i, j,) and the radar index num-
ber m,. The parameters A,y (M =1, 2) are adequately given. The number of Doppler spectra for constraints
1 and 2 in section 2.1 are the same here. The algorithm to solve the optimization problem of equation (20)
is the same as in Hisaki [2006, 2009].

3. Data Analysis

3.1. Observation

The Doppler spectra from 17 April 1998to 13 May 1998, observed to the east of Okinawa Island,
Japan, were used for analysis. Observations are described in Hisaki et al. [2001] and Hisaki [2002].
Radio frequency was 24.5 MHz, and Bragg frequency fz = wg/(21) was 0.506 Hz. The sampling inter-
val of radar signals was 0.5 s, which gave a Nyquist frequency of 1 Hz. Resolution in the Doppler
frequency was 1/128 Hz.

Figure 2 shows the HF radar observation area. In the figure, the radar locations are A (26.12° N, 127.76° E)
and B (26.31°N, 127.84°E). Beam directions of radar A are from 43.5°T to 126°T. Those of radar B are from
118.5°T to 201°T. Beam step is 7.5°, number of beam directions for each radar is 12, and range resolution is
1.5 km. The black triangles and squares in Figure 2 are sampling points of Doppler spectra from radars A
and B, respectively. The temporal resolution of observed Doppler spectra was 2 h. The period of analysis
was from 0 LST (Local Standard Time) 17 April 1998to 22 LST 13 May 1998.

Waves were measured at position N in Figure 2 using the Ultrasonic Wave Gauge (USW) (Port and Harbour
Research Institute, Japan). The USW measures surface waves at 0.5 s intervals. Significant wave heights were
estimated using the zero-up-cross method based on 20 min of observation of surface displacements at 2 h
intervals [e.g., Hisaki, 2007]. The water depth at N in Figure 2 was 46 m.

The regular grids for wave estimation are indicated in Figure 2. The x direction is eastward and the y direc-
tion northward. Number of grid points is N, = N, = 4 for both x and y directions; grid size is Ax=Ay=9 km.
Symbols + in Figure 2 designate the centers of the regular cells processed from radial grids. The grid center
position for iy, = j, = 1is (25.95°N, 127.9°E).

The wave parameters estimated by the HF radar were the same as those in Hisaki [2009]. The wave fre-
quency parameters in equation (11) were A, = 1.15, @pin/(27) = 0.049 Hz, and My = 21. The maximum
wave frequency was mpmax/(27) = 0.813 Hz; the wave direction parameter in equation (12) was M, = 18; and
the number of unknowns was N, = 6080.

The Doppler frequency ranges of the second-order scattering for wave estimation were 0.61 < |wpy| < 0.94
and 1.06 < |wpn| < 1.39 at the 0.03 interval, and Kp (ix, ji,, m,) =48 for Ng(ix, j,, m;) > 0. The normalized
Doppler frequency interval 0.03 is different from that of measured Doppler spectra (1/(128f3)). The value P,
(wpn) for the cell-averaged Doppler spectrum was interpolated with respect to the Doppler frequency.

The noise floor was subtracted from the cell-averaged Doppler spectrum, and evaluated by averaging
the lowest quarter of the Doppler spectral values. The evaluated noise floor was much smaller than the
second-order Doppler peak values. The mean ratio of the second-order Doppler peak to the noise floor
was 13 dB.

The weight in equations (20) and (23) was Aw1/Aw2=(" /vz)”z, where v, is the degree of freedom of the
integrated first-order Doppler spectrum, and v, is the degree of freedom of the second-order Doppler spec-
trum. Sampling variability in the spectral estimate is inversely proportional to the square of the degree of
freedom. Here the values were v; =72 and v,=11 [e.g., Hisaki, 2005, 2009]. Other weights were /,,,=10, and
Jw(M,K)=1 for M > 3. We calculated for different values of the weights, and wave estimation results were
similar to those presented in this paper.
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Figure 2. Map of HF radar observation area.

