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ABSTRACT: An examination of the applicability and accuracy of the empirical wave inversion method in the presence of
swell waves is presented. The ability of the method to invert Doppler spectra to wave directional spectra and bulk wave
parameters is investigated using 1-month data from a 12-MHz Wellen Radar (WERA) high-frequency (HF) radar system
and in situ data from a wave buoy. Three different swell inversion models are evaluated from Lipa et al. (LPM), from Wang
et al. (WFG), and empirical (EMP), an empirical approach introduced in this study. The swell inversions were carried out
using two different scenarios: 1) a single beam from a single radar site and two beams from a single radar site, and 2) two
beams from two sites (a single beam per site) intersecting each other at the buoy location. The LPM method utilizing two
beams from two different sites was found to provide the best estimations of swell parameters (swell height RMS error:
0.24 m) and showed a good correlation with the partitioned swell in situ values. For the wind-wave inversion, the empirical
method presented here is used with an empirical coefficient of 0.3, which seems to be suitable for universal application for all
radar operating frequencies. The inverted swell parameters are used to create a swell spectrum that is combined with the
inverted wind-wave spectrum to create a full directional wave spectrum. The wave inversion method presented in this study
although empirical does not require calibration with in situ data and can be applied to any beam-forming system and
operating frequency.

KEYWORDS: Ocean; Gravity waves; Waves, oceanic; Wind waves; Inversions; Algorithms; Buoy observations; Data processing;
Data quality control; In situ oceanic observations; Measurements; Radars/Radar observations; Regression analysis; Sea/ocean
surface; Sea state; Remote sensing

1. Introduction utilized (Barrick 1977b) to develop an inversion technique for
estimating ocean waves from the Doppler spectrum. Lipa
(1977) linearized Barrick’s equations and used a stabilization
technique to carry out the inversion of a theoretical wave
spectrum. Subsequently, several other inversion methods were
developed that included the application of singular value de-
composition (SVD) techniques (i.e., Gill 1990; Howell and
Walsh 1993; Zhang and Gill 2006) for bistatic radar systems,
the Chahine-Twomey relaxation method (Wyatt 1990), or
provided direct solutions of the nonlinear integral equations
(Hisaki 1996). However, the simpler empirical method of
Barrick (1977a,b) has been the basis for a number of wave
inversions of HF radar Doppler spectra, including those de-
scribed in Maresca and Georges (1980) and Heron et al. (1985).
Gurgel et al. (2006) extended the empirical algorithm to allow
for the estimation of wave directional characteristics using the
Doppler spectra from two phased array HF radars located at
different locations along the coast. Lopez et al. (2016) evalu-
ated the method of Gurgel et al. (2006) and noted that the
empirical coefficients required by that method were different
than those suggested by Gurgel et al. (2006) even after ad-
justing for differences in operating frequency.

Although these studies focused on wind-wave inversion,
discrepancies were found when swell waves were present (e.g.,
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—_— and Prytz 2002). Lipa and Barrick (1980) showed that the ex-
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Doppler energy spectra estimated from electromagnetic
(EM) waves backscattered from the ocean surface (Crombie
1955) contain information on both surface currents and ocean
waves. The first-order spectral peaks are due to backscatter by
ocean waves with a wavelength half the EM wave wavelength;
the shift from the theoretical Bragg frequency is used to esti-
mate the ocean surface current along the direction of the beam
(radial currents; e.g., Paduan and Rosenfeld 1996). The spec-
tral continuum present on either side of each first-order Bragg
peak (second-order scattering) is the result of nonlinear in-
teractions between the EM waves and a combination of ocean
surface waves that satisfy the requirement that the sum of their
wavenumber vectors equals that of the Bragg wave (i.e.,
Stewart 1971; Hasselmann 1971; Weber and Barrick 1977).
This continuum is referred to as the second-order sideband
spectrum and it contains the signature of the ocean waves
present at the surface of the ocean.

The relationship between ocean waves and high-frequency
(HF) radar Doppler spectra has been described theoretically in
Barrick (1971) and Barrick and Weber (1977), and it has been
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from that developed for wind waves. Lopez et al. (2016) noted that
the amplitude of the empirical calibration coefficients varied sig-
nificantly at low wave frequencies (f < 0.12 Hz) and this variability
was dependent on the angle between the direction of swell
propagation and radar beam (swell cross angle). Higher values
were estimated for cases when the swell cross angle was close to
90°, while the values were reduced for smaller swell cross angles.
Similar directional dependence was also reported earlier in Lipa
and Barrick (1980) and wave inversions using both theoretical
(Wyatt 1999) and empirical (Gurgel et al. 2006) methods.

More recently, Alattabi et al. (2019) used a hybrid empirical
inversion technique that combines Barrick’s (1977b) original
wind-wave inversion method and a simplified swell inversion
method to reconstruct the wave spectrum from a very high-
frequency (VHF, 48 MHz) radar system. In their study, it was
shown that the regression coefficient for wind-wave inversion
was not wave frequency dependent as suggested by Gurgel et al.
(2006) and Lopez et al. (2016); an almost constant value was
proposed that was similar to that found in the studies of Ramos
et al. (2009) and Heron and Heron (1998) who used different
frequency radar systems. These findings suggested a universal
application of the empirical inversion method that if true, makes
in situ calibration redundant. However, in Alattabi et al. (2019)
the swell inversion assumed no directional dependence, mainly
due to the short ranges and shallow water depths the data cor-
responded to. At such shallow depths, the swell crests are almost
parallel to the coastline due to wave refraction and there is
minimal directional variability; these conditions allowed for the
adoption of an empirically defined, non-directional-dependent
coefficient for the estimation of swell wave height.

This study extends the hybrid empirical method of Alattabi
et al. (2019) for swell conditions of variable directionality and
tests its universality using a radar system of different frequency
(12MHz) than that used in the original study (48 MHz). The
hypothesis is that if the empirical coefficient for the wind-wave
inversion module is similar to that obtained using the 48-MHz
system then the module is universally applicable. The exten-
sion of the model for variable swell conditions is carried out by
evaluating the performance of the swell inversion methods of
Lipa et al. (1981) and Wang et al. (2016) and comparing it
against an expanded form of the simplified parameterization
used in Alattabi et al. (2019) that allows for swell directionality.

In this manuscript, section 2 describes briefly the theoretical
swell inversion models presented elsewhere and presents the
development of the expanded empirical method of Alattabi
et al. (2019) for swell and wind-wave (empirical) inversions.
Section 3 presents the data used to evaluate the inversion
models described in section 2, while the methodology used is
described in section 4. Section 5 presents the swell inversion
results, and in section 6 the findings are discussed in detail.
Finally, the conclusions of the study are presented in section 7.

2. Inversion models

a. Theoretical swell inversion model

Lipa and Barrick (1980) described in detail methods for ex-
tracting long (swell) wave information from second-order Doppler
spectra derived from HF radars. Later, Lipa et al. (1981) evaluated
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Fi1G. 1. Example of HF radar Doppler backscatter spectrum
obtained from the HF radar (12 MHz) used in this study. The lo-
cations of the four peaks (f; to fy) due to swell waves are shown.
The horizontal lines denote the regions of the Doppler spectra that
the values of m; and m, correspond to [see Eq. (1)].

these methods using sea-echo data from a narrow beam HF radar
system on the Pacific Ocean. In their study, they used swell
conditions of varying complexity including monochromatic,
unidirectional with a directional spread, and combination of
two monochromatic swell systems. If a monochromatic swell
(i.e., single direction and frequency (f;) is present, then four
peaks appear on the Doppler spectrum at frequencies (fp;)
given by

1/4
fD]' = m](fg +fa4 + 2m2f;2f§ COSQS) + me,‘v’ (1)

where 6, is the swell propagation direction with respect to the
radar beam direction (i.e., swell cross angle); ihe index j (=1 to
4) defines the position of the peak within the region of the
Doppler spectrum (from left to right), which in turn is defined
by the parameters m; and m, [i.e.,j = 1, 2, 3 and 4 when (m;,
my) = (=1, 1), (=1, 1), (1, —=1), and (1, 1), respectively, see
Fig. 1 for details]; and f5 is the frequency of the first-order
Bragg peak identified in the Doppler spectrum (including
currents).

Equation (1) allows for the estimation of the swell cross
angle using

b ooet [HadF =8

M @

where Af is the frequency separation (distance) between the
swell-induced Doppler peaks around the positive (Af * = fp4 —

fps) and negative (Af~ = fp, — fp1) Bragg peaks (see Fig. 1).

Swell direction (6sy) is then estimated as g, = 6, — 6, where 6,
is the radar beam direction. The frequency of the swell is es-
timated as

=N 3

and assuming deep-water conditions the wavenumber is
given by

kso = (2’77-)2(AfJr + Af7 )2/16g (4)
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FIG. 2. (a) Variability of normalized coupling coefficient for each swell peak around the Bragg peaks (j = 1 to 4;
gray lines) as a function of swell cross angle. (b) Variability of various combinations of averages using the values
shown on the left: (i) average of all four coefficients (j = 1:4, in blue); (ii) average of the two coupling coefficients
corresponding to the negative (j = 1:2, in red) and positive (j = 3:4, in orange) sides of the Doppler spectrum.

For any arbitrary depth /4 the swell wavenumber k; is related
to the deep-water wavenumber through (Phillips 1966)
k =k  tanh(k_h). )
Based on Lipa and Barrick (1980) the root-mean-square
(RMS) swell wave height can be obtained from each side of the
Doppler spectrum using the ratio R; = o2( fp;)/o1( fam, ), Where
o2(fp;) is the second-order Doppler spectral energy level cor-
responding to the swell peak and o7 ( fg,) is the adjacent first-
order Bragg peak (i.e.,m; = —1forj =1 or 2 and m; = 1, for
j =3 or4,see Fig. 1) so that

H2 = R/ . (6)

Mok, 0)1C
T; (ks, 65) in Eq. (6) is the coupling coefficient that represents
the hydrodynamic and electromagnetic interaction of the
electromagnetic wave with the ocean waves at each region
(defined by j) of the Doppler spectrum; and C; is a residual
term related to the background wind-wave field. Lipa et al.
(1981) and Lipa and Barrick (1980) assumed C; = 1, while
Wang et al. (2016), using a Pierson-Moskowitz wave spectrum
to describe the background wind waves, suggested that C; is
approximated as

C = [1+ (k,k,)* 14 +m,k cost k]2, (7)
where 6, is the swell cross angle, and k; and k,, are the swell and
radar wavenumbers, respectively. The value of m; = =1 de-
pends on the region of the Doppler spectrum the swell peak is
located (i.e., m; = —1 forj = 1,2 and m; = 1 for j = 3, 4,
see Fig. 1).

