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ABSTRACT

Ahybrid, empirical radar wave inversion technique that treats swell and wind waves separately is presented

and evaluated using a single 48-MHz radar unit and in situ wave measurements. This hybrid approach greatly

reduces errors in radar wave inversion during swell seas. Our analysis suggests that, prior to the inversion, the

second-order spectrum should be normalized using Barrick’s weighting function because this process removes

harmonic and corner reflection peaks from the inversion and improves the results. In addition, the re-

sulting calibration constants for the wind wave component are not wave-frequency dependent and are

similar in magnitude to those found in previous studies using different operating-frequency radars. This

result suggests radar frequency independence, although additional experimental verification is required.

The swell component of the model presented here ignores the effect of swell’s propagation direction on

the radar signal. Although this approach has several limitations and may only be useful near the coast

(where swell propagates close to perpendicular to the coastline), the resulting wave inversion is accurate

even when swell is propagating close to perpendicular to the radar beam direction. RMS differences

relative to in situ wave height measurements range from 0.16 to 0.25 m as the radar beam angle increases

from 228 to 568.

1. Introduction

Sea state information is usually collected using in

situ sensors that record local wave conditions. Deter-

mination of spatial variability requires the deployment

of several sensors making it a difficult and costly activ-

ity. Satellite technologies (i.e., Jackson 1981; Guymer

1990) have been used for wave height estimations over

large scales, but their application is challenging because

of temporal resolution (based on satellite orbit and

repetition coverage rate). Although recent advances

in satellite technology and signal analysis (i.e., Collard

et al. 2005) have made applications in the coastal ocean

feasible, their application is still constrained by their

spatial resolution (;2.5 km) that makes them compa-

rable to those of low-frequency radars. This part of the

coastal ocean, extending from the coastline to a range

of tens to hundreds of kilometers offshore, is the area

that mid- to high-frequency (HF) radars can provide

both surface current and wave data, at high spatial and

temporal resolution allowing identification of spatial

gradients. The HF radar–derived parameters can facil-

itate operational activities that can utilize the data as

either stand-alone information or integrated with nu-

merical models through data assimilation (e.g., Paduan

and Shulman 2004; Waters et al. 2013).

The HF radar signal backscattered from the ocean

surface is used to calculate the radar’s Doppler energy

spectrum (Crombie 1955; see Fig. 1) at a number of lo-

cations over the radar coverage area. The two largest

and narrowest (first order) peaks in the Doppler spec-

trum are the result of backscatter by ocean waves with a

wavelength half the radar’s wavelength. The shift from

the theoretical Bragg frequency, defined by the operat-

ing frequency of the HF radar, is used to estimate the

ocean surface current along the direction of the radial

beam (radial currents; e.g., Paduan andRosenfeld 1996).

The spectral continuum (second-order scattering),

present on either side of each first-order Bragg peak,

contains information on ocean waves at frequenciesCorresponding author: George Voulgaris, gvoulgaris@geol.sc.edu
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other than that of the Bragg frequency. These areas are

the result of nonlinear interactions between the elec-

tromagnetic (EM) and ocean surface waves that satisfy

the requirement that the sum of the wavenumber vec-

tors equals that of the Bragg wave (i.e., Stewart 1971;

Hasselmann 1971; Weber and Barrick 1977).

Barrick (1971) and Barrick and Weber (1977) used

nonlinear integral equations to develop the theoreti-

cal approach that describes the relationship between

ocean waves and HF radar Doppler spectra. Sub-

sequently, a number of theoretical inversion methods

were developed for the inversion of the nonlinear in-

tegral equations and the extraction of ocean wave

spectra fromHF radar Doppler spectra. Barrick (1977b)

presented the first inversion method; this was improved

by Lipa (1977) who linearized Barrick’s equations

and used a theoretical wave spectrum and a stabiliza-

tion technique to carry out the inversion. Gill (1990)

and Howell and Walsh (1993) developed a method

for the inverse analysis that uses singular value decom-

position techniques to solve the linearized equations.

This method was later extended by Zhang and Gill

(2006) for bistatic radar systems. Wyatt (1990) applied

the Chahine–Twomey relaxation method to invert the

nonlinear integral equation of radar cross section. Al-

though this solution is limited to wave frequencies of less

than 0.2Hz, it was argued that it is capable of providing

a good estimation of the directional wave spectrum.

A nonlinear optimization algorithm that does not require

any linearization or approximation was presented by

Hisaki (1996) to solve the nonlinear integral equations.

In addition to the complex and computationally

intensivemethods described above, other simpler, mostly

empirical methods have been developed. Barrick (1977a)

was the first to derive an approximation for calculat-

ing nondirectional wave spectra and bulk parame-

ters as wave height and period. Barrick (1977b) tested

his empirical method against wave buoy data and later

on, Maresca and Georges (1980) and Heron et al. (1985)

developed modified versions of Barrick’s method. Heron

and Heron (1998) compared these parameterized in-

version methods against in situ data and concluded that

Barrick’s (1977b) original method performed the best.

Gurgel et al. (2006) extended the empirical algorithm

to allow the estimation of wave directional charac-

teristics using two phased-array HF radars that look

on the same patch of the ocean from different di-

rections. Although this method requires two radar

systems, its accuracy depends on the performance

of each individual unit and the accuracy of the co-

efficients (see section 2) used for the inversion of

the signal from each unit. More recently, Lopez

et al. (2016) evaluated the method of Gurgel et al.

(2006) using data from a pair of 12-MHz phased-array

HF radars deployed over a period of 5 months. Their

calibration resulted in coefficients different than those

suggested by Gurgel et al. (2006) even after accounting

for the difference in operating frequency. The authors of

that study suggested that discrepancies in the estima-

tions could be due to antenna sidelobes, the presence of

second-harmonic peaks in the Doppler spectrum, and the

presence of swell waves. Although, Barrick (1977a) has

suggested that weighting of the normalized second-order

spectra by the appropriate coupling coefficient helps

eliminating the harmonic peaks, this was not utilized in

either Lopez et al. (2016) or Gurgel et al. (2006). Fur-

thermore, the empirical method was applied across all

wave frequency bands, although Lipa and Barrick (1980)

and Forget et al. (1981) had noted that the parameterized

inversion technique does not apply to swell.

Most of the work reported in the literature is based

on the use of common radar systems operating at

high frequencies ranging from 4 to 30MHz. These sys-

tems provide spatial resolutions ranging between 0.3 and

5km, and their range varies from 20 to 200km (Paduan

and Washburn 2013). On the other hand, very high fre-

quency (VHF) systems (30–50MHz) can achieve higher

spatial resolutions of 150–300m but with a lower range of

10–15km (Broche et al. 1987; Shay et al. 2002; Molcard

et al. 2009; Shrira et al. 2001; Voulgaris et al. 2011). Al-

though the accuracy of those systems in measuring sur-

face currents is similar to that of lower-frequency systems

(Voulgaris et al. 2011), their ability to measure waves has

not been examined before.

FIG. 1. Example of HF radar Doppler backscatter spectrum

showing the first- [s1(fD); dark gray] and second-order [s2(fD);

light gray] continuum regions of the spectrum. The vertical dashed

lines indicate the theoretical Bragg frequency and correspond to the

frequency at which the first-order peaks should be appearing in the

absence of surface currents. The horizontal dashed red line refers to

the noise level. Data shown are from the 48-MHz, 12-antenna beam-

forming radar system used in this study.
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In this study, we examine the applicability of the

empirical inversion method for the estimation of

ocean wave spectra and bulk wave parameters [i.e.,

root-mean-square (RMS) wave height, peak wave

period, mean wave period, wind and wave direction]

using a single VHF (48MHz) system. Single site

performance controls the accuracy of estimations,

when two or more overlapping radars are used, and

they can increase the coverage area for wave ex-

traction, in areas of no station coverage overlap

(Wyatt 2002). Contrary to previous studies using

empirical methods, in here, we attempt to increase

the accuracy of the method by accounting for the

presence of swell waves through the development

of a hybrid technique. The new technique is applied

on VHF radar Doppler spectra and the results are

compared against ocean wave spectra obtained using

in situ instrumentation deployed over a variety of

ranges and beam angles in relation to the VHF radar

unit. In the following, section 2 outlines the hybrid

empirical inversion method used for the extraction

of wave spectra from the VHF radar signal. Sub-

sequently, in section 3, the experimental setup and

data collection are presented. The results of both the

calibration and inversion using the model are pre-

sented in section 4. In section 5, the findings from the

application of the model are discussed while the

conclusions of this study are presented in section 6.