3.2. Selection of Doppler Spectra

If a Doppler spectrum is significantly contaminated by noise, radar-estimate wave data will not be good.
The selection of Doppler spectra is critical for wave estimation. The methods and criteria for selecting Dopp-
ler spectra are as follows:

1. Manual selection.

2. Identification of first-order scattering.

3. Classification of Doppler spectra by the self-organizing map (SOM) analysis.
4. Ratio of the second-order scattering to the first-order scattering.

A manual selection of Doppler spectra may be useful. However, it is impossible to select manually from too
many Doppler spectra. This method was applied only for Doppler spectra averaged over the observation
period. Figure 3 shows examples of averaged Doppler spectra from radar A and beam direction 96°T. The
corresponding distances of Doppler spectra from radar A are from 3 to 51 km in Figure 3.

The second-order scattering is not so clear in averaged Doppler spectra from 3 km (red line) to 9 km (red
line) in Figure 3. The Doppler peaks at wpy ~ —0.4 for longer distance are spurious, because this Doppler
peak becomes larger as distance increases. The Doppler peaks at wpy ~ —1.7 for longer distances are also
spurious. The distance of the Doppler spectra passed criteria 1 for this radar A and beam direction 96° T
was from 10.5 to 30 km. This selection was performed for both radars (A and B), and for 12 beam directions
for each radar manually. The ranges of the distance of Doppler spectra from the radar were decided for
each radar and beam direction manually from Doppler spectra averaged over the observation period. Out-
of-range Doppler spectra were not used for wave estimation. Some other spectra within the range were
also not used for wave estimation.
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M the first-order scattering Doppler
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L e~ 1 50 and Weisberg [2005] and Hisaki
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Figure 3. Averaged Doppler spectra for various ranges (distances from the radar). The by noise.
radar is A in Figure 2, and the beam direction is 96°T. The left vertical axis indicates the . .
distance of each Doppler spectrum from the radar. The right vertical axis indicates the SOM analySIS evaluates the Welght
relative signal intensity in decibels. vectors and the best-matching

unit (BMU). The BMU is the group
number, and the weight vector shows the pattern of the group. The SOM array is the array of weight
vectors. The distance between two units in the SOM array indicates the similarity of the groups. For
example, in the case of the KsXKs SOM array, the BMU is from 1 to KSZ. The distance between BMU = 1
and BMU =2 is 1, and the distance between BMU =1 and BMU = Ks + 1 is also 1, this shows that the
groups of BMU = 2 and BMU = K5 + 1 are the most similar to the group of BMU = 1. The distance
between BMU = 1 and BMU = K2 is (Ks—1)+/2, which shows that the groups of BMU = 1 and BMU = K?
are the most dissimilar to each other.

A Doppler spectrum is converted to

P((2m73)wDN)

Q(Q)DN):10|09 10( P(2m73)

> (m=1 or 2) (24)

where m = 1 for P(—=1) > P(1), and m = 2 for P(—1) < P(1). The maximum value of Q(wpy) is 0 dB at wpy = 1.
This conversion aims to avoid to classify the Doppler spectra of P(—1) > P(1) and those of P(—1) < P(1) into
different groups. The Doppler spectrum is normalized by the peak value of the Doppler spectrum, and then
converted into decibels. The Doppler frequency range for the classification is wpgy < [wpn]| < Wgan, Where
wpan and wgqy are given parameters.

The first 1000 Doppler spectra that satisfied criteria 1 and 2 were used for classification. They were classified
into Ks X Ks groups. We selected the groups that included the Doppler spectra contaminated by noise. The
1000 Doppler spectra were used to establish group numbers (BMU) and typical patterns (weight vectors) of
Doppler spectra for each group. Other Doppler spectra that satisfied criteria 1 and 2 were classified into any
group of Ks X Ks groups. If the Doppler spectrum belonged to the noisy Doppler spectrum groups, it was
not used for wave estimation.
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The parameter

o 1/2
Rip= |:8 j—oo PZ(wDN>/W((UDN)deN:|

Iiom P1 (wpn)dwpy

|:8 E Jw:d‘j\,,\/ Pz 2m—3)wpy) /w( (uDN)deN:| 1/2

(’)duN
deN

P 1 (wpn)dwpy

where w(wpy) is the weighting function for normalized Doppler frequency wpy defined in Barrick [1977] was
evaluated for the Doppler spectra that passed criteria 1-3. The value of R, can be seen as a rough approxima-

(a)1=01, 9.40 %

10k

—15 [

dB

—20f
—25 [

-30f

-35 4

-1.5 -1.0 -0.5 0.0 0.5
Normalized Doppler

1.0 1.