The coupling coefficient I'; (k,, 6;) in Eq. (6) can be esti-
mated (see appendix A in Wang et al. 2016) for each region j of
the Doppler spectrum and any depth 4 as the sum of the
electromagnetic and hydrodynamic coefficients (see Fig. 2).

Application of the model described by Egs. (2) and (3)
(herein referred to as LPM1) requires identification of all four
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swell peaks from both sides of a single Doppler spectrum.
When only two swell peaks, from one side of the spectrum, are
identifiable then two beams from two different radar sites (i.e.,
different cross angles) can be used. Following Lipa et al.
(1981), if the angle between the two beams is ¢, then the
Doppler frequencies corresponding to the swell peaks are
given by

1/4

b
Ioj = ml(fgj +fS4 + 2m2fff§cosﬂs) + m,f,

(®)
and

1/4

fl}% = ml[fgj ++ 2m2f§,2f%cos(0s + ¢)] 9)

for beams by and by, respectively. In this case the swell cross
angle (6,) above is defined with reference to beam b;.The
normalized second-order energy at the corresponding swell
peak and beam are

+m,f,

by _ 2 |1bl 2
Rj1 =2H; |F]. (ks,es)\

W

(10)

and

b.
R} =2H

W

TP2(k,, 60, + ¢)[". (11)

In this case, as suggested by Lipa et al. (1981) and later
discussed by Shen et al. (2012), estimates of swell frequency (f)
and cross angle (6,) are obtained using Egs. (8) and (9)
through a least squares minimization method, while swell
height (Hyy,) and cross angle () are obtained using Egs.
(10) and (11).

The same approach [i.e., Egs. (8)—(11)] could be im-
plemented using two beams from a single radar site, as in Lipa
et al. (1981). However, in the latter case the angle between the
two beams should be at least 2 times greater than the beam-
width as to ensure that the corresponding Doppler spectra are
independent from each other and represent different patches
of the ocean surface (Voulgaris et al. 2011). However, this
approach assumes that the swell conditions are similar at the
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two locations, an assumption that might be violated especially
for longer ranges as the two beams look at different areas of the
ocean. Despite this weakness this method might be the only
option available when data from only one HF radar is avail-
able. Hereafter, this method (i.e., use of two beams) is referred
to as the LPM2; method, with the subscript i denoting the
number of sites used (i.e., LPM2; denotes application using
two beams from a single site while LPM?2, indicates use of two
beams from two different sites, for more details see section 4).
More recently Wang et al. (2016) presented a swell inversion
method that uses Eq. (3) for obtaining f; and a least squares
method to minimizes the difference (Q) between the theoret-
ical (R;) and measured (R;) swell peaks:
0= z (Rj_Rj)z‘ (12)
j=1:4

The RMS swell wave height is obtained by setting dQ/d Hy, =

0, so that

4Y RIT(k.0)]C
, et U !

VY k.0 C
=14 !

(13)

The swell cross angle is estimated by substituting Eq. (13)
into Eq. (6) for use in Eq. (12), which then becomes a function
of the cross angle (6,) only. The latter is defined as the value for
which Q(6;) is minimized.

The method of Wang et al. (2016) described above (herein
referred to as the WFG1 method) requires information from
both sides of the Doppler spectrum. In the case where only one
side of the Doppler spectrum is available, the method can be
modified for use with two beams (b, and b,) obtained from two
different radar systems or from two beams from a single site as
described earlier. In this case

b, b 2 b by 1 y-b 2 b
i 4;R].1|Fj‘(ks,es)| c' +;R].~|F/.2(ks,()s+¢)| o

swo

) P
Sk, 0] Cl+ ST k0, + )| €
] ]

(14)

where the superscripts by and b, denote the two different
beams (with b; being the reference beam) and ¢ is the angle
between them. Swell direction and frequency are estimated
using Egs. (8) and (9) asin Lipa et al. (1981). The wave height is
calculated using Eq. (14) and a second solution for swell di-
rection is obtained as before by minimizing Q(6). This method
is referred to as the WFG2; method, with the subscript i de-
noting the source of the two beams (i.e., from a single or two
different HF radar sites) as described earlier.

b. Empirical swell inversion model

The models described above [also see Lipa and Barrick
(1980) and Bathgate et al. (2006)] indicate a strong relationship
between swell height and the coupling coefficient; the latter
has a strong directional dependence that is shown to be related
to cos? of the swell cross angle (6,) [see appendix A in Lipa and
Barrick (1980)]. As an example, the magnitude of the coupling
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coefficient |I'|? for a 0.083 Hz swell and a radar frequency of
12MHz is shown in Fig. 2. As Lipa and Barrick (1980) and
Bathgate et al. (2006) have shown, this directional dependence
leads to singularities at high swell cross angles (=~90°) that
make swell inversion impossible (see Fig. 2 at angles
near *£90°).

In the empirical model of Alattabi et al. (2019) this direc-
tional dependence was not considered and an empirically de-
fined coefficient «; was used to estimate the swell wave height
so that

2 ZRA
Hy, =a 2’

o

(15)

where R, =} R;, with j denoting the number of swell peaks
identified (2 or 4 depending on the quality of the Doppler
spectra), and k, is the radar wavenumber. This assumption of
no directional dependence was justified by the very shallow
water depths (~5-10m) that ensured an almost constant swell
angle of approach due to wave refraction (see Alattabi
et al. 2019).

If we relax this assumption, then swell direction estimations
can be obtained using Egs. (8) and (9) presented earlier.
Alternatively, the method of Gurgel et al. (2006) can be utilized.
This empirical method assumes a direct relationship of the swell
wave directional distribution function F(¢) to the ratio of swell
peaks around the dominant Bragg peak {y, = o2(f;)/o2(f1) or
o2 (fa)loa(f2) or [o2(f3) + oa(f)lo2(fi) + o2(f2)]}, for the
positive and negative Doppler frequencies of the spectrum. The
inverted swell cross-angle direction is then estimated using the
ratio from beam 1 (y*') and beam 2 (y*2) by minimizing the fol-
lowing function:

Fo=0,) 1" [, Flo-6) 1
F(o—6, +m) T F(p—6, +m)

El

0= {yf‘ -

(16)

where F [=co0s?(0.56)] is the directional distribution func-
tion used in this study; 6,, and 6,, are the beam angles from
beams (or sites) 1 and 2. It should be noted that Gurgel et al.
(2006) used F [=sech?(-)] as to avoid singularities at high
swell cross angles. This certainly is an option but a com-
parison of the two distributions lead to only a slight im-
provement for a limited number of cases (<5%). For
consistency, in this paper we have maintained the cos® dis-
tribution although the code allows the inclusion of any
function. The value of ¢ that minimizes Q is considered to
correspond to the inverted swell direction 6y,. Once swell
direction is estimated using Eq. (16) the simple swell model
of Alattabi et al. (2019) can be expanded to allow for
changes in swell wave cross angle. This modification makes
the empirical coefficient shown in Eq. (15) to be dependent
on the swell cross angle. When averaging all coupling coef-
ficients corresponding to the individual second-order swell
peaks, the variation of the mean of |T'|? (see Fig. 2 right panel)
can be empirically expressed as

T (k,.6,) = A (k) cos"(6,). 17)
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where the overbar denotes averaged values and A; is the
maximum value for each coupling coefficient j. Based on
Eq. (17) the empirical coefficient «, in Eq. (15) can be
substituted by a,/cos"(6;) so that

2a

2 s ZR,'v

Ha = k2 cos"f T (18
where a, = 1/A;(k;), and the value of n (see Fig. 2) depends on
the Doppler spectrum side used (see Fig. 2 right panel).

A theoretical examination of A; and » for a large range of
radar frequencies (448 MHz) and swell wavelengths was car-
ried out (not shown here) and showed that when both sides of
the Doppler spectrum are used (i.e.,j = 1,2, 3,4) thenn = 2.02,
ay, = 1.18. This method is denoted as EMP1; and it can be
utilized using two beams from two sites (EMP2,) or a single
radar (EMP2,). In this case Eq. (18) can be written as

20 b

H: =—"35 R 19

W kZcos™(6,) ]-:5}3,4 7o (19)
2a b.

H:=— "5 R” 20

S e (0.7 8, s (20)

where n = 2.25and a; = 0.98 forj = 1,2 and n = 2.10, and a5 =
1.45 forj = 3, 4. As before, by and b, denote the two beams and
the swell cross angle (6,) is measured from beam b;. The av-
erage value of H2, from Egs. (19) and (20) is used to estimate
swell wave height, while the swell frequency using EMP2, and
EMP2, is estimated as

_ (Afl;l )]':1,2 + (Afb;)/':3.4 (Afbt)]‘:3,4 + (Afi;2 )/:1,2
fs - 4 4

.21

c. Wind-wave inversion model

The empirical wind-wave inversion method used in Alattabi
et al. (2019) is based on Barrick’s (1977b) model and relies on
the relationship between the ocean wind-wave spectra Syw(f)
and the normalized, weighted second-order spectra referred to
as Rw(f):

Sww(f) = OIWZR]‘;VZ(f) >

(22)

where «,, is the wind-wave coefficient, which was found to be
relatively constant for all wave frequencies (Alattabi et al.
2019), k, is the radar wavenumber, and Ry/(f) is defined by
Barrick (1977a,b) as

o, ()W (fp/fs)
o (fpdf,

where ojand o, are the first- and second-order spectral ener-
gies, W is Barrick’s weighting function, fp and fg are Doppler
and Bragg frequencies and dfp is the resolution of the
Doppler spectrum. The inverted ocean wave frequency f is
determined by f = |fp — f5|. The weighting function (W) as a
function of inverted wave frequencies f = |fp — fg| and for
two different radar frequencies (12 and 48 MHz) are shown in
in Fig. 3. The negative and positive frequencies refer to the

Ry, (fy) = (23)
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FIG. 3. Barrick’s weighting function for 12 and 48 MHz in terms
of ocean wave frequency. “Inner”” and “Outer” refer to second-
order sidebands toward the zero Doppler frequency (i.e., left and
right of the Bragg peak for positive and negative Doppler fre-
quencies) and toward *o Doppler frequency (i.e., right and left of
the Bragg peak for positive and negative Doppler frequencies),
respectively.

weighting function for the inner and outer second-order
sidebands, respectively.

d. Wind and wave direction

The wind direction is estimated using the ratio of Bragg peak
energies (Long and Trizna 1973; Stewart and Barnum 1975;
Heron and Rose 1986; Fernandez et al. 1997):

(24

where o and o] are the integral of first-order spectra (the
Bragg peak energies) corresponding to the approaching (+)
and receding (—) Bragg waves, respectively. Then, the inverted
wind direction is estimated as

0,=60 * 2arctan(Z"),

w

(25)

where the * sign denotes the ambiguity for direction for
single radar, which can be resolved using Eq. (16) and
two beams from two radar sites pointing at the same lo-
cation in the ocean. s is the wave directional spreading
factor [s = 2, as in Gurgel et al. (2006) and Fernandez
et al. (1997)].