2. Wave inversion model

Locally generated wind waves exhibit large direc-

tional spreading and individual waves of different

wavelengths and directions interact with each other

and the radar signal, contributing to the backscattered

radar signal (Barrick andWeber 1977; Lipa 1978). The

accuracy of radar wave inversion has found to be re-

lated to the magnitude between the radial beam di-

rection and wave propagation direction (Barrick

1977b). It has been shown that when wave direction is

near perpendicular to the beam direction, the accu-

racy of wave estimates is reduced. On the other hand,

swell waves have very narrow (singular) directional

characteristics that violate the assumptions made re-

garding the contribution of waves in the Doppler

spectrum. This has led to the development of spe-

cialized methods for inversion for swell waves (Lipa

and Barrick 1980; Lipa et al. 1981). The presence of

swell was used to explain the discrepancies found

between observations and estimates using the wind

wave inversion method (Lopez et al. 2016). In their

study, Lopez et al. (2016) found different regression

coefficients for different cross angles (the angle between

wave direction and radar beam direction) and this can

be attributed to the presence of sharply peaked (in both

frequency and direction) swell waves. Recognizing

these differences, we present a model that combines

the methods presented byHeron andHeron (1998) and

Lipa et al. (1981) into single hybrid empirical model.

Its application requires defining the frequency fc
that separates wind from swell waves. This could be

achieved using the wave age criterion (Hanson and

Phillips 2001), but it requires information on wind

speed and direction. In practical applications, if no

wind information is available, the value of this fre-

quency can be determined using historic records or

wave climate analysis. Along the coast of the south-

eastern United States, 0.1Hz can be used as the sepa-

ration frequency while a lower value will be applicable

for the west coast where swells are more prominent

(Kumar et al. 2013).

a. Module for wind driven seas

Barrick’s (1977b) model has been the basis for the

development of most empirical methods to date for the

extraction of wave characteristics from second-order

Doppler spectra. It is based on a simple relationship

between ocean wave height and the weighted second-

order sidebands, normalized by the total first-order en-

ergy of theDoppler spectrum, denoted asRW. Following

Heron and Heron (1998), the bulk RMS wave height,

defined asHrms5 (8m0)
1/2 (WMO1998), wherem0 is the

0th moment of sea surface variance, can be estimated as

H
rms

5 j(4/k
0
)R1/2

W , (1)

where k0 is the radar wavenumber and j is an empirical

constant. Note that in Barrick (1977b) and other HF ra-

dar studies (i.e., Heron andHeron 1998;Ramos et al. 2009)

RMS wave height was defined as simply the standard de-

viation of the sea surface variability. In this manuscript

we have adopted the WMO (1998) definition, as to be

consistent with common practices of wave measurements.

Following Heron and Heron (1998), the noise level

for each individual Doppler spectrum is first identi-

fied, using the method described in Hildebrand and

Sekhon (1974), and removed from the recorded spec-

trum. Then RW( f ) is estimated from each side (i.e.,

negative and positive frequency ranges) of the Doppler

spectrum. Most studies exclude the side with the lower

signal-to-noise ratio (SNR); however, if SNR is similar,

including both sides (i.e., averaging) can improve the

wave inversion. Since Hrms is derived from the integral

of the wave energy spectrum, Eq. (1) can be expanded

to its equivalent spectral form so that the wind wave

energy spectrum Sw( f ) is given by
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S
w
( f )5a( f )

2R
W
( f )

k2
0

, (2)

where a( f) is a calibration coefficient that depends on

wave frequency f, as in Gurgel et al. (2006). Contrary to

Gurgel et al. (2006) and Lopez et al. (2016), RW here

is the ‘‘weighted’’ second-order continuum normalized

by the integrated first-order spectra; it was defined by

Barrick (1977a,b) as a function of the radar-derived

Doppler frequency fD as

R
W
( f

D
)5

s
2
( f

D
)/W( f

D
/f
B
)ðfB1Df

fB2Df

s
1
( f

D
) df

D

, (3)

where s1 and s2 are the first and second-order spectra,

Df is the small frequency band around the first-order

Bragg peak fB corresponding to the peak half-width,

and W is the weighting function defined in Barrick

(1977b, see Fig. 3 therein) for deep water conditions.

Ocean wave ( f ) and radar Doppler (fD) frequencies are

related through the radar Bragg frequency (fB); the

latter corresponds to zero ocean wave frequency, so

that f 5 jfD 2 fBj.
b. Module for swell

Swell consists of gravity waves propagating outside

their area of generation and are not in equilibrium with

the local wind conditions (Hanson and Phillips 2001);

they are sharply peaked in both frequency and di-

rection, and as shown in Maresca and Georges (1980),

Lipa and Barrick (1980), and Bathgate et al. (2006)

require a separate radar inversion method. In these

narrow beam radar models, swell waves appear as peaks

in the second-order sidebands of the radar Doppler

spectrum and they are located close to the first-order

peak. Their amplitude is proportional to cos2us, where

us is the angle between the radar beam and the swell

propagation direction [for details see Lipa and Barrick

(1980) and Bathgate et al. (2006)]. When swell waves

cross the radar beam within 6308 from perpendicular

large inaccuracies in the swell inversion are reported

(Bathgate et al. 2006; Wang et al. 2016). However,

in nearshore applications refraction due to the shal-

low water depths causes swell waves to approach the

coastline at very small angles, almost perpendicular to

the coastline (but not necessarily perpendicular to the

radar beam direction). The roughly constant propaga-

tion direction of swell waves near the coastline allows

us to assume limited directional effects in the near-

shore and propose a simpler model.

Equation (3) withW( fD/fB)5 1 is used to estimate the

radar swell cross section ratio in the swell band; its peak

value Rs is used to estimate the RMS wave height of

swell Hs as

H2
s 5a

s

2R
s

k2
0

, (4)

where as is an empirical factor that accounts for di-

rectional characteristics and other system dependent

variabilities similarly to the empirical factor in Eq. (2)

for wind waves. In addition, this factor includes the

effect of the coupling coefficient, which for swell is

different than it is for wind waves (Lipa et al. 1981).

The RMS swell wave height Hs can be converted to an

energy spectrum using a Gaussian function that dis-

tributes the swell energy over the swell frequency band

with the peak energy centered at the swell peak fre-

quency fs:

S
s
( f )5 (H2

s /8
ffiffiffiffiffiffiffiffiffiffiffi
2ps2

p
)e2(f2fs)

2/2s2

, (5)

where s represents the width of the spectra, which can

be determined from existing in situ wave spectra from

the study area or using validated model hindcasting re-

sults (e.g., Kumar et al. 2017).

Following Lipa et al. (1981), the swell peak frequency

fs is determined from the four swell peaks in theDoppler

spectrum (defined from lowest to highest in Doppler

frequency as f21 , f22 , f13 , and f14 , with the superscripts

defining the sign of the side of the Doppler spectrum).

There are used to estimate swell frequency as fs 5
(Df1 1 Df2)/4, or fs 5 Df1or2/2, depending on whether

one or both sides of the Doppler spectrum are used,

where Df2 5 f21 2 f22 and Df1 5 f14 2 f13 .

The swell and the wind wave spectra can be com-

bined into a single wave energy density spectrum

[S( f ) 5 Sw( f) 1 Ss( f )].

c. Wind and wave direction

Given the high frequency of the ocean Bragg waves, it

is assumed that they are aligned with the local, wave-

generating wind. Thus, wind direction can be estimated

using (Long and Trizna 1973; Fernandez et al. 1997)

z5s
1
( f1D )/s

1
( f2D ) , (6)

where s1( f
1
D ) and s1( f

2
D ) represent the first-order Bragg

peak energies (i.e., the integral of the first-order region

of the spectra) corresponding to approaching and re-

ceding ocean Bragg waves, respectively. A directional

distribution function G(u) of the Bragg ocean waves is

used to relate the ratio z to the direction of ocean waves

(Longuet-Higgins 1963):

G(u)5A coss(u/2) , (7)
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where s is the spreading factor, A is a constant that

satisfies
Ð 1p

2p
G(u) du5 1, and u 5 ur 2 uw, with uw rep-

resenting Bragg wave (wind) direction and ur repre-

senting the radar beam direction. Substituting Eq. (6) in

Eq. (7) and after some manipulation, the Bragg wave

(wind) direction is estimated as

u
w
5 u

r
6 2 arctan(z1/s) . (8)

The plus/minus sign refers to directional ambiguity for a

single radar system. Parameter s 5 2 is commonly used

as it allows simplicity in the calculation when two sys-

tems are used (Gurgel et al. 2006; Fernandez et al.