Freq.

(b)i=25, 9.10 %

—10f

—15 |

dB

-20

tion of the wave height [Barrick, 1977]. If
the value of R;, for a Doppler spectrum
was much larger than those of other
Doppler spectra, that spectrum was
excluded from wave estimation.

4, Results

4.1. Doppler Spectrum

The SOM was applied for Q(wpy) in equa-
tion (24). The parameters were Ms =5,
Wpgy = 0.5, and wggy = 1.5.

Figure 4 shows the weight vectors of
SOM classification of Q(wpy) in equation
(24) for BMU = 1 and BMU = 25. The
weight vector shows the classification
pattern for each BMU. The examples in
Figure 4 are frequent patterns. The dis-
tance between the BMU = 1 and

BMU = 25 was the longest in the SOM
array, which means that these patterns
were opposite to each other. The fre-
quency for BMU = 1 was 9.4% (Figure 4a),
which means that 1000 X 0.094 = 94
Doppler spectra belonged to this group.
The frequency for BMU = 25 was 9.1%.
The second-order scattering peaks are
clear in Figure 4a, and not in Figure 4b.
The noise floor was about —35 dB in Fig-
ure 4a, and about —19 dB in Figure 4b.
Thus, the group BMU = 25, and groups
close to it, such as BMU = 19, 20, and 24,
were the noisy Doppler spectra groups.

Figure 5 shows examples of Doppler

—25 — — spectra P(wpy) for BMU = 1 and 25. The
] second-order Doppler peaks can be seen
_30L ] in most of the Doppler spectra for
[ ] BMU = 1 (Figure 5a). They are quasiab-
45 [ ] sent for BMU = 25 (Figure 5b). The SOM

-1.5 -1.0 -0.5 0.0 0.5
Normalized Doppler

1.0
Freq.

-

is useful for isolating the noisy Doppler
spectra. However, it is better to use the
SOM in combination with other methods,
such as a method of criteria 4, to select

Figure 4. Weight vectors, which are explained in section 3.2, for (a) BMU = 1

and (b) BMU = 25, classified Q(wpy) in equation (24) by the SOM. Doppler spectra for wave estimation.
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The number of Doppler spectra for wave estimation per observation is

NDT*Z ZXZNd (ixsJy, mr) = Z Nor(m:) ZXZN“’ (Fesy) (26)

m=1ix=1j,= m,=1 ix=1jy=

where Ny (ix, j,, my) is used in
(a)i=01, 9.40 % equation (23), Npg(my) is the

number of Doppler spectra
available for wave estimation of
the radar m,, and Ngg(ix, j, ) is
the number of Doppler spectra
in the cell (iy, j,) available for
wave estimation.

Figure 6a shows the time-
averaged values of Neg(iy, ji ).
The mean values of Ncy(ix, jy)
were 0 at (i, j,) = (1, 1), (3, 1),
(4, 1), and (4, 2): there were
no Doppler spectra for wave
estimation over the entire
observation period at these
cells. The mean values of
Nea(ix,jy) were less than 1 at
(i jy) = (1, 4), (4, 3), and (4, 4),
which means that there were
no Doppler spectra during
> -1 o 1 most of the observation period
at these cells. The mean val-
ues of Neg(ix,jy) were larger at

(b)i=25, 9.10 % (i j,) = (1, 3) and (2, 3), which

Normalized Doppler Fregq.

showed that SN ratios of
220 Doppler spectra in the cells
200 were higher than in other
cells.
180 Figure 6b and c show the time
160 mean values of the numbers of
Doppler spectra available for
140 wave estimation for radar A
m 120 (Nd(l.)ﬁjy7 1)) and radar B
© (Ng(ix,jy, 2)), respectively. The
100 mean value of Ny (iy,jy, 1) was 0
80 at cells (i, j,) = (1,1), (3, 1), (4,
1),(4,2),4,3),01,4),2,4,0 4,
60 and (4, 4). The value of Ny(iy, jy,
40 2) was 0 at cells (i, j,) = (1, 1),
2,1),361,41),3,2),and
20 (4,2). Cells (iy, j,) = (2, 1), (4, 3),
0 (1,4),(2,4),(3,4),and (4, 4)

were single radar Doppler spec-
Normollzed Doppler Freq. trum cells during the observa-
tion period. The regular cell