The direction of wind waves can be estimated from
the second-order continuum as in Alattabi et al. (2019)
using the ocean-wave-frequency-dependent ratio y(f) of
second-order Doppler spectrum energies corresponding
to the approaching (positive Doppler frequencies) and
receding (negative Doppler frequencies) sides of the
second-order sidebands around the dominant Bragg peak
(o5 /a, ), where m, = =1 (see Fig. 1). This ratio is
defined as
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FIG. 4. Map showing the study area in Cornwall and the HF radar installation sites at PEN
and PER shown as blue and red triangles, respectively. The locations of the wind and tide gauge
stations used in this study are indicated by a square and a star symbol, respectively, while the
wave buoy deployment location is shown as a solid black circle. The black dashed lines indicate
the radials (beams) used for the inversions (bpgno and bpgr, for PEN and PER sites, re-
spectively). The dashed blue and red lines denote the two radials (beams) used for single site
inversions and they form a 30° angle (bpgn1 and bpgny for PEN site, and bpgr; and bpggr, for

PER site). Depth contours are shown in meters.

o;'(f)
o '(f)

()= (26)

and the second-order sidebands around the positive and neg-
ative Bragg peaks are defined based on the data quality criteria
(see section 4) as follows:

cré’*l( )+ a%“( f) Dboth side continua are available

a5 (f)=1 o57'(f)

a3 (f)

where i = +1 and —1 correspond to second-order sidebands
around the positive and negative Bragg peak, respectively. The
inverted wave direction is estimated using

0(f),,, =0 %2 arctan[y(f)"],

where 6(f);,y is the direction of ocean waves with frequency f, 6,
denotes radial beam direction, and s is the wave directional
spreading factor as in Eq. (25). In a similar manner for the case of
wind direction, the ambiguity in the solution of Eq. (27) can be re-
solved using two radar sites with Eq. (16) or auxiliary information.

@7
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only left-side continuum is available ,

only right-side continuum is available

e. Directional frequency wind-wave spectrum model

The directional wave spectrum S(f, 8) can be expressed in
terms of one-dimensional wave spectrum S(f) and the direc-
tional spreading function D(f, 6) (Longuet-Higgins 1963) as

S(f,0) = S()D({,9),

where fis wave frequency and 6 is wave direction in radians.
Longuet-Higgins (1963), suggested a cos™ based D(f, #) with
s being the spreading parameter, which depends on the ratios f/f,
and U,g/c, (Hasselmann et al. 1980). However, this dependence

(28)



OCTOBER 2021 AL-ATTABI ET AL. 1753

A B C D E F G H
i i i i

M/ ¥

Y

wn
—_
)
Rl

Wind Velocity
(m/s)
b oo
j -

-10
-15

f (Hz)

—— Wind-wave
— Swell

f (Hz)
P

Wave Dir
("CWN)

Water Depth
(m)

50
03/30 04/03 04/07 04/11 04/15 04/19 04/23 04/27

Time (2012)

FIG. 5. Time series of wind forcing (measured at the coastline near PER) and partitioned
wind-wave (black) and swell (blue) parameters at the wave buoy location (see Fig. 4): (a) wind
vector diagram and (b) swell—wind separation frequency. The black line shows the values
estimated using Eq. (31), while the red line shows the values adopted after applying the
maximum cutoff frequency limit of 0.12 Hz (see text for details), (c) partitioned wind-wave and
swell RMS wave heights, (d) partitioned peak frequencies for wind waves and swell, (¢) mean
direction for wind waves and swell (from true north), and (f) water depth (in m) measured at
Newlyn tide gauge station (station ID 202). The vertical dashed lines identify specific wind
waves/swell events (A to H) discussed in detail in this study (see text for details).

on wind speed makes the application of the model for HF radar ~ where 8 depends on the ratio of f/f, only, so that
inversion more complicated. Donelan’s et al. (1985) directional
dilstribution model‘i‘s more con;/enienF as it does not depend on 2.61(fIf )1.3 0.56 < fIf. <0.95

wind speed and utilizes a sech” function: Pe 13 4

B= 2.28(fIf,) 7 0.95<fIf, <1.60 . (30)

D(f,0) = 0.58sech®B[0 — 6(f)], (29) 1.24 fif,=z1.60 or fif =0.56
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FIG. 6. Time stacks of HF radar Doppler spectra at the wave buoy location from (a) PEN and
(b) PER radar systems (bpgno and bpgro beams; see Fig. 4). (c) Time stack of corresponding
wave spectral energy density S(f) as estimated using the wave buoy data. Vertical dashed lines
A to H identify specific wind waves/swell events.

This distribution is adopted in this study to define the direc-
tional characteristics of the inverted wave frequency spectrum.

3. Data availability

Data from two HF radar systems and a wave buoy deployed
off the north coast of Cornwall (United Kingdom) are used in
this study. Information on wind speed and direction were ob-
tained from a meteorological station located on the coastline at
Perranporth (see Fig. 4) while the closest tide gauge (British
Oceanographic Data Centre station ID 202) was located on
Newlyn. The dataset used in this study covers the period from
30 March to 27 April 2012 and includes simultaneously col-
lected Doppler spectra from the two HF radars and in situ
spectral wave data from the buoy. The area is characterized by
both swell and wind waves and tidal currents reaching veloci-
ties up to 1 ms~ ' (Pingree 1980).

a. HF radar data

The HF radar data were collected by two 16-element, beam-
forming HF radar systems Wellen Radar (WERA), deployed
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on the northern coast of Cornwall (United Kingdom) and
operated by the University of Plymouth. The HF radar units
were located at Pendeen (PEN) and Perranporth (PER),
some 40km away from each other (Fig. 4) and their
boresights were 23° and 305°N, respectively (see Fig. 4).
The radars operated at a central transmitting frequency of
12 MHz with a bandwidth of 150 KHz, resulting to a range
resolution of 1km. Data collection was once per hour
with a transmission duration of approximately 18 min. A
total of 694 transmissions were available for analysis
covering the 29-day data collection period used in this
study. The Doppler spectra have a frequency resolution of
0.0075 Hz and cover the range —1.915 to 1.922 Hz (defined
by the chirp rate of 3.85Hz used during transmission).
The Doppler spectral energy is expressed in decibels (dB)
defined using a system internal reference level. Doppler
spectra estimations are based on FFT analysis performed
on 512-point segments with 75% overlap. For this analysis,
Doppler spectra for different beams and sites are uti-
lized depending on the model used for the swell inver-
sion. More details about the HF radar systems and their
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FI1G. 7. (left) Individual HF radar Doppler spectra for PEN (blue) and PER (red) sites corresponding to wave events
A to H (see Fig. 6). (right) Directional wave spectra for the same events with the swell and wind-wave partitions
identified using red and yellow shading. Dark blue corresponds to background noise not associated with surface waves.

configurations can be found in Lopez et al. (2016) and

Lopez and Conley (2019).

b. In situ wave data

In situ wave data were collected using a Seawatch Mini 11
directional wave buoy deployed at a mean water depth of 50 m

at ranges 20 and 30km from the PEN and PER HF radar

sites, respectively (see Fig. 4). Directional wave spectra
estimates were provided every 30 min and the frequency and
azimuthal resolution of the spectra are 0.0078 Hz, and 4°,
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range 0.046-0.50 Hz, the analyses were restricted to 0.35 Hz

Downloaded ©08/13/24 07:32 PM UTC



1756

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 38

a
&I}l-_lll--llIlll_l_ll-\ I S I N ' 5°, Buoy

+
BN T AT TR 7 T T [T T (T YT T I 425 by
L AT AT T O T T O (TR 11T PRI
L 1 L 1 1 1 1
h(b)
O [T N T (T W 1 TN A A (TN T | 1im41% b
+ IO T TRV 11T TN TR 11T IR il 46% bEEN]
L1 ICRNCIM (LT WU R RN LR ] 46% b
=% 3 g TCUE 0T LR U U I e mn i 35% bEEN!
[ ol [ 11 1 | 4% by
L R T TR I T O (T I [ [ W o
1 1 1 1 1 1 1
(c)
&L e . T TR I —73% b,
IRl NI W 1 I INIWWEE I i 46% bPER]
0 im nmon I TR 17% b
SPrcum o mm i 1 lwn W nni8% biERD
I | 14% b, .
= [ 11 ‘ I | 7% bEER
1 1 1 1 1 1 1
(d)
S0V ImE R N T 36% b
NI WO VWD ] O R | IR R (06% bEENC
(LY CUNN O T IO OGN R mdl% by
I Wi [T i I | [l [l [RT 117% bpppe
16%
- SURRT TR T IRULT U SRT! Y R !,‘,”o Beexo
1 1 1 1 1 1 1
03/30 04/03 04/07 04/11 04/15 04/19 04/23 04/27
Time (2012)

FI1G. 8. Instances when swell peaks are identifiable in the Doppler spectra for use in the swell
inversion using (a) one beam from a one-site method, (b) two beams from one site (PEN), (c) two
beams from one site (PER), and (d) two beams from two sites. Key: * represents instances where

all four swell-induced peaks are identifiable in a

single Doppler spectrum; — and + when two

peaks are identifiable on the negative and positive side of the Doppler spectra, respectively. The
black and gray lines denote the data beams from PEN and PER radar sites, respectively. Note that
bpeNo and bpggr, denote beams from PEN and PER sites pointed at buoy location, bpgn; and
bpenz beams from PEN site, and bpgr; and bpggr, beams from PER site (see Fig. 4). The dark blue
marks in (a) denote swell recorded by the wave buoy while the light blue marks denote instances
when the recorded swell was above the minimum noise level (0.15 m? Hz ') required for evalu-
ating the swell inversion algorithms. Their percentages are estimated over the total data available.
The percentage of radar data availability is shown for each case and represent data availability over
the number of in situ swell data points that passed the minimum noise level criterion.

as this corresponds to the maximum ocean wave frequency
resolved by the HF-radar-derived Doppler spectra.