1997). The ambiguity issue can be resolved using two or

more radar systems that look at the same ocean area

from different angles, or when the directional charac-

teristics of the Bragg wave/wind are well constrained by

the environmental setting (i.e., coastline morphology)

or through other means.

Gurgel et al. (2006) expanded the method de-

scribed above for the calculation of Bragg wave/ wind

direction to the second-order Doppler sideband en-

ergies. They utilized the f-dependent ratio of the

second-order side band corresponding to receding

waves [s2
2 ( f )] over the side corresponding to ap-

proaching waves [s1
2 ( f )] to define the direction of

ocean waves with frequency f as

u( f )
inv

5 u
r
6 2 arctan

��
s1
2 ( f )

s2
2 ( f )

�1/s�
, (9)

where ur is radial beam direction, and s is the wave di-

rectional spreading factor as in Eq. (8). As for the case of

wind direction, the ambiguity in the solution of Eq. (9)

can be resolved using multiple radar stations or by uti-

lizing additional information.

3. In situ and VHF radar data availability and
analysis

The data used in this study were collected as part of

an experiment carried out in the vicinity of Diamond

Shoals, a sand shoal complex that extends up to 40 km

offshore from Cape Hatteras Point, North Carolina.

The experiment was carried out under the auspices

of the Carolinas Coastal Change project, led by the

U.S. Geological Survey, and details can be found in

Armstrong et al. (2013). A number of in situ acoustic

current profilers were deployed in the surf-zone and

inner shelf regions of the study area (Fig. 2). In

addition, a single VHF radar station with a coverage

area that included the in situ data collection sites was

operated during the experimental period.

a. In situ data

Wave and current data were collected at 13 locations

dispersed throughout the study area (see Kumar et al.

2013; List et al. 2011). Only seven of these sites (O2,

N1, N2, N3, N4, N5, and N6) were within the foot-

print of the radar coverage area (see Table 1 and

Fig. 2). Site O2 was located at a water depth of 10.7m

and provided hourly measurements. Four of the sites

(N1, N2, N3, and N4) were located to the east of

the cape and its associated shoal, while the remaining

two (N5 and N6) were deployed over the shoal itself.

The instrumentation consisted of Nortek AS Aquadopp

(AQD) and Teledyne RD Instruments acoustic

Doppler current profilers (ADCP) measuring three-

dimensional flow velocities (bin size of 40 cm) and

pressure fluctuations with a sampling frequency of

1Hz. The AQD sensors (sites N1, N2, N3, and N6)

were set up to collect data continuously while the

ADCPs (sites O2, N4, and N5) were collecting data in

burst mode (1024 data points, every hour, centered on

the hour). The continuous AQD records were divided

into 1024-s-long segments, centered on the hour, to

match the ADCP and VHF data collection. The types

of instrumentation deployed at each site, their period

of data collection, and their depths are listed in Table 1.

Pressure p and horizontal (u, y) velocity records cor-

responding to the bin closer to the bed [0.40 meters

above bed (mab) for theADP sites, 0.64 mab for theO2

and N5ADCPs, and 1.60 mab for N4ADCP] were used

to calculate power spectral and cross-spectral densities

usingWelch’s (1967) method (15 ensembles of 128 data

FIG. 2. Experimental site location map showing the bathyme-

try around Cape Hatteras (bathymetry data are from https://

www.ngdc.noaa.gov/mgg/bathymetry/relief.html), radar cover-

age area, and the locations of in situ stations and Diamond

Shoals buoy 41025 (red star in insert). The radar boresight di-

rection (08 beam angle) is indicated by the arrow vector.
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points each, with 50% overlap). The sea surface power

spectral density was estimated from the pressure

spectra after correcting for pressure attenuation with

depth (Bishop and Donelan 1987). To reduce amplifi-

cation of noise, the analysis was performed to a maxi-

mum frequency of 0.25Hz (except for site O2, where

the maximum frequency was set to 0.195Hz because of

the larger water depth). The surface spectra and cor-

responding cross-spectral densities were used to cal-

culate wave height, period, direction, and directional

spreading using the moments method (Herbers et al.

1999). Partitioning of the wave field (energy and di-

rection) into swell and wind waves was carried out by

integrating the wave spectra over the frequency bands

below and above 0.1Hz, respectively.

Meteorological data and offshore wave conditions for

the deployment period were obtained from the NOAA/

National Data Buoy Center (NDBC) Diamond Shoals

buoy (41025; Fig. 2) which is located some 29km from the

VHF radar station and at a mean water depth of 48m.

b. VHF radar data

A single, 12-antenna, phased-array, VHF Wellen

Radar (WERA) system (Gurgel et al. 1999), manu-

factured by Helzel Messtechnick GmbH, was deployed

at the study site (Fig. 2). Its operational frequency

was 48MHz, and the use of 1-MHz bandwidth during

transmission resulted in 150-m range resolution. Ra-

dar data were obtained 2 times per hour for the period

3–26 February 2010 with continuous radio transmis-

sion for a period of 14.8min centered on 0 and 30min

past the hour. A total of 967 transmissions were made

over the 22-day data collection period, with limited

interruptions resulting from main power issues (95%

data recovery rate). For this analysis Doppler spectra

were estimated by steering the beam of the VHF radar

system at the instrument locations at the appropriate

range cell. The Doppler spectra have a frequency res-

olution of 0.009Hz and cover the range from 22.29 to

2.29Hz (the Nyquist frequency of a 4.48-Hz chirp rate).

The energy is expressed in decibels defined using an

arbitrary reference level, as recorded internally by the

WERA system. Radial surface velocity estimates from

the Doppler spectra were compared with the point

measurements obtained using the in situ instrumenta-

tion and they found to agree with an error ranging

between 4 and 12 cm s21 (Voulgaris et al. 2011), al-

though these findings are not presented here.

For this analysis, only Doppler spectra that coincide

with the times of wave data collection using the in situ

sensors (hourly for O2, N4, and N5, and half-hourly for

N1, N2, N3, and N6) are used. The range to the in situ

sensor locations from the radar receive (Rx) antenna

array, as well as the angle between the beam-forming

direction and the radar boresight, is listed in Table 1.

Site N1 was the closest to the radar (0.7 km), and the

largest range (4.2 km) corresponds to sites N5 and N6.

The site with a radial beam direction closest to the radar

boresight was O2 (22.38), and site N6 was the one with

the largest beam angle (53.58).
We use sites N4 and O2 (Fig. 2) to calibrate the model

presented in section 2 and to estimate the empirical co-

efficients for the wind wave and swell components of the

model. The second-order sidebands are limited to a low

frequency of 0.058Hz (lower frequencies are often con-

taminated by first-order noise) and an upper limit of 0.5Hz

(values above this were often close to the noise of the HF

radar signal), which covers wave periods from 2 to 17 s.

The inversion is carried out using only the dominant

side of the Doppler spectrum unless the two Bragg

peaks differ by less than 3dB. In the latter case an av-

erage of both sides is used. The swell peak frequencies

( f21 , f22 , f13 and f14 ) are estimated using the weighted

mean method of Young (1995) with n 5 5 (Young and

Verhagen 1996):

f
m
5
�s

2m
( f

i
)nf

i

�s
2m
( f

i
)n

, where f
i
, f

c
, (10)

here m 5 1, . . . , 4 denotes the four sidebands from

lowest to higher frequency and i is the index of the dis-

crete frequency at which aDoppler estimate is available.

TABLE 1. Details of instrument types, water depth, data availability, range of the site from the VHF radar, angle of the radar beam to each

site from the radar boresight, and mean SNR for the first- and second-order peaks extracted from the radar Doppler spectra.