Figure 5. Examples of Doppler spectra P(wpy) for (@) BMU = 1 and (b) BMU = 25, classified
Q(wpp) in equation (24) by the SOM. The vertical axis indicates the relative signal intensity (i 'ly) (2,4) was closest to the

in decibels. in situ wave observation pomt.
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Figure 7a shows the time series of the number
of total Doppler spectra for both radars (Np7),
radar A (Npr(1)) and radar B (Npg(2)), in equa-
tion (26) for wave estimation. Figure 7b shows
the time series of the number of Doppler spec-
tra Ned(ix, jiy) for wave estimation in the regular
cell at (iy, j,) = (2,4). There were no Doppler
spectra for wave estimation from 18 LST to 22
LST 20 April 1998 (Figure 7a). Ocean wave spec-
tra were therefore not estimated at that time.
The time-averaged value of Npr was 106 for
Npr> 0, which means that 106 Doppler spectra,
on average, were used for wave estimation. The
time-averaged value of N.4(2,4) was 12, which
means that, on average, 12 Doppler spectra in
the regular cell (i, j,) = (2,4) were used for
wave estimation. The value of Npy varied with
time. The maximum was 144, and the minimum
was 40 for Npr > 0. The maximum of N4(2,4)
was 18 and the minimum was 0 for Npr > 0.
The beam direction (i, j,, m/) also varied
with time.

L
|
EEE

-
o

-
@
©
©

4.2. Wave Estimation

Figure 8 shows examples of ocean wave direc-
tional spectra 2nG(2xf, 0)(f=w/(2n)) in cell

(ixs jy) = (2,4), which was closest to the in situ
wave observation point. Although the Doppler
spectra of radar B only were included in the
cell, the wave directional spectrum could be
estimated. The estimated wave height is 1.76 m
in Figure 8a, while the in situ measured wave
height was 1.42 m, relatively high for the obser-
vation period. The estimated wave height is
0.96 m in Figure 8b, while the in situ measured
wave height was 0.97 m.

S

The peak wave direction is about 6 = 120° in
Figure 8a, which means that the dominant
wave propagated northwestward. The peak
wave direction is about § = —160° in Figure 8b,
which means that the dominant wave propa-
gated west-south westward. The waves are
propagated from offshore.

4 s.0

o The hindcast dominant wave direction at
I-,» (26°N, 128°E) by JMA (Japan Meteological
Agency) was east-southeast at 9 LST (0 UTC)
21 April, and the wind at the location was
southeasterly. The hindcast dominant wave
directions were east at 9 LST 7 and 8 May,
. ) ) and winds were southerly [Japan Meteologi-
Figure 6. (a) Time-averaged value of the number of available Doppler

spectra for wave estimation per observation, N4 (i, j,) in equation (26); cal Agency, 1999]. Dominant wave directions
(b) same as Figure 6a but for radar A (Nq(ix, jy, 1)); (c) same as Figure 6a of radar-estimated wave spectra agreed with

but for radar B (Na(i.Jy. 2))- those predicted by JMA.

I I I
I I I
] :
I I I
I I I
I I I
I I I
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(a)Time series of Doppler spectra Figure 9 shows the comparison
180T 7T T T T

between USW wave heights (H,) and
radar-estimated wave heights (H,) in
the cell closest to the in situ observa-
tion point. The maximum in situ wave
height H; was 1.57 m at 8 LST 21 April.
The wave conditions were calm during
the observation period. There were 321
T comparisons. The correlation coeffi-
0 2 4 6 8 10 12 14 cient between H, and H, was 0.82 with

Number

o ) IS | S S R
18 20 22 24 26 28 3

APRIL MAY an rms difference of 0.22 m. There was
(b)Time series of Doppler spectra good agreement between USW wave
20 71— —

LR L L heights and radar-estimated wave

heights. The linear regression line in
Figure 9b is H, = 1.14 H, + 0.045, indi-
cating that radar-estimated wave
heights were slightly higher than USW
wave heights.