RMS wave height and peak and mean wave frequencies and
directions were estimated from the directional spectra using
the moments method (Herbers et al. 1999). Swell and wind-
wave bulk wave parameters were estimated by partitioning the
spectra using a watershed defining algorithm as implemented
by Cahl and Voulgaris (2019).

4. Methodology

Prior to analysis, the noise level of the Doppler spectrum is
estimated using the method described in Hildebrand and
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Sekhon (1974) and then subtracted from the spectra. The en-
ergy levels for the first- and second-order regions of the
denoised Doppler spectra (o; and o, respectively) are used to
check spectra suitability for inversion and to avoid cases where
the first and second-order spectra are merged. The values of
the above data quality control criteria (i.e., oy > 25dB and
o, > 10dB) suggested by Alattabi et al. (2019), although
suitable for the 4§ MHz VHF radar used in their study, were
found to be very restrictive in this case (12 MHz) qualifying only
for a small percentage of the data (~20%) for inversion. This
is mainly due to differences in power emission, and attenua-
tion levels due to differences in operating frequencies and
ranges (48 MHz at 4km and 12 MHz at 20-30 km). After visual
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TABLE 1. List of statistical parameters from the comparison of in situ swell frequency with estimations from LPM and EMP (see Fig. 9).
NRMS error is the RMS error normalized by frequency resolution; 7 is the correlation coefficient; slope is the regression slope; and N and
% represent the number and percentage of records used in the comparison. The term ‘“Common” denotes cases when both stations had
spectra suitable for inversion, while the term ‘“Combined” denotes instances when spectra were suitable from one or both stations (see

text for details).

RMS NRMS
No. of sites and Beam Beam error error

beams used Model Site 1C°N) 2(C°N) N % (Hz) (RMS/f) r  Slope
One site-one beam LPM1, Eq. (3) PEN 13 — 263 48 0.0152 1.94 040 092
PER 272 — 324 60 0.0141 1.81 0.59 0.90
Common — — 164 30 0.0111 1.42 0.60 0.92
Combined — — 423 78 0.0147 1.88 0.50  0.90
One site-two beams ~ LPM2;, Egs. (8) and (9) PEN 28 355 400 74 0.0144 1.84 031 095
PER 287 256 375 69 0.0117 1.50 0.60 1.07
Common — — 270 50 0.0083 1.06 0.60 1.03
Combined — — 505 93 0.0123 1.57 042 1.00
EPM2,, Eq. (21) PEN 28 355 269 49 0.0099 1.27 0.55 0.95
PER 287 256 394 72 0.0108 1.38 0.62 093
Common — — 222 41  0.0095 1.21 0.60 0.94
Combined — — 441 81 0.0098 1.25 0.66 093
Two sites—two beams LPM2,, Egs. (8) and (9) PEN and PER 13 272 366 67 0.0130 1.67 0.60 0.97
EPM2,, Eq. (21) PEN and PER 280 51 0.0112 1.43 0.61 0.94

examination of the Doppler spectra, it was concluded that the
best quality criteria were (i) first-order Bragg peaks and
second-order sideband energy levels (o and o;) greater than
10 and 5 dB, respectively, and (ii) the energy of the Bragg peak
should be at least 2 dB higher than the mean energy of the 1/3
highest second-order peaks present in the Doppler spectrum.

The inverted spectral frequencies are limited by the lower-
frequency limit of the second-order sidebands that for this
dataset corresponds to a lower wave frequency (fimin) of
0.046 Hz (Doppler frequency = = Brag frequency =+ 0.046 Hz);
frequencies lower than that value are often contaminated by
energy from the first-order signal. The upper limit of the
Doppler spectra is limited to a maximum ocean wave fre-
quency of 0.35 Hz, which corresponds roughly to the distance
(in Hz) of the first-order Bragg peak from the zero Doppler
frequency. Although some studies utilizing a 12-MHz system
have used the range 0.05-0.25 Hz with a resolution of 0.01 Hz
(e.g., Wyatt 2005, 2017; Lopez et al. 2016; Lopez and Conley
2019), Gurgel et al. (2006) has argued that the upper limit can
be safely extended up to 0.35 Hz as done in this study.

The swell region is defined as the area around the dominant
Bragg peak that corresponds to ocean wave frequency range
fmin to f., where f, is the swell—wind separation frequency. The
latter is determined using the wave age formulation (Hanson
and Phillips 2001) that relates wind speed to peak wind-wave

frequency:
_8( 1
fe 277(TU10>’

where 7'is an empirical factor and Uy is the wind speed at 10 m
above sea level. Although 7 has been found to range from 1.25
to 1.9 (Gilhousen and Hervey 2002; Hanson and Phillips 2001;

€]
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Chen et al. 2015; Hessner and Hanson 2010; Bidlot 2001; Tracy
et al. 2007; De Farias et al. 2012; Churchill et al. 2006; Earle
1984; Quentin 2002); T = 1.5 is adopted here as it is the most
commonly used value (Hanson and Phillips 2001; Chen et al.
2015; Hessner and Hanson 2010). In addition, the maximum
swell separation frequency obtained using Eq. (31) is not al-
lowed to exceed 0.12 Hz.

Once the swell region has been defined, the peak swell
Doppler frequency fp; is estimated using the weighted mean of
the largest peak identified (fp,,) within this region and two
points on either side of it:

) by O-Z(fDeri)nfDmﬂ'
fD' — i==2:2 .
! z & (Fpmsi)

i==22

fmin <fDm+i <ch’ (32)

where fp,,+; is the discrete Doppler frequency where a
Doppler estimate is available and fp. is the swell-wind
separation frequency expressed as Doppler frequency (i.e.,
fe = fpe — f8])- The value of n = 5 was selected in (32) as this
has been found to reduce the errors associated with peak
estimations from discrete frequency spectra (Young and
Verhagen 1996). The measured swell peak ratio R; is then
defined as

fnm+2
jf o (f,) df,
R, @)
J o (f,)df,
Af

B

where dfp is the resolution of the Doppler spectrum. For
Bragg peaks, Af'is defined as the half-power frequency width
of Bragg peaks obtained after fitting a Gaussian curve around
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FIG. 9. Scatterplot of inverted and in situ swell frequencies using (a;) one beam from a single site (LPM1, WFG1, and EPM1); (a,) two
beams from a single site (LPM2; and WFG2,); (a3) two beams from sites PEN and PER, respectively (LPM2, and WFG2,); (b,) two beans
from a single site (EPM21); and (bs;) as in (a3), but using the EPM2, method. For statistics, see Table 1.

the Bragg peak using two points of either side of it (Alattabi
et al. 2019; Wang et al. 2014).

For one site/one beam analysis, the swell models LPM1,
WFG1, and EMP1 are utilized using the radar radial data (bpgno
and bpgr,) pointing directly to the buoy location (see dashed
black lines in Fig. 4). The same radial beams (bpgno and bpgro)
are used when the two sites—two beams methods (i.e., LPM2,,
WFG2,, and EMP2,) are utilized. For one site-two beams
analysis (i.e., LPM2;, WFG2,, and EMP2,) data from two radial
beams from a single radar site (bpen; and bpen, for PEN site;
bper1 and bpggr, for PER site), directed 15° on either side of the
buoy location are used. These are schematically shown as red and
blue dashed lines in Fig. 4, for PEN and PER sites, respectively.

5. Results
a. Wave and wind conditions

The recorded in situ wind and wave conditions for the period
from 30 March to 17 April 2012 used in this study are shown as
time series in Fig. 5. The total RMS wave height ranged from
0.23 to 5.0 m while peak wave frequency ranged from 0.034 to
0.30 Hz. The partitioned wind-wave and swell parameters are
shown in Figs. Sb—e. The swells present travel across the North
Atlantic either from the west or southwest and their RMS wave
heights ranged from 0.1 to 2.1 m (see Figs. 5b,e).
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During the experimental period several wind-wave and swell
events are identified, but for model verification, only events with
qualifying (i.e.,;>10dB and o, > 5 dB and o}/, > 2) Doppler
spectra are analyzed. Specific events (A-H) are identified that
correspond to periods when only swell (A, G, and H), only wind
waves (C), mixed (swell and wind wave) conditions with similar
energy in both wave bands (B and D), and mixed waves with
swell being the dominant band (E and F). During event A light
swell waves with height ~0.5m propagating mostly from the
west (mean swell direction ~95°N) is present. While event B
presents both wind wave with height ~0.5 m and swell wave with
height ~0.37m, where swell is propagating from the same di-
rection of event A. Events G and H represent strong swell ac-
tivity (swell height up to 1.3 m) with mean directions 53° and
81°N, respectively. Overall, the swell during events A and B
cross the PEN radar beam at the buoy location at high (>80°)
cross angles, while the cross angles for events G and B are
smaller (41° and 69°, respectively). The same swell trains cross
the PER beam at very small angles of 2° and 5° for events A and
B, respectively. A moderate cross angle (38°) was recorded for
PER site at event G.

b. HF radar Doppler and in situ wave spectra

Time stacks of Doppler spectra corresponding to the buoy
location and for the whole period of data availability are shown
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two beams in (a3) and (bs). The shaded ranges denote the range of inverted swell cross angle |6,| > 75° that are excluded from swell wave

height inversions. For statistics, see Table 2.

in Figs. 6a and 6b for both radar sites. The Doppler Bragg (first-
order) peaks are modulated by the tidally induced surface
currents while the energy of the second-order continuum is
visible around the first-order peaks. It is worth noting that
the second-order regions are significantly narrower for PER
(Fig. 6b) than for PEN (Fig. 6a). Similarly, a time stack of the
in situ wave spectra is shown in Fig. 6¢. The specific swell and
wind-wave events (A-H) are also identified in the figure while
the detailed wave directional spectra for each individual event
are shown against the corresponding Doppler spectra in Fig. 7.
In the same figure, the partitioned regions of the spectra de-
rived using the method of Cahl and Voulgaris (2019) are shown
using red and yellow shading for swell and wind waves,
respectively.

c. Swell wave inversion

In this section, the results for the swell inversion are pre-
sented and include inversions using: 1) a single beam from a
single radar site (LPM1;, WFG1;, EMP1;), 2) two beams
from a single radar site (LPM2,, WFG2;, EMP2,), and 3) two
beams from two sites (a single beam per site) intersecting each
other at the buoy location (LPM2,, WFG2,, EMP2,). Only
Doppler spectra that passed the data quality control (see
section 4) are used for the inversion. Data that passed the data
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quality control but in which no swell peaks were present were
also excluded from the analysis. The lack of swell peaks can be
attributed to no swell being present in the ocean or not being
detected in the Doppler spectrum. Analysis of the buoy data
revealed that swell was present 95% of the time (658 data
points), but swell with energy density above a minimum energy
level defined as 0.15m*Hz ! represents 78% of the total (i.e.,
544 data points). The times where the Doppler spectra passed
the quality criteria and swell peaks were identified are shown in
Fig. 8 together with in situ swell percentage of data availability
and in situ swell data with energy level above 0.15m?Hz .
The labels on the y-axis scale denote the side of Doppler
spectrum that swell peaks are identified [i.e., (—) and (+) de-
note the negative and positive sides of the Doppler spectrum,
respectively, while (=) denotes both sides (i.e., four peaks)].