Site

Instrument

type

Depth

(m)

Deployment period

(2010)

Range

(km)

Beam angle

(8)
First-order mean

SNR (dB)

Second-order mean

SNR (dB)

N1 AQD 4.7 9–22 Feb 0.7 51.9 41.2 27.4

N2 AQD 7.0 11–21 Feb 1.8 55.8 39.6 24.0

N3 AQD 6.0 9–22 Feb 1.9 45.8 41.3 24.9

N4 ADCP 8.8 9–22 Feb 2.0 38.2 41.6 25.2

N5 ADCP 6.1 2–21 Feb 4.2 46.1 28.1 17.5

N6 AQD 4.7 2–21 Feb 4.2 53.5 26.0 17.7

O2 ADCP 10.7 4 Feb–20 Mar 3.3 22.3 39.8 26.5

992 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 36

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 07:31 PM UTC



4. Results

a. Wind and wave conditions

Time series of wind conditions recorded offshore, at

the NDBC buoy location, and wave conditions recorded

both offshore at the buoy location and in the nearshore,

within the HF radar coverage domain are shown in

Fig. 3. A number of wind events are identified, with the

largest one commencing on 6 February and lasting until

10 February. During this event, only sites O2, N5, and

N6 were operational (see Table 1) and waves reached

offshore wave height of approximately 4m (see Fig. 3b,

day 6). In the nearshore, during the initial period (days

6–6.4), wave energy in the wind wave band was domi-

nant; after day 6.4, swell waves became dominant. Times

representing these two conditions are marked on Fig. 3

as A (day 6.21) and B (day 7.96), respectively. On

10 February, a second frontal system moved in the area

FIG. 3. Time series of offshore winds (NOAA buoy station 41025) and bulk wave parameters

measured offshore at the buoy and instrumented sites (see Fig. 2): (a) wind vector diagram,

(b) total RMS wave height for all sites, partitioned (c) swell and (d) gravity wave heights,

(e) peak wave period (the horizontal line at 10 s shows the separation between swell and wind

waves), andmean wave direction (from true north) for (f) swell and (g) wind waves. Horizontal

lines in (f) and (g) denote the direction perpendicular to the local coastline direction. Vertical

lines marked A–H identify specific wind waves/swell events (see text for details).

JUNE 2019 ALATTAB I ET AL . 993

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 07:31 PM UTC



that produced elevated sea state (up to 3m RMS wave

height on 11 February) for a period of a few days. During

this event, all sites, except for N2, were operational

(see Table 1). In Fig. 3, D denotes the time when high

wind waves are present offshore (day 11.54), while E

identifies the time when swell waves were recorded

both offshore and in the nearshore (day 12.54). We

highlight a few more wind events on days 10.08, 13.66,

16.54, and 23.1 when Hrms values varied between 0.5

and 1m (see C, F, G and H in Fig. 3). These represent

wave conditions with different directions and peak

frequencies (see Table 2). Although no directional

wave information exists offshore, the wind data

from the NDBC buoy indicate an alongshore wind-

generated wave propagation predominantly from

North. In the nearshore, mean wave directions, for both

wind and swell waves, are within 20 degrees from per-

pendicular to the coastline (see Fig. 3g).

b. In situ wave spectra

The full wave spectra S( f), from sites O2 andN4, used

to estimate the wave parameters are shown in Fig. 4. The

same spectra were used to estimate the coefficients for

the wave inversion model presented in section 2 [see

Eqs. (2) and (5)]. Spectra covering the whole VHF radar

deployment period are available for site O2 (see Fig. 4),

while N4 was deployed on 9 February and after the oc-

currence of the first significant wind event. The indi-

vidual events/conditions (A–H) identified in Fig. 3 are

also shown in Fig. 4.

c. VHF radar Doppler spectra

The radar-derived Doppler spectra for sites N4 and

O2, for the full deployment period, are shown in Fig. 5

in the form of a time stack. The highest values at each

time step present in the positive and negative Doppler

frequency ranges correspond to the first-order peaks,

while the energy around these local maxima repre-

sents the second-order continuum. This is best shown

in the individual Doppler spectra plots from the

identified events (see Fig. 6, left panels). The deviation

of the first-order peak from the Bragg frequency

(60.701Hz) is time varying as it depends on surface

current speed which is modulated by the prevailing

wind and tidal conditions (see Fig. 3). Doppler spectra

from events A and B (see Figs. 5 and 6, left panel) are

typical examples of highly energetic conditions. They

demonstrate the merging of first and second-order

parts of the spectrum that makes defining the first-

order peak difficult.

TABLE 2. Summary of bulk total and partitioned (swell/wind wave) wave conditions (i.e., RMS wave height, frequency, and direction) at

sites O2 andN4 for each of the events (A–H) shown in Fig. 3. The correspondingVHF radarDoppler spectra characteristics are also listed.

A B C D E F G H

Site O2

Time (day) 6.20 8.00 10.10 11.54 12.54 13.7 16.54 23.16

Total Hrms (m) 2.30 2.00 1.10 1.20 1.70 1.30 0.70 0.80

Swell Hrms (m) 1.10 2.00 0.20 0.50 1.40 0.60 0.20 0.20

Wind Hrms (m) 2.00 1.30 1.10 1.00 0.90 1.20 0.70 0.80

Peak frequency fP (Hz) 0.10 0.07 0.15 0.10 0.08 0.14 0.12 0.13

Mean frequency fm (Hz) 0.10 0.09 0.15 0.12 0.09 0.13 0.13 0.14

Mean swell direction (8) 99.0 74.6 102.6 46.0 87.0 76.0 152.5 120.0

Swell cross direction (8) 50.6 75.5 — 76.0 63.0 — — —

Mean wind wave direction (8) 109.0 76.8 109.7 54.0 74.0 54.0 140.0 130.0

Wind wave cross direction (8) 40.0 73.0 40.00 84.0 75.0 84.0 10.0 19.0

Noise (dB) 21.00 20.50 26.20 21.04 1.22 20.60 1.74 21.08

(s1/s2)peak (dB) 1.30 1.60 6.00 8.00 2.90 6.30 9.60 75.00

Site N4

Time (day) 6.21 7.96 10.08 11.54 12.54 13.67 16.54 23.16

Total Hrms (m) — — 1.10 0.96 1.70 1.20 0.70 —

Swell Hrms (m) — — 0.20 0.4 1.00 0.60 0.20 —

Wind Hrms (m) — — 1.00 0.85 0.98 1.00 0.70 —

Peak frequency fP (Hz) — — 0.14 0.1 0.07 0.14 0.12 —

Mean frequency fm (Hz) — — 0.16 0.12 0.10 0.13 0.14 —

Mean swell direction (8) — — 100 73 85 86 138 —

Swell cross direction (8) — — — 87 79 — — —

Mean wind wave direction (8) — — 114.0 70.0 78.0 71.0 151.0 —

Wind wave cross direction (8) — — 51.0 84.0 87.0 85.0 14.0 —

Noise (dB) — — 22.25 5.50 3.90 3.70 8.00 —

(s1/s2)peak (dB) — — 12.20 9.20 4.00 13.80 6.10 —
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For each of the Doppler spectra a Gaussian curve was

fitted on the Bragg peaks identified using two fre-

quency bins around each peak. The fitted first-order

peak was then subtracted from the Doppler spectrum

to reduce its potential influence on the second-order

sidebands. As in Heron and Heron (1998), the second-

order sidebands surrounding the Bragg peaks were

first weighted, using Barrick’s (1977b) weighting func-

tion; then, they were folded around the Bragg peak

frequency and added together for each side separately.

Last, they were normalized by the integral of first-order

peak energy for each corresponding side according

to Eq. (3). The Bragg peak half-width Df in Eq. (3)

was determined by the half-width of the Gaussian

fit to the Bragg peak. The weighted and normalized

second-order spectra from each side were averaged

to generate the final RW( f ) spectra for sites O2 and

N4. These are shown in Fig. 7 as time stacks, while

FIG. 4. Time stacks of estimated wave spectra S( f ) from sites (top) O2 and (bottom) N4. For

instrument locations see Fig. 2. The horizontal black line at 0.1Hz denotes the separation of

swell and wind wave bands. Vertical dashed lines refer to the time events shown in Fig. 3 (see

the text for details).

FIG. 5. Time stacks of Doppler backscatter spectra estimated using the 48-MHz VHF radar.

Each time stack represents Doppler spectra from the radar beam formed at locations corre-

sponding to the locations of sites (top) O2 and (bottom) N4. Vertical dashed lines refer to the

time events shown in Figs. 3 and 4 (see text for details).
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individual RW( f ) for the specific events A–H are

shown in Fig. 6 (center panels).

d. Wave inversion model calibration

Prior to estimating the frequency dependent co-

efficient for wind seas [Eq. (2)] and swell [Eq. (4)],

the spectral energy data for each frequency band

were quality assured using several criteria. First, an

analysis was carried out to ensure that both in situ

and radar Doppler spectral estimates were above their

corresponding spectral noise floor. For the in situ wave

spectra the value of 0.15m2Hz21 was assumed to be

the noise floor, as determined from the spectra. For

the selection of the normalized Doppler spectral data

FIG. 6. VHF radar data for events A–H (see Figs. 3–5): (left) individual VHF radar Doppler

spectra (the dashed lines denote the noise level for each spectrum), (center) second-order,

weighted and normalized spectra RW( f ) estimated from the Doppler spectra shown in the left

column, and (right) in situ estimates of wave spectra from the acoustic instruments. The blue

and red curves correspond to sites O2 and N4, respectively.
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[RW( f )], we followed the approach of Wyatt et al.