Figure 10 shows the mean radar-
estimated wave heights during the

ol v v e 1l
18 20 22 24 26 28 30 2 4 6 8 10 12 14

APRI L MAY observation period. Mean wave heights
ranged from 1 to 1.2 m. Mean wave
Figure 7. (a) Time series of the number of Doppler spectra for wave estimation. height was higher further offshore.

Green: Nprin equation (26). Red: Radar A (Npg(1)). Blue: Radar B (Npg(2)). (b) Time
series of the number of Doppler spectra for wave estimation in the cell closest to
the wave observation point. Neg (i, jy ) at (i j,) = (2, 4).

5. Discussion and Conclusions

We developed a method for estimating
ocean wave spectra from HF radar, called the HIAS (HF radar Inversion Algorithm for Spectrum estimation).
Doppler spectra used for estimating ocean wave spectra must not be contaminated by noise. However,
many Doppler spectra are noise contaminated. We used the SOM, along with the other criteria listed in sec-
tion 3.2 to select Doppler spectra.

We assumed that the wavefield was statistically homogeneous in the regular grid cell of Ax X Ay. The Doppler
spectra available for wave estimation change over time. The Doppler spectrum data are tractable due to the
assumption, however, because we only averaged Doppler spectra for wave estimation and positions. If homoge-
neity in the cell is not assumed, the cell-averaged Doppler spectrum would be expressed in terms of the wave
spectra at the four grid points surrounding the cell. The inversion then becomes more complicated than that
used in the present method.

Six kinds of constrains were used in the present method. It may be possible to estimate wave spectra with-
out the energy balance equation (constraint 3). We also estimated wave spectra for the same weights
AnlM,K) as in section 3.1, except for 4,,(3,K) = 0, which means that the energy balance equation was not
incorporated into the inversion. The correlation coefficient between in situ measured wave heights (H) and
the radar-estimated wave heights (H,) was 0.71 with an rms difference of 0.35 m. This result was poorer
than that in section 4.2. Therefore, we conclude that it is necessary to incorporate the energy balance equa-
tion into the inversion.

The regular cells were classified into three groups. The first was the dual radar Doppler spectrum cell, in which
Ng(ix,jy, 1) # 0 and Ny(ix, jy, 2) # 0. The second the no-radar Doppler spectrum cell, in which

Nq (i, jy, 1)=Na(ix, jy, 2)=0. Finally, the third was the single radar Doppler spectrum cell, which is only

Ng(ix,jy, 1)=0, or Ng(iy, ji,, 2) =0. These cell types vary with time. The regular cell at (i, j,) = (2,4) was a single radar
Doppler spectrum cell for most of the observation period; this cell (iy, j,) = (2,4) was never a dual radar Doppler
spectrum cell.

The agreement between in situ measured wave heights and radar-estimated wave heights was good at this
cell. Previous methods for estimating wave spectra from HF radar developed by other groups [Wyatt, 1990;

HISAKI
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(a) 06 JST 21 04 1998
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Figure 8. Examples of ocean wave spectra 27G(2xf, 0)(f=w/(2n)) in the cell (i, j,) = (2,4) at (a) 6 LST 21 April 1998 and (b) 22 LST 7 May 1998.
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(a) Time series of wave heights Hashimoto et al., 2003; Wyatt et al., 2011] can
Tt rr T only estimate wave spectra for dual radar

f[ Doppler spectrum cells. This study demon-

strates the advantages of the present method.