1) INVERSION FOR SWELL FREQUENCY
(i) Single site
A. ONE SITE-ONE BEAM

Inversion for swell frequency with this method requires that
within a single Doppler spectrum four swell peaks are detected;
this requirement is identical for all three swell inversion models
(LPM1,, WFG1,, EMP1,) [see Eq. (3) and Table 1]. Doppler
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TABLE 2. Evaluation of the different swell direction inversion methods (see text for details and Fig. 10) against in situ data. The
parameters listed are RMS error (RMSE), magnitude (|r|) and angle (in degrees) of complex correlation coefficient (r), and number (N)
and the corresponding percentage of data points used for the comparison. The terms “Common” and “Combined” are as described in

Table 1 (see text for details).

No. of sites and Beam Beam RMS Complex r
beams used Model Site 1 (°N) 2 (°N) N %  error (°) |7| Angle (°)

One site-one beam LPM1, Eq. (2) PEN 13 — 116 21 59 0.18 40

PER 272 — 155 28 54 0.06 —46

Common — 50 9 40 0.09 4

Combined — — 221 41 54 0.09 6

EMPI1, Eq. (16) PEN 13 — 101 19 57 0.34 -13

PER 272 — 146 27 44 0.31 4

Common — — 99 18 51 0.37 -8

Combined — — 148 27 49 0.39 -1

One site-two beams LPM2,, Egs. (8)-(11) PEN 28 355 176 32 86 0.39 19

PER 287 256 135 25 57 0.20 6

Common — 44 8 73 0.40 37

Combined — — 267 49 99 0.33 16

EMP2,, Eq. (16) PEN 28 355 46 8 85 0.52 -27

PER 287 256 212 39 71 0.03 1

Common — 11 2 68 0.57 4

Combined — — 247 45 73 0.10 -12

Two sites—two beams ~ LPM2,, Egs. (8)-(11)  PEN and PER 13 272 267 49 48 0.53 20

EMP2,, Eq. (16) PEN and PER 148 27 46 0.37 -7

spectra from beams bpgr, and bpen, are used here and the in-
version is carried out on those Doppler spectra that passed the
quality assurance (QA) criteria where swell peaks were success-
fully identified. These represent 48% and 60% of the record with
swell detected in the in situ data for PEN and PER, respectively.

Higher data availability (78%) is obtained when we count
the times that spectra from one or both sites passed the criteria
for successful inversion for swell frequency (see Table 1,
“combined”’). The inverted swell frequencies are compared to
the in situ data in the scatterplot shown in Fig. 9a; and the
statistics of the comparison are listed in Table 1. The correla-
tion coefficients are 0.40 and 0.59 for PEN and PER, respec-
tively while the RMS error is just above 0.01 Hz but always less
than 2 times the frequency resolution. Using the inversions
from the periods when data from both stations (‘‘common” in
Table 1) were usable (30% of the data,) the correlation coef-
ficient was similar to that for PER.

B. ONE SITE-TWO BEAMS

When two beams from a single site (bpeni and bpgn, from
PEN and bpggr; and bpgn; from PER, see Fig. 4) are used, the
two swell peaks identified on the dominant side of each beam’s
Doppler spectra are utilized [see Egs. (8) and (9) for both
LPM2, and WFG2,, and Eq. (21) for EPM2,]; these could be
on either positive or negative sides of the spectra. The Doppler
spectra that passed the QA criteria and swell peaks were suc-
cessfully identified were 74% and 69% of the record with swell
present for PEN and PER, respectively. Combining the records
from both sites increases the percentage to 93%. The times both
stations had spectra suitable for inversion (common) represent
only 50% of the swell record.
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The results of this inversion are compared with the in situ
derived swell frequencies in the scatterplot shown in Figs. 9a,
and 9b, for LPM2,/WFG2, and EPM2,, respectively. The
statistics of the comparison (Table 1) indicate that although the
RMS error for the LPM2;/WFG2; method is the same (just
above 0.01 Hz) the estimations using spectra from PER exhibit
less variability (r = 0.60) than those from PEN (r = 0.31).
EPM2, [see Eq. (21)] estimates show similar variability for both
radar sites (r ~ 0.62). As expected, the variability of the common
and combined inversions, as expressed though the value of the
correlation coefficient varies as a function of the number of
points used from each site and the r values of the individual sites
(r = 0.31 and 0.60 for PEN and PER, respectively).

(ii) Two sites

When two sites are used, the same Egs. (8), (9), and (21), as
before, are utilized for LPM2, and EMP2,, respectively. The
only difference is that the beams bpgr, and bpgn, aiming di-
rectly at the in situ buoy are used (see Fig. 4) in this case. The
Doppler spectra available for this method represent 67% and
51% of the record with swell present for LPM2, and EMP2,,
respectively. The comparison of the inverted and in situ swell
frequency values is shown in Fig. 9a; in the form of a scatterplot
and in Table 1. The swell frequency inversions using these
methods show a relatively higher correlation coefficient
(>0.60) than those derived using the one site-one beam, and
one site-two beam methods (see previous section). These
findings are consistent for both LPM2, and EPM2, methods
(see Figs. 9a3,b;). It should be noted that the WFG method uses
the same equations as the LPM method to estimate the
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FIG. 11. Scatterplot of in situ and inverted RMS swell wave heights using (a;)(az) LPM, (b;)-(bs) WFG, and (c,)~(c3) EMP for PEN (blue circles)
and PER (red circles) for (left) one site-one beam, (center) one site—two beam, and (right) two sites—two beams. For statistics, see Table 3.

frequency of the swell, so the results are identical and not swell is obtained using Eq. (2) (LPM1/WFG1 methods) or
shown here. Eq. (16) (EMP1 method). The direction values derived
using these methods are plotted against the swell direc-
tions from the buoy data obtained after partitioning the
(i) Single site directional spectra (see Figs. 10a;,b;). The corresponding
statistics are listed in Table 2. It is worth noting that only a
very limited fraction of the record with swell present

When four swell peaks are detectable in an individual (21%-28%) allowed for the detection of four swell peaks.
Doppler spectrum from a single beam, the direction of the Even when the data from two sites are combined, the

2) INVERSION FOR SWELL DIRECTION

A. ONE SITE-ONE BEAM
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TABLE 3. Evaluation of the different swell wave height inversion methods (see text for details and Fig. 11) against in situ data. The
parameters listed are RMS error (in m), correlation coefficient (r), regression slope, normalized RMS error (NRMS), scatter index (SI),
corrected indicator (HH), and bias (BI). The number (N) and percentage (%) of data points used are also shown. The terms “Common”

and “Combined” are as described in Table 1 (see text for details).

RMS
No of sites and Beam Beam error NRMS
beams used Model Site 1C°N) 2(°N) N % (m) r  Slope error SI HH BI
One site— LPM1, Eq. (6) PEN 13 — 116 21 094 053 123 0.97 0.92 0.97 0.28
one beam PER 271 — 154 28 075 053 1.26 0.82 0.73 073 033
Common — — 50 9 060 0.63 1.20 0.58 0.50 0.53 0.31
Combined — — 220 40 080 056 126 0.87 0.80 0.77 031
WFG1, Eq. (13) PEN 13 — 116 21 063 051 072 0.64 0.62 0.75 -0.17
PER 272 — 154 28 055 0.62 1.11 0.60 057 057 017
Common — — 50 9 038 072 088 0.36 036 039 -—0.03
Combined — — 220 40 055 057 095 0.61 0.60 0.62 0.04
EMP1, Eq. (18) PEN 13 — 99 18 0.66 0.64 1.08 0.67 0.66 0.64 0.10
PER 272 — 144 26 047 070 1.02 0.47 046 046  0.10
Common — — 97 18 042 077 1.05 0.42 040 041 0.11
Combined — — 146 27 040 079 1.04 040 039 039 0.09
One site— LPM24, Egs. (10) PEN 28 355 170 31 045 0.77 054 0.52 0.38 0.70 —0.31
two beams and (11) PER 287 256 130 24 041 073 0.75 0.43 0.40 0.50 -0.15
Common — — 42 8 043 0.82 0.67 0.41 030 0.51 -0.29
Combined — — 258 47 041 0.77 0.63 0.46 0.38 0.58 —0.23
WFG2,, Eq. (14) PEN 28 355 194 36 044 0.78 0.5 0.51 0.39 0.69 -0.29
PER 287 256 199 37 087 043 1.03 0.91 090 090 0.15
Common — — 75 14 052 057 0.70 0.53 051 0.64 -0.14
Combined — — 318 58 0.66 0.50 0.85 0.74 0.74 0.80 —0.05
EMP2,, Egs. (19) PEN 28 355 45 8 083 0.78 143 0.79 0.66 0.66 0.45
and (20) PER 287 256 210 39 114 057 1.84 1.38 1.07 1.06 0.72
Common — — 1 2 041 086 1.06 040 033 039 023
Combined — — 244 45 110 061 1.77 1.28 0.99 0.96 0.70
Two sites— LPM2,, Egs. (10) PEN and PER 13 272 253 47 024 085 087 0.32 032 034 -0.02
two beams and (11)
WFG2,, Eq. (14) PEN and PER 258 47 039 062 0.84 0.52 0.52 056 —0.02
EMP2,, Egs. (19) PEN and PER 145 27 037 079 1.04 0.42 042 0.42 0.08

and (20)

number of of the

total record.

inversions represents only 41%

B. ONE SITE-TWO BEAMS

When two beams from a single site are used [Egs. (8)-(11)
for LPM2,/WFG2; and Eq. (16) for EMP2,] the inversion
results show significant scatter (see Figs. 10a,,b,, and
Table 2). The percentage of inverted data from LPM2, is 25%
and 32% for the PER and PEN sites, respectively. A similar
percentage is obtained when EMP2, is used on PER, but the
rate of inverted data falls to 8% for the PEN site. When data
from both sites are combined the amount of inverted data
increases to 45%.