(2005) and Lopez et al. (2016) and only Doppler

spectra with energy (SNR) greater than 25 and 10dB for

the first- and second-order energy peaks, respectively,

were selected. The Bragg peak was required to be at

least 5 dB above the second-order sidebands so that it

can be clearly identified.

The calibration coefficients corresponding to Eq. (2)

estimated using the data that passed these criteria

are denoted as a( f )SNR. In addition, a subgroup of

the data was created that included only records of

wind seas (fp . 0.10Hz), without swell being present.

The coefficients derived using these data are denoted

as a( f )1SNR.

Because our data are from the nearshore region, we

explored the effect that the shallow water depth might

have in the calibration by creating three different

estimates of RW( f ): 1) using the deep water weighting

function of Barrick (1977b); 2) not applying any

weighting at all as in Lopez et al. (2016), and 3) using a

shallow water weighting function as suggested in Lipa

et al. (2008). The shallow water weighting function was

calculated using the forward model of Gill and Walsh

(2001). The estimated RW( f ) values for each case cor-

respond to discreet ocean wave frequency bands that

span the range 0.058–0.500Hz. These were interpo-

lated to match the frequency bands corresponding to

the in situ wave spectra Sf estimates, which were lim-

ited to 0.19 and 0.25Hz, for O2 and N4, respectively.

The corresponding calibration coefficients a( f ) were

estimated for each f, as in Lopez et al. (2016), using a

least squares fit between all S(fi) and the corresponding

RW(fi) values, from all qualified Doppler spectra and

for each frequency band i. Although Eq. (2) is to be

used for the wind waves only, the fitting was carried out

for all frequencies, including swell, as in Lopez et al.

(2016), and the results are shown in Fig. 8.

The coefficients estimated using the deep-water

weighting function (see Figs. 8a,c) for each site are

similar to each other, independent of the data used

[a( f )SNR or a( f )1SNR]. In the wind wave frequency

range (0.10–0.25Hz) the coefficients are of similar

magnitude across the whole wind wave frequency

range, for both cases. However, at lower (swell) fre-

quencies (,0.10Hz), a( f )SNR values are 3–4 times the

a( f )1SNR ones (see Figs. 8a,c). This discrepancy at the

swell band is mainly because the SNR1 data do not

include conditions with significant swell energy. The

correlation coefficient r of RW( f ) and S( f ) values used

to estimate a( f )SNR range from 0.2 to 0.9 at frequency

range 0.058–0.10Hz and these values are reduced to

0.4–0.6 at higher frequencies ( f . 0.10Hz) (see Fig. 8b).

These correlations are similar to those reported by Lopez

et al. (2016). Relative to a(f)SNR, the correlations for

a( f )1SNR exhibited greater variability (0.2–0.8) and overall

lower values for frequencies ,0.1Hz (swell band),

and somewhat more consistent values (0.4–0.6) for

frequencies .0.1Hz.

The a( f )1SNR vales determined without applying the

weighting function for RW are shown in Fig. 8e. The

values shown are smaller by a factor of 2.7 than those

estimated using the deep-water weighting function

and exhibit an identical distribution over the fre-

quency range. This is mainly because the weighting

FIG. 7. Time stacks of weighted, normalized second-order radar spectra RW( f ) at sites (top)

O2 and (bottom) N4. The double arrow on the bottom panel defines the period of in situ data

availability at site N4 that was used for calibration.
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function for our radar frequency is almost flat over

the wave frequency range used in this study (for

more details see section 5a). Use of the shallow wa-

ter weighting function (Fig. 8g) makes the regression

coefficients more frequency dependent with their

values increasing toward lower wave frequencies. This

also introduces a variability between sites that is due

to the different water depths.

For the swell wave module, the spreading parameter

s [see Eq. (5)] was estimated by fitting a Gaussian curve

to the swell peaks found in the in situ wave spec-

tra. Histograms of the distribution of the estimated

s values, for each site, are shown in Figs. 9a and 9b.

A skewed distribution is revealed, with 0.010 and

0.009Hz2 being the peak values for sites O2 and N4,

and their mean value (s 5 0.0095Hz2) was used. The

swell calibration coefficient as was estimated using a

least squares regression fit to Eq. (4); values of 0.05 6
0.013 and 0.07 6 0.009 were derived for O2 and N4,

respectively (see Figs. 9c,d).

e. Application of the wave inversion model

1) CALIBRATION SITES: O2 AND N4

In this section, the coefficients estimated during

calibration (see section above) using the deep-water

weighting function are used to invert the radar-derived

Doppler spectra from sites O2 and N4 into surface

wave spectra.

Prior to the inversion, the ratio of swell over wind

wave energy in the normalized second-order Doppler

spectrum, defined as

L5
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c
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)
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is used to identify Doppler spectra with significant

energy in the swell band. If L . 1, the swell module

[Eq. (5)] is used to estimate the wave energy at fre-

quencies f , fc using the site-specific as value (0.05 and

0.07 for O2 and N4, respectively). The wind wave

spectrum [Eq. (2)] is calculated for f $ fc, if L . 1, and

for all frequencies (including swell) if L# 1. Because of

the relatively small variability of a( f )1SNR, using the deep

water weighting function along the wind wave frequency

range (see Fig. 8c), and the similarity of the frequency-

averaged values between sites (0.26 6 0.01 and 0.25 6
0.02 for O2 and N4, respectively), the frequency- and

FIG. 9. (a),(b) Histograms showing the distribution of the

spreading coefficient s for swell, estimated from the in situ wave

spectra, and (c),(d) plots of regression analysis used to estimate the

calibration coefficient as in the swell module for sites (left) O2 and

(right) N4.

FIG. 8. Estimates of frequency-dependent empirical calibration

coefficients [Eq. (2)] using Doppler spectra that satisfied the

(a) SNR and (c),(e),(g) SNR1 criteria (see text for details) at all

sites. The a1
SNR values were determined from normalized second-

order spectra weighted using a deep-water weighting function [(c)],

with no weighting applied [(e)], and weighted using a shallowwater

weighting function [(g)]. (b),(d),(f),(h) The corresponding linear

correlation coefficients. The shaded area in the diagrams delineates

the swell frequency range.
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site-averaged value of 0.255 is used. The inversion is

carried out to frequencies up to 0.5Hz which is higher

than the maximum frequency of the energy spectra esti-

mated using the acoustic instruments (0.19 and 0.25Hz,

for O2 and N4, respectively); the inverted wave spectra

corresponding to the individual events A–H are shown in

Fig. 10. Note that the same analysis for the wind waves

was carried out using the nonweighted normalized spec-

tra, and the results were almost identical and are not

shown in here. Similar results (not shown here) were

obtained using the shallow water weighting function;

however, this required the use of coefficients that are

different for each frequency but also vary between sites.

Events A and B (in situ RMS wave heights of 2.3 and

2.5m, respectively) are examples of spectra with Bragg

peaks that are less than 5dB above the second-order

sidebands. Although these spectra are within Barrick’s

(1977a,b) wave height limits (0.42 , Hrms , 2.82m, for a

48-MHz system), they do not meet the signal quality cri-

teria. They are shown in here as a demonstration of the

FIG. 10. Examples of in situ (solid curves) and inverted (dashed curves) wave spectra for

events A–H (see Figs. 3 and 4) and for sites O2 (blue) and N4 (red). The f24 and f25 as-

ymptotes are shown as black and gray lines, respectively. The corresponding in situ wave

height/mean wave direction are shown in each panel.
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effectiveness of this criterion to identify Doppler spectra

not suitable for wave inversion. The wave inversion fails

to identify the peak of the wave spectrum and the in situ

wind sea spectra match the inverted one only at high

frequencies. During event E, although the total wave

height is 1.75m, the partitioned wind wave height is 1m

and the spectrum is reconstructed accurately. Similar

agreements between the inverted and in situ spectra can

be seen in events C and D which are characterized by

wind sea spectra only (no swell) but with a smaller wave

height (1m). For the remaining events (F, G, and H), the

reconstructed spectra bear a resemblance to the ones

estimated from the in situ data (see the corresponding

panels in Fig. 10).

In Fig. 11 bulk wave parameter estimates (i.e.,

RMS wave height, mean, and peak wave frequency)

FIG. 11. Comparison of wave bulk parameters [Hrms, peak (fP) and mean (fm) wave

frequency] for sites (left) O2 and (right) N4. The 1:1 line (dashed) and the best regression

line (red) are also shown. Red plus signs and blue open circles denote conditions that are

dominated by swell and wind waves, respectively.