1.2
: 08 The wave spectra in the no-radar Doppler
spectrum cell were estimated by interpolation
0.4 or extrapolation from constraints 3 and 6 in
0 0l section 2.1. The grid cell (i, j,) = (2, 4) was a
18 20 22 24 26 28 30 2 4 6 8 10 12 14

no-radar Doppler spectrum cell only at 18 LST

12 May (Figure 7b), as well as from 18 LST to

(b) Scatter deagram 22.LST ?0 April. The radar-estimaFed wave

2 g height in the cell was 1.32 m, while the USW

wave height was 0.79 m at 18 LST 12 May. The

radar-estimated wave heights in the cell at 16

LST 12 May and 20 LST 12 May were both

0.99 m. The wave height at 18 LST 12 May was

thus overestimated, probably due to the noise-

contaminated Doppler spectra, because the

radar-estimated wave height in the cell

(i jy) = (2, 2) was much larger than those in

the surrounding cells at the time. Further

improvement of the method for selecting

> Doppler spectra is necessary. The validity of
Hs (m) wave estimation for no-radar Doppler spec-

) _ o e it e cell trum cell should be explored further. The rela-

o, Compatin of o el s Rl 1) 2% 41 Gonship between the accuracy ofthe radar-

(Blue: H,, red: H,); and (b) scatterplot between H, and H,. The linear line estimated wave height and Ney(ix, j,) remains
is the regression line. unclear.

APRIL MAY

(m)

The Doppler spectra for constraints 1 and 2 in section 2.1 are the same in the present estimation, as indi-
cated in equation (23). However, the first-order Doppler spectrum for constraint 1 in section 2.1 can be used
even though the second-order scattering is contaminated by noise. This improvement will be explored.

The advantage of the method is that wave spectra can be estimated in both single and dual radar Doppler
spectrum cells. In addition, the area for wave estimation can be set flexibly. The wave estimation area is set
so that most of the cells are dual and single radar Doppler spectrum cells. The conditions for selecting the
wave estimation area are less restrictive than those of other methods.

The advantage of the present method over the single radar method is that the area of wave estimation is
also more flexible than that in the single radar method. If two radars are used, and the wave spectra are esti-
mated by the single radar method for each radar, the area of wave estimation is wider. However, attempt-
ing to combine wave data from two radars is problematic. The wave data from each radar differ from each
other, even in the radar overlapping coverage area. If the wave data in the overlapping coverage are cor-
rected, wave data in the nonoverlapping coverage must be also corrected. The present method combines
the wave data from multiple radars.

In addition, the method of quality control is improved compared with that in Hisaki [2009]. Control is per-
formed for radar-estimated wave data in Hisaki [2009]. As a result, many radar-estimated wave data were
discarded. Quality control was performed for the Doppler spectra in the present study. Even if only a few
Doppler spectra for wave estimation are not good quality, the radar-estimated wave data will not be good
quality. Therefore, the number of rejected wave data by the present method is smaller than that of the pre-
vious method [Hisaki, 2009].

The drawback of the current method is that it requires substantial computer memory, and, as a result, spa-
tial and spectral resolutions are coarse. If we want to estimate wave spectra at higher spatial resolution, the
wave estimation area must be narrower. This drawback can be resolved by advances in computer perform-
ance and memory.

HISAKI

©2015. American Geophysical Union. All Rights Reserved. 14



@AGU Journal of Geophysical Research: Oceans

10.1002/2014JC010548

Acknowledgments

This study was supported by a grant-
in-aid for scientific research (C-2) from
the Ministry of Education, Culture,
Sports, Science, and Technology of
Japan (26420504). The GFD DENNOU
Library (http://dennou.gaia.h.kyoto-u.
acjp/arch/dcl/) was used for drawing
figures. The Doppler spectra were
provided from Okinawa
Electromagnetic Technology Center,
National Institute of Information and
Communications Technology, Japan
(http://okinawa.nict.go.jp/EN/). The
wave data were provided from Coastal
Development Institute of Technology,
Japan (http://www.cdit.or.jp/).
Comments from anonymous reviewers
were helpful in improving the
manuscript.

Figure 10. Mean radar-estimated wave heights during the observation period.

Our conclusions can be summarized as follows. We developed a method for estimating ocean wave spectra
from HF radar by extending the method of Hisaki [2005, 2006, 2009, 2014] to multiple radar cases and regu-
lar wave estimation grids. A method for selecting Doppler spectra for wave estimation was also developed.
The method was verified by comparing in situ observed wave height with the radar-estimated wave heights
in a single radar Doppler spectrum cell in which the wave directional spectrum could not be estimated by
the previous methods of other groups.
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