(ii) Two sites

The same equations used in the previous scenario are used in
both LPM2,/WFG2, and EMP2, methods that utilize two
beams from two different sites. The results are shown in Figs.
10a3 and 10bs. It seems both methods provide fair estimates of
swell direction in this case. The LPM2, method shows good
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agreement with the in situ data that is better than that identi-
fied when using LPM2, with a complex correlation coefficient
with magnitude of ~0.53 and angle of 20° (see Table 2). The
EMP2, method shows a lower correlation (r = 0.37) than the
LPM2, method.

The WFG method for swell direction is the same as that for
the LPM method and as such the same statistics are valid. The
statistical results shown in Table 2 are obtained without con-
sidering the flagged data (shaded range in Fig. 10) because the
latter do not have corresponding inverted swell wave heights.
The latter is required to determine the complex correlation
coefficient so only data with inverted swell cross angles < 75°
[see section 5¢(3) below] are used.

3) INVERSION FOR SWELL WAVE HEIGHT

As discussed in section 2 and described in Lipa et al. (1981),
singularities at high swell cross angles (~90°, see Fig. 2) do not
allow the inversion for swell. A synthetic data analysis (not
shown here) using different radar frequencies (4, 12, and
48 MHz), and swell periods varying from 8 to 25 s, revealed that
the range of swell cross angles that leads to singularities in the
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F1G. 12. Time stacks of weighted normalized second-order radar spectra Ry/(f) for (top)
PEN and (bottom) PER estimated using Doppler spectra from the range and azimuth corre-
sponding to the buoy location [see Eq. (23)]. The solid black curve denotes the separation
frequency used in this study (see text for details). Vertical dashed lines marked A-H identify
specific wind waves/swell events (see Figs. 6a,b).

coupling coefficient depends on radar operating frequency. For
radar frequencies of 4, 12, and 48 MHz singularities occur for
swell cross angles |6, > 60°, 75°, and 85°, respectively. A crude,
empirical fitting suggests that singularities would occur when
|05] > 23 10g10(fradar) + 48, Where fragar is the radar operating
frequency (in MHz). In this manuscript, inverted swell cross
angle |0y above the value of 75° are flagged (see previous
section, shaded areas in Fig. 10) and not used for swell wave
height inversion.

Inverted RMS swell wave heights estimates using all three
methods (LPM, WFG, and EMP) and for the different
combinations of sites and beams, as described in sections 2a
and 2b, are examined in the following sections. The cross-
angle limitation leads to swell height inversions from a
smaller number of records than those reported for swell
direction inversion.

(i) Single site
A. ONE SITE-ONE BEAM

Inverted swell wave height using the LPM1 [Eq. (6)], WFG1
[Eq. (13)], and EMP1 [Eq. (18)] methods are shown in Figs.
11a;—cy, respectively. The percentages of successful inversions
were very low (21 %, for LPM1 and WFG1 and 18% for EMP1)
for PEN and the errors in swell height were 0.94, 0.63, and
0.66 m, respectively. The low rate of inverted data is due to the
lack of detectable swell peaks in the swell region of the
Doppler spectra. Some of these cases represent weak in situ
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swell signals (i.e., energy < 0.76m>Hz ! that corresponds to
RMS swell wave height of 0.21 m) that is not detectable by the
radar. Similar low recoveries were experienced in applying
the inversion Doppler spectra from PER (28%) with the
errors being of similar value as those for PEN (see Table 3).
The errors are significantly smaller (0.60, 0.38, and 0.42 m, re-
spectively) when averaging the estimates from both stations

R L e e
)} fmdar = 5 Wind-waves only IPEN | [
—}—PER |
14 —o032 | L
6 -
3 L
- m pJ—?XI/E_
0+ | BN L S N P | N B TR S R P T |:

0.05 0.1 0.15 02

Frequency (Hz)

FIG. 13. Wind-wave coefficient a(f) values determined from
weighted normalized second-order spectra from PEN (blue)
and PER (red) beam data pointing at buoy location using the
method described in Alattabi et al. (2019). The solid horizontal
line is the averaged a,, = a(f) = 0.32 over the frequency range
0.085-0.2 Hz.
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(see “common” in Table 3) but in this case the inversion is
limited to only 9%-18% of the record.

B. ONE SITE-TWO BEAMS

The comparisons of inverted and in situ swell heights for
all three methods that use two beams from a single site
(LPM2,, WFG2; and EMP2,) are presented as scatterplots
in Figs. 11a,—11c;, and the statistics are listed in Table 3. The
results clearly indicate that EMP2, provides the least favorable
agreement (RMS error > 0.80 m) as there is a large scatter be-
tween inverted and in situ values (see Fig. 11c,). In addition, it
appears to overestimate swell heights (regression line slopes > 1,
see Fig. 11c, and Table 3). The other two methods (LPM2; and
WFG2,) perform slightly better in terms of RMS errors, al-
though the slope of the regression line suggests underestimation
of wave heights; WFG2, seems to perform best for data from
PEN (see Fig. 11b,), while LPM21 appears to perform better for
data from PER (see Fig. 11a,).

(ii) Two sites

Using two beams from two different sites (i.e., methods
LPM2,, WFG2,, and EMP2,) seems to provide better agree-
ment with the in situ data (see Table 3) than those shown in the
previous section (two beams from a single site). This is the case
even when comparing the results against the ‘‘combined”
LPM2,, WFG2,, and EMP2; methods that incorporate the
estimates from both radar sites (see Figs. 11az—c;). The RMS
errors estimated are 0.24, 0.39, and 0.37 m for LPM2,, WFG2,,
and EMP2,, respectively, with the LPM2, derived data show-
ing the highest correlation coefficient (r = 0.85) and a regres-
sion slope of 0.87 (see Table 3). The data inverted using these
methods represent 47% and 27 % of the record when swell was
present for LPM2,/WFG2, and EMP2,, respectively (see
Table 3).

d. Wind-wave spectrum inversion

In this section, the results from applying the Alattabi et al.
(2019) wind-wave inversion module [Eq. (22)] are presented.
Alattabi et al. (2019) suggested that Eq. (22) might have uni-
versal applicability with a regression coefficient of the value of
a,, = 0.255 = 0.015. This is first verified with the data from this
study using the 12-MHz HF radar systems.

Following Alattabi et al. (2019) the dependence of the cal-
ibration coefficient on wind-wave frequency is examined using
the wind-wave part of the radar Doppler spectral estimates and
the in situ wave spectra with energy above the spectral noise
floor that is assumed to be 0.15m*Hz ', The latter was defined
after an examination of the in situ wave spectra. The data
quality criteria (i.e., energy levels for first oy and second-order
peaks must be greater than 10 and 5 dB, respectively, and first-
order energy at least 2dB higher than the mean of the 1/3
highest second-order peaks, see section 4) are used for select-
ing the Doppler spectra to determine the coefficient required
to invert for wind waves. The normalized weighted second-
order spectral data [Ry(f)] were estimated from both radar
sites (PEN and PER) using Doppler spectra corresponding to
the buoy location and they are shown in Fig. 12 in the form of
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TABLE 4. List of wind-wave coefficient a,, estimates for use with
the empirical wind-wave inversion algorithm [see Eq. (22)] re-
ported in this and previous studies. The corresponding radar fre-
quencies are also listed.

Study Radar frequency (MHz) a,,
Heron and Heron (1998) 254 0.30
Ramos et al. (2009) 254 0.34
Alattabi et al. (2019) 48 0.25
This study 12 0.32

time-stack diagrams. The estimated Ry/(f) values correspond
to discreet frequency bands that span the range of frequencies
from the swell cutoff (f,, see black line in Fig. 12) to 0.35 Hz.
These were interpolated to match the frequency bands corre-
sponding to the in situ wave spectra S(f) estimates, which are
limited to f. and 0.35Hz. Calibration coefficients a(f) were
estimated for each wave frequency (f), as in Alattabi et al.
(2019), using a least squares fit between all S(f;) and Ry/(f;)
values from all Doppler spectra and for each frequency band i
within the wind-wave frequency range only, and the results are
shown in Fig. 13.

The coefficients estimated (see Fig. 13) for each site are
similar to each other, independent on wave frequency. In the
wave frequency range (0.05-0.2 Hz) the coefficients obtained
are of similar magnitude across the wind-wave frequency
range, independently of the site used. Furthermore, the fre-
quency averaged values of the wind-wave regression coeffi-
cients, a,, = 0.37 = 0.012 and 0.26 = 0.04 for PEN and PER
sites are close to that estimated in Alattabi et al. (2019) using a
48 MHz as well as to other empirical studies used weighting
function W(f) (see Fig. 13 and Table 4). This suggests that the
wind-wave regression coefficient is not radar frequency de-
pendent and a frequency and site averaged value of 0.32 = 0.02
is estimated as long as the second-order Doppler spectrum is
weighted using Barrick’s weighting function. Here the aver-
aged value of wind-wave regression coefficients from all stud-
ies listed in Table 4 is estimated and the value «,, = 0.3 is
adopted for the inversion of the wind-wave spectrum using
Egs. (22) and (23).

e. Hybrid method to estimate total wave spectrum

The LPM2, method has shown the best overall performance
(see section 5c) as it provided a higher number of successful
inversions than the other methods and the best accuracy in
swell height estimates (RMS error of 0.24 m). Therefore, this
method is adopted for estimating swell frequency, direction,
and height from the Doppler spectra. These parameters are
then used to reconstruct the swell spectrum assuming a
Gaussian distribution (Alattabi et al. 2019) of the energy
within the swell frequency band with the peak energy centered
at the inverted swell frequency (f;):

S (f) = (H2,/8V2ma?)e U1 (34)
where o is the width of the swell spectrum and f < f,. The
value of o can be determined from historical data from
the area, if available, or from validated model results (e.g.,
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FI1G. 14. Comparison of inverted (solid lines) and in situ (dashed lines) wave energy S(f) and mean direction D(f)
spectra for events A to H. The total inverted wave energy spectra are obtained using the LPM2, method for swell
and the average of the wind-wave spectra from the two sites (PEN and PER).