1000 JOURNAL OF ATMOSPHER IC AND OCEAN IC TECHNOLOGY VOLUME 36

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 07:31 PM UTC



from the inverted wave spectra are compared

with estimates from the in situ spectra. Wave height

RMS errors are 0.21 and 0.17m for sites O2 and N4,

respectively. The linear correlation coefficients are

high (0.92 and 0.93, respectively) while the linear re-

gression slope is 0.86 and 0.89, respectively (see

Table 3). Note that the in situ wave spectra are also

estimates and do not constitute absolute measurements

of the true sea state; as such the error estimates pre-

sented above represent an assessment of the agreement

between the two methods. However, independent

evaluation of ADCPs for wave measurements with

wave buoys (e.g., Work 2008) have revealed RMSEs

of 0.08m, 2.6 s, and 0.7 s for wave height, peak, and

mean wave period, respectively, and 118 for mean

wave direction. These values provide a basis for the

evaluation of the agreement found between the wave

parameter estimates from the inversion method and

in situ instrumentation.

2) VERIFICATION SITES

The inversion method is verified using Doppler

spectra from sites N1, N2, N3, N5, and N6, that

were not used in the calibration process, utilizing

the coefficients derived from sites O2 and N4. For

the wind wave module, the frequency and site aver-

aged value for a( f )1SNR, as estimated using the deep-

water weighting function, is used (50.255), and for

the swell module the mean of the corresponding

values for the two calibration sites (50.06) is adopted.

For brevity, only the results for sites N1 and N5 are

presented in detail (see Fig. 12). The results of the

statistical analysis for all sites are listed in Tables 3

and 4. As shown earlier, the Bragg peaks at events A

and B are poorly defined, as they are less than 5 dB

above the second-order sidebands (Fig. 6). The peak

of the wave spectrum is significantly underestimated

in A and entirely missed in B, but the inverted

spectra (see Fig. 12) agree relatively well with the

in situ ones at higher (wind wave) frequencies. Agree-

ment in the wind wave band is found also for event C,

although in this case the inverted spectrum contains more

energy in the swell band thanwhat is present in situ; at the

same time the inverted spectra underestimate the peak

wave energy. Events E and F show the best agreement

between inverted and in situ data with event E being the

best overall, even though the total wave height is 1.5m,

higher than those for other events (C, D, F, G, and H).

For event D, there is good agreement between the two

spectra for site N1, but for site N5 the inverted spectrum

overestimates the energy present in higher frequencies.

The inverted and in situ estimated bulkwaveparameters

(RMS wave height, mean, and peak wave frequency) are

compared in Fig. 13 while the corresponding RMS errors

and correlation coefficients of both total and partitioned

wave heights and mean and peak periods are listed in

Tables 3 and 4. Overall, they are of similar value as those

estimated for the sites used in the calibration but the wave

height errors are higher for swell than that for wind waves.

The latter errors are smaller than the ones for the total

wave height. Data from periods of common data avail-

ability are used to estimate the wave height differences

(in terms of RMS error) between stations for both the

in situ and the inverted wave height estimates

(see Table 5). The spatial differences between in situ

wave heights range from 0.03m (sites N6 2 N2) to

0.19m (sites N2 2 O2). The corresponding differ-

ences between inverted values range from 0.1m (sites

N4 2 N3) to 0.39m (sites N6 2 N3). Overall differ-

ences of in situ measurements between different sites are

slightly greater (25%–30%) when using the inverted

wave heights. The exception is station N6 where the

inverted heights from this site show a much higher

error when compared with those from the other sites.

f. Directional characteristics

The ambiguity in the wind and wave direction re-

sults (due to the use of a single station) was resolved

TABLE 3. RMS error, linear correlation coefficient, and regression slope derived from the comparison of wave bulk parameters for total

and partitioned RMS wave height estimates from the inverted and in situ spectra for all sites. Note: sites O2 and N4 were used for the

calibration of the model.

Hrms (total) Hrms (swell) Hrms (wind waves)

N Error (m) r Slope Error (m) r Slope Error (m) R Slope

O2 413 0.21 0.92 0.86 0.23 0.83 0.78 0.17 0.89 0.89

N1 407 0.16 0.92 0.91 0.18 0.82 0.86 0.13 0.90 0.91

N2 306 0.19 0.94 0.80 0.22 0.88 0.72 0.13 0.89 0.84

N3 450 0.20 0.93 0.79 0.16 0.89 0.80 0.17 0.90 0.75

N4 214 0.17 0.93 0.89 0.15 0.91 0.89 0.14 0.90 0.86

N5 334 0.17 0.92 0.94 0.21 0.79 0.85 0.14 0.92 0.95

N6 627 0.25 0.86 1.04 0.23 0.73 0.87 0.21 0.85 1.09
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using the in situ wind and wave measurements from the

NOAA buoy and the in situ sites, respectively. Although

this is not possible when no in situ data are available, we

use this approach to evaluate the accuracy of a single

VHF radar system in obtaining these angles. A complex

correlation analysis (see Kundu 1976) was carried out to

examine the agreement between the in situ and inverted

directional estimates. Prior to analysis the directional

data were converted into vectors withmagnitude equal to

the wave height and direction the corresponding wave (or

wind) direction. This allows the suppression of erroneous

errors in direction occurring during periods of low wave

energy.

A comparison of the wind direction results derived

from the first-order peaks, from all sites, against the

wind direction observations from the offshore NOAA

buoy 41025 is shown in Fig. 14 (left panels). The wind

direction estimates are in general agreement with the

measurements despite the fact that winds offshoremight

not be identical to those in the nearshore (e.g., Wu et al.

2017). The complex correlation coefficients were found

to vary between 0.68 and 0.75 with their corresponding

angle varying from 98 to 168 (see Table 6).

In a similar manner, the wave direction for each fre-

quency component (up to 0.5Hz) for events A–H are

estimated using Eq. (9) and are shown in Fig. 15.

FIG. 12. Examples of inverted (dashed

curves) and in situ (solid curves) wave

spectra for events A–G (see Figs. 3 and

4) and for sites N1 (blue) and N5 (red).

The f24 and f25 asymptotes are shown

as black and gray lines, respectively. The

corresponding in situ wave height/mean

wave direction are shown in each panel.
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Overall, the in situ and radar-derived wave directions

for both calibration (O2 and N4) and verification (N1

and N5) locations show good agreement. The corre-

sponding estimates for mean and peak wave directions

are compared against the in situ estimates in Fig. 14

(panels in middle and left column, for mean and peak

energy wave direction, respectively) while the results

of the complex correlation analysis for all sites avail-

able are listed in Table 6. For mean wave direction,

the magnitude of the complex correlation coefficients

ranges from 0.65 to 0.80 while their angles range

from 2338 to 98. The smallest and larger magnitude

of the correlation correspond to sites O2 and N4, re-

spectively. The comparison of peak wave direction

shows lower magnitude in complex correlation ranges

0.48–0.70 with angle in correlations from 2348 to 108.

5. Discussion

a. The wave inversion model

The calibration of the hybrid empirical wave inversion

model presented in section 2 produced calibration co-

efficients that were very similar between the two cali-

bration sites (O2 and N4), despite their difference in

range (3.3 and 2.0 km. respectively) and beam angle

(22.38 and 38.28, respectively). This was particular the
case for the wind wave module ( f . 0.10Hz) when we

excluded spectra with significant energy in the swell

band (see Fig. 8c). These findings were similar to those

obtained with or without (not shown here) applying the

deep-water weighting function. Also, our coefficients

show little variability with frequency which contrasts

the findings of Lopez et al. (2016), who noted a great-

er variability of the coefficients with frequency even

within the wind frequency range. In their case, as in

Gurgel et al. (2006), the second-order spectra were not

weighted using Barrick’s weighting function, prior to

normalization by the integral of the first order (s1).

Despite the satisfactory performance of the in-

version method when not weighting the second-order

spectrum, application of the weighting function

allows compensation for the second harmonic and

corner reflector peaks (21/2fB and 23/4fB, respectively)

which can be found only in the outer Doppler side-

bands, as shown in Fig. 16. This asymmetry cannot be

captured by the calibration coefficients alone as these

are applied on the two-side averaged normalized

second-order Doppler spectrum. This is demonstrated

in Fig. 17, where a few examples of normalized second-

order spectra are shown with and without applying

the weighting function. The harmonic peaks at 21/2fB
are clearly visible in the wave spectra with no weight-

ing; these peaks are suppressed when weighting is ap-

plied. Wave spectra from the offshore buoy, located

some 29 km offshore, do not show any wave energy

being present in these frequencies confirming that

these peaks are harmonics. Our in situ data do not

extend to those frequencies, so these effects do not

affect the inversion method. Lopez et al. (2016) re-

ported that the harmonics and corner reflection

peaks might be influencing the accuracy of their in-

version and this was used to explain some of the

discrepancies they encountered. Failing to apply the

weighting function to suppress these peaks may re-

sult in minima in the calibrations coefficients, as

Lopez noted occurred in their calibration at 21/2fB.