Kumar et al. 2017). Here, we used the value of 0.011. If the . (S (fF<f)+S.,(f=f), if r=03

method failed to provide swell estimations, then it is assumed inv.S(f) = { S () if  r<03’ (33

that no swell wave is present and the parameters 3 Ry (f; <f.)

and S, (f) are set to zero. e 2Ry (f,<f) (36)
After reconstructing the swell Sgy(f) and wind-wave ZRW(fI. =f)

Sww(f) spectra, these are combined to a single one-
dimensional spectrum inv.S(f) as follows (Alattabi where f. is the swell-wind-wave separation frequency de-
et al. 2019): termined using the wind speed and wave age (see section 4).
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F1G. 15. Comparison of full directional inverted [Inv.S(f, 6)] and in situ [InSitu S(f, 0)] spectra for events A-H.
The critical value of 0.3 in Eq. (35) was selected after trial Bulk inverted wave parameters are calculated by integrating

and error as smaller values tended to indicate the presence  the total inverted wave spectrum inv.S(f) over the range 0.046—
of swell even when this was not present in the in situ re- 0.35 Hz with spectral resolution of 0.0078 Hz.

cord. When r <0.3 or S, = 0 (when swell peaks are not
found), the inverted wind-wave spectrum is used for the
entire range of frequencies including the swell band The ability of the inversion method to estimate the one-
(fi < fe)- dimensional wave spectra is demonstrated in Fig. 14, where

1) ONE-DIMENSIONAL WAVE SPECTRA
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TABLE 5. Statistical comparison of in situ and inverted estimates of total and wind-wave RMS wave height, mean and peak frequency,
and direction (see Fig. 16). The root-mean-square (RMS error, correlation coefficient (r) for wave height, frequency estimates and
direction (complex, shown as r and angle). In addition, regression slope, normalized RMS error (NRMS)), scatter index (SI), corrected
indicator (HH), and bias (BI) are listed for wave heights and frequencies. Note that in this comparison 626 data points are used; that

corresponds to 93% of the total data available.

Parameter RMS error r Angle (°) Slope NRMS error SI HH BI
Total Ho 0.35m 0.92 — 1.02 0.21 0.21 0.21 0.03
fr 0.03Hz 0.63 — 0.85 0.25 0.24 0.27 —0.01
fm 0.02 Hz 0.55 — 0.82 0.22 0.15 0.24 -0.02

Peak direction 46°N 0.57 19 — — — — —

Mean direction 38°N 0.72 15 — — — — —
Wind wave H 0.34m 0.93 — 1.11 0.26 0.25 0.25 0.12
fr 0.04 Hz 0.66 — 0.80 0.28 0.24 0.32 -0.02
fm 0.03Hz 0.73 — 0.82 0.21 0.13 0.23 —0.03

Peak direction 43° 0.70 18 — — — — —

Mean direction 41° 0.78 15 — — — — —

Wind Wind direction 72° 0.60 —4 — — — — —

inverted spectra (solid lines) corresponding to events A-H are
shown together with the in situ spectra (dashed lines). As de-
scribed earlier (see Figs. 5 and 7), these events are examples of
only swell (A, G, and H), only wind (C), and mixed wave
conditions (B, D, E, and F). Overall, the high energy peaks in
the inverted spectra agree overall in both magnitude and fre-
quency location with the in situ peak spectra, although in cases
B, C, and E, the inverted spectra fail to identify the secondary
wind-wave peaks present at higher frequencies.

2) MEAN DIRECTION AS FUNCTION OF FREQUENCY

The estimation of mean direction as a function of wave
frequency is carried out using Eq. (29) (see section 2c) with
Doppler spectra from both radar sites PEN and PER using
their corresponding beams aiming at the buoy location. An
example of inverted mean direction as function of frequency is
shown in Fig. 14 for events A-H (solid lines) together with the
in situ directions estimated using the buoy data (dashed lines).
The method seems to provide accurate estimates at least for
the frequencies where significant wave energy has been iden-
tified in the inverted energy spectrum (see Fig. 14).

3) FULL DIRECTIONAL WAVE SPECTRA

The directional wave spectra inv.S(f, ) are constructed us-
ing Eqgs. (28)-(30) and using the inverted total wave inv.S(f)
and mean direction 6( f) spectra. The peak frequency identified
on the inv.S(f) is used to determine the value of B for the
distribution function [see Egs. (29) and (30), section 2e]. The
results of inverted directional frequency spectra for events A to
H are shown in Fig. 15 together with the corresponding in situ
directional spectra. Except for events B, C, and E, the re-
maining of the events show good agreement with in situ data, in
terms of both wave energy levels and peak energy location.

4) BULK WAVE PARAMETERS

In comparing our estimates with the in situ data, we report
the RMS error as in previous studies. However, since the
RMS error always depends on the magnitude of the wave
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conditions, we also report the normalized root-mean-square
error (NRMS) as well as scatter index (SI). Mentaschi et al.
(2013) argued that these parameters might not reflect ac-
curate performance, especially in cases of negative bias, and
suggested using the corrected indicator of Hanna and
Heinold (1985), denoted as HH. The latter parameter is also
estimated and listed in Table 5.

Wave height, peak, and mean wave frequencies determined
from the inverted total wave height spectra are compared to
the in situ wave parameters in Fig. 16 and Table 5. For the
period of the experiment (total wave heights: 0.29-5.1 m; mean
wave height: 1.4m) the RMS error of total wave height is
0.35m, correlation coefficient » = 0.92, and SI of 0.21. The
inverted mean frequency estimation agrees better with the
in situ data than the peak frequency as their corresponding
RMS errors are 0.02 and 0.03 Hz. The correlation coefficients
for the mean and peak frequency estimates are 0.55 and 0.63,
respectively, while the slopes of the regression lines (<0.85)
suggest some underestimation. Mean wave direction estimates
appear to be slightly better than peak direction estimates with
an RMS error of 38° and a complex correlation coefficient |r| of
0.72 and angle 15°. The corresponding values for peak direction
are 46°, 0.57, and 19°, respectively. Wind direction estimates
are the least accurate with a relatively high RMS error (~72°)
and a complex correlation coefficient with magnitude of 0.60
and angle of —4° (see Table 5).

The inverted wind-wave spectra are used to estimate the
corresponding inverted wind-wave RMS wave height, peak
and mean wave frequencies, and directions. These are com-
pared to the partitioned parameters from in situ spectra and
the scatterplots and the statistics of this comparison are shown
in Fig. 16 (red dots) and Table 5, respectively. The RMS error
in wind-wave height is 0.34m with correlation coefficient of
0.93 and SI of 0.25. Peak frequencies show error of 0.04 Hz
with a correlation coefficient of 0.66, while the mean frequency
errors are slightly improved (RMS error of 0.03Hz and r =
0.73). The slopes of the regression lines suggest that mean and
peak frequencies are underestimated (slope =< 0.82). The peak
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FIG. 16. Comparison of wave bulk parameters, (a) RMS wave height, (b),(c) peak and mean wave
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waves only. The 1:1 (dashed) and the best-fit (solid) lines are also shown while the statistics are listed in
Table 5.
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TABLE 6. Comparison of the performance of the swell inversion method (LPM) to estimate swell wave height using inverted (LPM) and
measured ((LPM)) swell frequency (f;) and direction (;,,) as described in section 6a. The comparisons of inverted vs in situ swell height
are presented in terms of RMS error (in m), correlation coefficients (r), and regression slope. N is number of data points used.

No. of sites and Beam Beam RMS

beams used Model Site 1 (°N) 2 (°N) N %  error (m) r Slope
One site-one beam LPM1, Eq. (6) PEN 13 — 116 21 0.94 0.53 1.23
PER 271 — 154 28 0.75 053 126

(LPM1) PEN 13 — 262 48 0.56 044  0.86

PER 272 — 433 80 0.71 044 112

One site-two beams LPM2,, Egs. (10) and (11) PEN 28 355 170 31 0.45 0.77 0.54
PER 287 256 130 24 0.41 073 075

(LPM2;) PEN 28 355 92 17 0.53 0.63  0.72

PER 287 256 340 63 0.57 047  1.01

Two sites-two beams ~ LPM2,, Egs. (10) and (11)  PEN and PER 13 272 253 47 0.24 085  0.87
(LPM2,) PEN and PER 125 23 0.31 0.78  0.95

direction has an RMS error of 43° with complex correlation
coefficient |r| of 0.70 and angle 18°, while RMS error of 41°
with |r| = 0.78 and angle 15° are found in mean direction
comparisons.

6. Discussion

a. Inverted swell parameters from LPM swell
inversion method

The results of swell inversion (section 5c) suggest that the
LPM2, method (Lipa et al. 1981) performs better than the
other two methods (WFG and EMP). Although the application
of the method was explored using different combinations of
radar sites and beams (i.e., one site—one beam, one site—two
beam, and two sites—two beams), use of two beams from two
different sites (LPM2,) provided the most accurate swell
wave heights and performed better than LPM1 and LPM2,.
This is attributed to the fact that use of this method ensures
that both beams from the two stations pointed at the same
location (buoy site) and as such they describe the same patch
of the ocean. This is not the case for LPM2, scenario, where
the two beams from a single site provide backscatter from
different patches of the ocean. In the two sites—two beams
scenario, the PEN and PER beams are almost perpendicular
to each other (99°) while the angle of the beams used in
LPM2; is only 30°. This low angle does not seem to be suitable
to allow adequate resolution of the swell waves in the
Doppler spectra.

Although the LPM method was found to perform best for
swell height, it was not successful in estimating swell direction.
Estimation of swell wave height requires knowing swell di-
rection and frequency, which are used within the coupling
coefficient equation. The importance of these two parameters
that are obtained through inversion is examined through a
sensitivity analysis. For this analysis, the swell frequency and
direction values from the in situ data are used (instead of the
inverted ones) to estimate swell heights with the LPM method.
The results from this exercise, denoted as (LPM), are com-
pared to the original swell height estimates using LPMI,
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LPM24, and LPM2; (see Table 6). The resulting swell heights,
from either LPM1, LPM2,, or LPM2, do not seem to be sig-
nificantly different, suggesting that swell height estimates do
not depend heavily on the accuracy of the inverted swell fre-
quency and direction. For instance, the use of in situ data in the
LPM2, method provided wave heights with RMS error of
0.31m and a correlation coefficient r = 0.78, while the original
LPM2, method shows better agreement (see Table 6). The
same situation can be seen for the other two methods. Since
swell frequency and direction do not seem to be responsible for
the errors in swell height estimates, it is concluded that iden-
tifying the swell peak energy in the Doppler spectrum R; [see
Eq. (33)] is most important. Errors in estimating R; can be due
to noisy Doppler spectrum but most likely it relates to the
limits used to integrate the swell energy in the Doppler spec-
trum and to define the energy of the first-order peak. In this
study a constant cutoff of 0.046 Hz was used that might not be
always appropriate.

b. Inverted bulk wave parameters

The time series of inverted total and swell wave parameters
are shown in Fig. 17 and these include data with swell cross
angle > 75° In Figs. 17b, 17e, and 17h, the LPM2, inverted
swell parameters are shown. In there, the cases with swell cross
angle > 75° are identified with green triangle symbols and show
that these instances correspond to overestimated swell wave
heights. However, total wave height estimates are in good
agreement with the in situ values. Although an agreement is
found in the estimates of mean and peak wave frequency the
inversion method provides slightly underestimated values
(see Figs. 17e—f). This is similar to the findings of Lopez and
Conley (2019) who also noted underestimations in frequency
estimates.

The lack of inverted values (Figs. 17a-i) is attributed
mostly to failure of the swell inversion when 1) no swell
peaks were identified in the Doppler spectrum (49% of the
in situ swell record) and 2) Doppler spectra do not satisfy
the QA criteria required (6% of the in situ swell record).
The estimation of wind direction is shown in Fig. 17j and
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FIG. 17. Time series comparison of in situ (black) and inverted (blue) total and swell wave
parameters using data from two sites—two beams (LPM2, method) including data with swell
cross angle |6,| > 75°: (a) total (wind and swell) RMS wave height, (b) swell RMS wave height
(green triangles denote data when |6,| > 75°), (c) peak frequency, (d) mean wave frequency,
(e) swell frequency, (f) peak direction, (g) mean wave direction, (h) swell only direction,
(i) swell cross angle for PEN (blue) and PER (red) beams, and (j) wind direction. Note that the
white gaps in total and swell results are attributed to Doppler spectra that did not pass the
quality criteria (see text for details) as well as to cases where no swell was detected by the radar.

shows good agreement with the in situ data. The differences The performance of the wave inversion method presented in
in data availability for wave inversion and wind direction this study is examined by comparing the results with those from
estimations are attributed to the fact that the wind direction  other theoretical and empirical wave inversion studies (see
method relies only on the Bragg peak energy that needs Table 7). Our method shows to perform well, and the estimates
to be well above the noise level. This is not always the case  of total wave height have RMS error of 0.35m, r = 0.92, and SI
for the second-order peaks used for swell and wind-wave of 0.21. These values are comparable and often better than

inversion. the errors reported using more complicated theoretical wave
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TABLE 7. Comparison of the performance of the hybrid model presented in this study with other (theoretical and empirical) wave
inversion methods reported in the literature. Root-mean-square errors (RMSE) and correlation coefficients (r) of total wave height and
peak and mean wave period estimated using in situ measurements are listed.

Hrms (m) TP (S) Tm (S)
Inversion type Study fradar MHz)  RMSE (m) r RMSE (s) r RMSE (s) r
Theoretical Wryatt et al. (2006) 7-10 0.19-0.46  0.55-0.94 — — 1.27-4.56  0.13-0.81
Whyatt et al. (2009) 16 0.28-0.32  0.96-0.97 — — — —
Hisaki (2016) 24.5 0.15-0.86  0.63-0.76 — — 0.26-0.95  0.69-0.82
Saviano et al. (2019) 25 0.23-0.66  0.50-0.75 — — — —
Empirical Chen et al. (2013) 7.5-25 0.19-1.29  0.45-0.82 — — — —
Gomez et al. (2015) 12 0.25-0.48  0.78-0.93 146423 0.33-0.76 0.81-2.81 0.52-0.81
Middleditch (2013) 8.34 0.36-0.70  0.35-0.51 0.89-2.44  0.3-0.57 0.72-1.26  0.28-0.50
Ramos et al. (2009) 254 0.14-0.50  0.68-0.95 — — — —
Lopez et al. (2016) 12 0.26-0.44  0.90-0.96 — — — —
Lopez and Conley (2019) 12.3 0.30-0.45  0.87-0.94 — — — —
Alattabi et al. (2019) 48 0.16-0.25  0.86-0.94 1.38-2.16 0.51-0.84 0.79-0.84 0.80-0.95
Semi-empirical ~ This study 12 0.35 0.92 2.1 0.63 0.88 0.55

inversion techniques (see Table 7). For mean and peak fre-
quency estimations, it seems most inversion methods including
this study show a similar, fair correlation with the in situ data
(see Table 7).

c¢. Inverted wave and directional wave spectra

The inverted and in situ directional and nondirectional wave
spectra for events A—H (Figs. 14 and 15) show strong agree-
ments. The nondirectional wave spectra agree in terms of en-
ergy content for most events except B, C, and E (Fig. 14).
During these events, the in situ spectra show secondary energy
peaks at ~0.24 Hz; these peaks are not present in the inverted
spectra. This is attributed to the weighting function W(f) used
in forming the normalized second-order spectra Ry/(f) [see
Eq. (23)]. Its purpose is to reduce the effects of second har-
monic and corner reflection peaks generated by the interaction
of EM and ocean waves (Barrick 1972; Ivonin et al. 2006) (see
Figs. 3 and 18) that appear at =2'2fz and =2%*f; (see Fig. 3).
Also, second harmonic peak can be seen in event B, where this
peak is not present in situ spectra (see Fig. 14). However, this
might have some undesirable effects that are further explored.
As shown in Fig. 3, the weighting function for a 48-MHz
radar shows the corner reflection peak to be at high wave
frequencies (~0.49 Hz). For the 12 MHz system these un-
desirable peaks appear at frequencies 0.146 and 0.241 Hz,
respectively (see Fig. 3), which are areas where significant
wave energy might be present. In this case the weighting
function would suppress the wave energy at these frequen-
cies that can be seen both in the in situ spectra [S(f)] and in
the nonweighted second-order spectra R(f) corresponding
to events B, C, and E (see Fig. 18). An example of a clear
corner reflection effect can be seen in Fig. 18, cases F and H,
where the unweighted normalized second-order spectra
R(f) at these events (F and H) contain a secondary peak at
0.24 Hz; its signature is not found in the in situ measure-
ments (see Figs. 18f,h). This removal of wave energy is a
limitation of applying the weighting function and its appli-
cation should be critically examined. Despite this limitation
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the overall energy content of the inverted spectra is similar
to that of the in situ wave spectra.

The accuracy of inverted wave parameters and directional
wave spectra estimated from the inversion method developed
in this study are similar to those reported in Lopez and Conley
(2019) who used the more complicated inversion method of
Wyatt (2000).

Some wave inversion studies use 0.25 Hz as the upper fre-
quency limit for 12-MHz systems mainly due to the limitation
of the inversion method used [for more details, see Lopez and
Conley (2019) and Wyatt et al. (2011)]. In this study, we ex-
tended this limit to 0.35 Hz, and the inverted wave and direc-
tional wave spectra estimates were found to be satisfactory.

In addition to the limitations presented above, there is
a relationship between HF radar frequency and range of
swell cross angles at which singularities occur. This range in-
creases with decreasing radar frequency (i.e., >60° for 4 MHz
while >75° for 12 MHz) making this an important limitation
for lower-frequency systems. As shown in section 6a the ac-
curacy of the LPM method to estimate swell wave height is
related to the method used to identify and accurately deter-
mine the swell peak energies R; [see Eqs. (6) and (33)],
something that depends on the limits used for defining the
energy of the first-order peak especially when this is broad as
this affects the lower limit of the swell band to be inverted. The
technique could benefit from the development of more accu-
rate and robust methods for estimating these cutoff frequency
limits so that it avoids contamination of the swell band by first-
order energy. Flagging these cases and reject them from in-
version might be needed. The comparison of the three different
beam/site combinations used in the application of the LPM
method has revealed that: the use of two beams from a single
site requires an angle between the two beams that is greater
than 30°. As argued earlier, the assumption of homogeneity in
the swell signal at the two beams might not be valid for longer
ranges. In addition, this limits the allowed number of beams
available from a single beam-forming radar where the radial
coverage is limited to —60° to 60° from the radar boresight.
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FIG. 18. Examples from A-H events showing the contribution of the weighting function in reducing the effect of
the second harmonic and corner reflection peaks (located at 2'"*f and 2**f, where fj3 is the Bragg frequency) in the
normalized second-order spectra Ry f) (blue). R (orange) is the unweighted normalized second-order spectra, and
S(f) (gray) denotes in situ wave spectra from wave buoy (m*>Hz 1)

Furthermore, the inverted results from LPM method for one
site—one beam show high reduction of data availability because
it requires that all four swell peaks are available from a single
Doppler spectrum, something that is not always possible. The
LPM method performs best when Doppler spectra from two
beams from two different sites are used.

7. Concluding remarks

In this manuscript, we introduced a relatively simple, semi-
empirical method to estimate full wave and directional wave
spectra from radar data even when swell is present. This
method requires treating the wind-wave and swell inversions
separately. The wind-wave spectra estimation is based on
the empirical method introduced by Barrick (1977b), while the
swell spectra estimation utilizes a simplified version of the
theoretical swell inversion presented by Lipa et al. (1981) that
was found to be better performing than the WFG (Wang et al.
2016) and EMP (swell empirical approach introduced in this
study) methods. The LPM method was found to perform best
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when two beams from two different sites (LPM2,) are used as
long as the swell cross angle is below 75°, for the 12-MHz
system used in this study.

The inversion of the wind-wave component is similar to that
presented in Alattabi et al. (2019), and the regression coeffi-
cient «,, was consistent for the two systems used in the study
(PEN and PER sites) (see Fig. 13). The value of 0.32 is found
for o, over ocean wave frequencies of 0.05-0.2 Hz. This value
is similar to other wave inversion studies that include the
weighting function derived by Barrick (1977b) and used dif-
ferent operating radar frequencies (see Table 4). This suggests
that a constant value of 0.3 for wind-wave regression coefficient
would be sufficient for universal application independent of
operation frequency. Although the one-month dataset used in
this manuscript might be considered short for comparisons and
evaluations, it does capture different combinations of swell and
wind waves ensuring a range of conditions. It is our anticipa-
tion and hope that this method would be further evaluated
using different radar frequencies and using data covering lon-
ger periods.
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The MATLAB scripts for implementation of the inversion
model presented in this manuscript a [Swell Wave Inversion
Code (SWaveRIC)] is available online (Al-Attabi et al. 2021).
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