Note that these peaks correspond to different oceanwave

frequencies depending on the radar frequency (see

Fig. 17). Furthermore, application of the weighting

function may be used to eliminate the dependency

of the calibration factor to HF radar operational

frequency and wind wave frequency; this has the

implication that potentially a single, empirical co-

efficient may be applicable to all radar and wind

wave frequencies, something that we are currently

investigating.

The use of Barrick’s (1977b) deep-water weighting

function in our calibration lead to deriving a coefficient

value which is consistent with those from other theo-

retical studies for deep water conditions. Although the

shallow waters of our experimental site suggest that a

shallow water coupling coefficient should be used,

TABLE 4. As in Table 3, but for mean and peak frequency and mean and peak wave period.

Peak frequency ( fP) Mean frequency ( fm) Peak period (TP) Mean period (Tm)

N Error (Hz) r Slope Error (Hz) r Slope Error (s) r Slope Error (s) r Slope

O2 413 0.03 0.60 0.93 0.01 0.80 0.90 1.93 0.68 0.90 0.84 0.80 0.99

N1 407 0.02 0.69 0.95 0.01 0.90 0.98 1.63 0.71 0.90 0.82 0.94 1.02

N2 306 0.02 0.76 0.97 0.01 0.90 1.01 1.68 0.79 1.01 0.81 0.95 0.99

N3 450 0.02 0.77 0.97 0.01 0.90 0.98 1.38 0.84 0.99 0.79 0.95 1.02

N4 214 0.02 0.75 0.95 0.01 0.90 0.98 1.61 0.76 0.99 0.82 0.94 1.01

N5 334 0.03 0.58 0.94 0.01 0.80 1.01 2.03 0.64 1.02 0.79 0.83 0.99

N6 627 0.03 0.51 0.94 0.01 0.80 1.02 2.16 0.51 0.99 0.81 0.90 0.98
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its use in here did not produce any improvements

in the inversion. Its effect was to modify the values

of the calibration coefficient making it as frequency

dependent parameter (see Fig. 8g). Furthermore,

a close examination of the VHF-derived Doppler spectra

from three stations, corresponding to three differentwater

depths (see Fig. 18), does not reveal any significant shal-

low water effects on the evolution of the Doppler spectra,

as no frequency shift of the swell peaks due to depth

variation between sites is observed. This is in agreement

with Lipa et al. (2008) who noted that shallow water

effects aremore relevant to lower frequencyHF radars, at

extremely shallow waters. However, in most cases lower

frequency HF radars operate at coarser range resolutions

and as such rarely produce data in the inner shelf region,

except in very gently sloped continental shelves.

As we showed earlier (see Figs. 8c,e) the calibra-

tion coefficients estimated with and without using the

weighting function do not vary significantly, except

for a scaling factor of ;2.7. This is because for our

operating frequency (48MHz), the harmonic and corner

reflection peaks appear at ocean wave frequencies 0.29

FIG. 13. As in Fig. 11, but for sites (left) N1 and (right) N5.
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and 0.48Hz, respectively (see Fig. 16), which are beyond

the frequency range of our calibration (0–0.25Hz). For

lower radar frequencies, the peaks appear within the

wave frequencies of interest (see Fig. 16) making the use

of the weighting function a necessity. This argument is

also supported by the disagreement between the Lopez

et al. (2016) calibration coefficients with those suggested

byGurgel et al. (2006) even after applying the suggested

scaling for radar frequency. It is notable that our fre-

quency averaged calibration coefficient values are very

similar to those reported by other studies that used

different radar frequencies but implemented the

weighting function. Heron and Heron (1998) and

Ramos et al. (2009) using Eq. (1) found calibration

constant z 5 0.55 and 0.58, respectively. Since a 5 z2

[see Eq. (1) and Eq. (2)] our wind sea calibration

constant (a 5 0.255) is equivalent to z 5 0.504, which

closely agrees with these previous studies, suggesting a

constant value across different HF radar systems and

frequencies.

When swells are present, the calibration coefficients

(Fig. 8a) of the wind module in the lower-frequency

bands ( f , 0.10Hz) resemble those of Gurgel et al.

(2006) and Lopez et al. (2016). At these frequen-

cies the variability does not depend on the use of the

weighting function as it is almost flat over this frequency

range (see Fig. 16) for both sides around the Bragg

peak. In Lopez et al. (2016), calibrations against dif-

ferent sites revealed a tendency for larger values when

swell crosses the radar beam at angles close to per-

pendicular and smaller values when swell is aligned

with the radar beam direction. Because of swell’s sin-

gular directional characteristics, the wind wave model

underestimates the swell spectral energy when swell

crosses the radar beam perpendicularly and over-

estimates it when swell propagates parallel to the ra-

dar beam. In the conditions encountered in this

study, swell always propagated close to perpendicular

to the radar beam, resulting in the larger calibration

coefficient values as shown in Fig. 8a when swell was

included in the calibration. This justifies the use of a

hybrid model, like the one presented in this study, that

treats swell and wind waves differently.

Previous swell models (Lipa and Barrick 1980;

Bathgate et al. 2006) define Rs as being proportional to

H2
s cos

2us (where Hs and us are the RMS swell wave

height and direction of swell, respectively). This def-

inition leads to singularities when swell propagates

perpendicular to radar beam direction (,308 from

perpendicular) and leads to inaccurate swell height

estimates. Although our model [see Eq. (5)] does not

consider swell propagation direction, its swell esti-

mates (Figs. 9c,d) are better correlated to in situ data

than those from the cos2us model (Fig. 19). This better

performance is present despite the variation in us
found at each calibration site (see Table 2). The swell

mean cross angle, us, at sites O2 and N4 is 68.28 and
73.38, respectively. According to the cos2usmodel these

cross angles should create a 65% [5cos2(68.2)/

cos2(73.3)] increase in as. In our model, any directional

effects are included in the calibration factor as, and

only a 40% increase is found (0.05–0.07; see

Figs. 9c,d). Likely, the wide radar beamwidth (158–
358) at these large radar beam angles (228–558),
combined with a finite spreading parameter of the

swell waves, result in significant deviation from the

cos2us model. Our findings indicate that in the near-

shore the swell models of Lipa and Barrick (1980)

and Bathgate et al. (2006) overestimate the effect of

direction at these swell cross angles, close (,308) to
perpendicular. If this is related to the VHF frequencies

of our HF radar or to other parameters is not clear at

present and merits further investigation.

b. Inverted bulk wave parameters

The RMS error between in situ and radar inverted

wave height ranges from 0.16 to 0.25m with correlation

coefficients r ranging from 0.86 to 0.94. In Table 7, we

TABLE 5. RMS errors (m; bottom left) and linear correlation coefficient estimates (top right) between sites, for both in situ and HF

radar inverted estimates. Values shown were obtained using data (N 5 155) when all sites were operational. The values shown in each

table cell are listed as in situ/inverted values.

O2 N1 N2 N3 N4 N5 N6 HF

1 0.97/0.89 0.97/0.9 0.97/0.9 0.97/0.91 0.96/0.87 0.95/0.78 0.92 O2

1 0.98/0.84 0.98/0.9 0.98/0.92 0.96/0.8 0.97 0.71 0.87 N1

O2 1 1 0.99/0.92 0.99/0.88 0.95/0.84 0.96/0.74 09 N2

N1 0.17/0.16 1 1 0.99/0.96 0.96/0.85 0.97/0.75 0.9 N3

N2 0.19/0.16 0.09/0.17 1 1 0.97/0.83 0.98/0.74 0.9 N4

N3 0.15/0.17 0.09/0.14 0.09/0.11 1 1 0.96/0.86 0.99 N5

N4 0.15/0.15 0.09/0.13 0.08/0.15 0.08/0.1 1 1 0.76 N6

N5 0.12/0.22 0.14/0.23 0.17/0.25 0.13/0.26 0.13/0.25 1 1 HF

N6 0.17/0.35 0.11/0.35 0.03/0.38 0.11/0.39 0.1/0.38 0.12/0.22 1

HF 0.17 0.19 0.18 0.21 0.17 0.19 0.34 1
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compare our results with those from other studies that

have used HF radars of different operating frequency

(from 7 to 24.5MHz) and different (theoretical and

empirical) inversion methods. The lowest wave height

RMS error in our study is similar to the lower values

reported by those studies while our maximum value is

the smallest reported. At the same time our correla-

tion coefficients between inverted wave heights and

in situ estimates range from 0.86 to 0.94. In addition,

the errors in wave period estimates for both mean and

peak period seem to have the smallest maximum value

amongst those reported previously (see Table 7).

In Fig. 20, RMS errors in wave height from each site

are plotted against the following parameters: 1) range

from the radar site, 2) beam angle, 3) difference in peak

energy level between first and second-order peaks, and

4) first-order peak broadening parameter (i.e., half

power width). Qualitatively we see that the error tends

to increase with range and beam angle. The largest er-

rors in wave heights are found for sites N5 andN6, which

FIG. 14. Scatterplots of inverted vs in situ (left) wind direction, (center) mean wave direction, and (right) peak

wave direction at sampling sites O2, N4, N1, and N5. The inverted radar wind direction was determined from the

ratio of Bragg peak energies. In situ wind direction was collected from buoy 41025. Also shown in the panels are

complex correlation coefficients r/their corresponding angles u.
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correspond to those with the highest range. Although

they also correspond to high beam angles, these are not

higher than that for site N2. Sites N5 and N6 are located

over Diamond Shoals, an area characterized by shoaling

and breaking wave conditions (Kumar et al. 2013) which

can cause a broader backscatter signal in the radar

(Graber and Heron 1997). The wave height error

shows a linear correlation with the broadening pa-

rameter (see Fig. 20c) where again sites N5 and N6

indicate a high broadening of the spectrum. It has been

shown that the second-order spectra at large radar

beam directions (.458) from the boresight, can be in-

accurate due to signal contamination by sidelobe

interference (Haus et al. 2010). The calibration sites N4

and O2 have the lowest radial beam angles (,408),
while all other sites are expected to bemore susceptible

to sidelobe interference. Despite this issue, radar-

derived wave spectra performed well at locations with

high beam angles (see N1, N2, and N3 in Fig. 20b).

Wave height RMS error seems to be reduced with in-

creasing values of first to second-order peak energy

ratio (see Fig. 20c). This ratio is inversely correlated

with total wave height (not shown in here), which is

something not unexpected given that the bigger the

waves are the higher is the second-order peak energy.

This is in support of the theoretical limitation 0.15, k0

TABLE 6. Statistical comparison of in situ and inverted estimates of wind direction uwind, mean wave direction uwm, and peak wave

direction uwp for all sites. Values of RMS error (8) and complex correlation coefficient r magnitude and angle of r (8) are listed; N is the

number of data points used in the estimations.

uwind uwm uwp

Complex r Complex r Complex r

N RMS error (8) Magnitude Angle (8) RMS error (8) Magnitude Angle (8) RMS error (8) Magnitude Angle (8)

O2 413 37 0.75 16 30 0.70 19 40 0.53 20

N1 407 36 0.70 6 15 0.78 6 20 0.70 10

N2 306 35 0.70 4 21 0.73 1 27 0.61 4

N3 450 39 0.68 12 18 0.80 9 26 0.70 16

N4 214 38 0.68 14 23 0.75 13 30 0.66 19

N5 334 35 0.77 12 22 0.73 211 33 0.51 24

N6 627 32 0.75 7 38 0.65 233 46 0.48 4

FIG. 15. Examples of inverted [u( f )inv] and in situ [u( f )] wave direction as a function of fre-

quency for the events (A–H) that are identified in Figs. 3–5.
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m0 , 1 (or 0.42 , k0Hrms , 2.82) for the application

inversion as presented by Barrick (1977b). However, as

our data reveal this hard limit is not always applicable

as there are cases where the inversion produces good

results even under conditions exceeding these limits.

We suggest that for practical applications, this ratio

could be used as an indicator, perhaps combined with

the broadening parameter, of the accuracy of wave

height estimates from HF radars.

The peak and mean frequencies (cf. Figs. 11 and 13)

and the corresponding peak and mean wave periods are

as accurate as those from other wave inversion models

(see Table 7). RMS error of mean wave period is

0.79–0.84 s with correlation coefficient r of 0.8–0.95.

RMS error for peak wave period is 1.38–2.16 s, and r is

0.51–0.84. These results compare favorably to other

studies (Gomez et al. 2015; Wyatt et al. 2006) in which

the RMS error of mean wave period is 0.81–2.81 s with

r of 0.52–0.81 and the peak wave period RMS error

is 1.46–4.23 s with r of 0.33–0.76 (Gomez et al. 2015).

c. Full spectra inversions

In individual spectra comparisons (A–H in Fig. 10 and

A–G in Fig. 12), during times when wind wave RMS

wave height is below 1m, the spectra are accurately

reconstructed (C–H in Fig. 10 and C–G in Fig. 12).

Furthermore, using a constant value for a(f) allows for

the reconstruction of spectrum at frequencies beyond

those used in the calibration. However, this is valid only

when the weighting function of Barrick (1977b) is applied

[see Eq. (3)], which suppresses the harmonic and cor-

ner reflections peaks that might exist in the spectrum.

Doppler spectra at events A and B are flagged as poor

FIG. 16. Diagram of Barrick’s deep-water weighting function for

selected radar frequencies. Theweighting function is plotted in terms

of oceanwave frequency, f5 fD6 fB. ‘‘Inner’’ denotes second-order

sidebands toward the zero Doppler frequency (i.e., left/right of the

Bragg peak for positive/negative Doppler frequencies). ‘‘Outer’’

denotes toward 6‘ Doppler frequency (i.e., right/left of the Bragg

peak for positive/negative Doppler frequencies).

FIG. 17. Examples showing how utilization of the weighting function contributes to reducing

the effect of the singular peaks (located at 21/2fB and 2
3/4fB, where fB is the Bragg frequency) in the

normalized second-orderDoppler spectra from siteO2.Here,RW andR denote weighted and no-

weighted normalized spectra, respectively, and S( f) denotes in situ wave spectra (m2Hz21).
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quality due to the Bragg peak not being 5dB above the

second-order sidebands. Although the higher frequency

range (wind seas) of the spectrum is inverted well,

the lower frequency part of it is less accurate (see Figs. 10

and 12). This is attributed to the saturation of the Doppler

spectrum due to the larger swell wave heights (.1m) at

these events that contribute to merging of the first and

second-order parts of the spectrum. Although this affects

the inversion of the wave spectrum at low wave frequen-

cies (,0.15Hz) the effect is less severe at higher wave

frequencies (.0.15Hz); despite this, the total wave height

is still accurately reconstructed (Figs. 11 and 13). The in-

verted spectra estimates extend up to 0.5Hz. but no in situ

spectral estimates are available for these high frequencies;

however, the energy roll-off observed in Fig. 12 agrees

with the expected theoretical high-frequencsy wave en-

ergy roll-off asymptotes (Hasselmann et al. 1973).

d. Wind and wave directions

Wave direction estimates from the radar seem to be

more accurate than those for wind direction (cf. Fig. 14

left and middle panels). However, the wind measure-

ments were from some 29km offshore (see Fig. 1) and do

not capture the influence of the coastline (see Wu et al.

2017). The wave energy weighted wind direction vectors

were well correlated (complex correlation coefficient r

values of 0.68–0.77) with a mean angle of 128. In terms of

RMS errors, our error of 328–398 is similar to those of

Wyatt et al. (2006) who used a more complicated theo-

retical inversion and obtainedRMSerrors of 238–488with
linear r values of 0.66–0.89. For mean wave direction,

the hybrid model results in RMS errors of 158–388 with
complex rmagnitudes of 0.65–0.8 and an angle from2338
to 98 (mean of absolute values of 138). This compares well

to the study ofWyatt et al. (2009), in which an RMS error

of 218 was found. For peak wave direction, we find an

RMS error of 208–468 with complex r of 0.48–0.7 and

mean complex r direction of 118, which is smaller than

those for mean wave direction.

6. Conclusions

We have introduced an empirical hybrid model

for VHF radar wave spectra estimates that treats swell

and wind waves separately. Using Barrick’s (1977b)

deep water weighting function results in wind wave

coefficients [a( f )1SNR] that can be assumed to be con-

stant (50.255) across all ocean wave frequencies. We

believe thismaybe applicable universally but experimental

FIG. 18. Doppler spectra from three stations (N1, N4, and O2)

corresponding to different mean water depths (4.7, 8.8, and 10.7m,

respectively) for examples from three different times.

FIG. 19. Regression analysis for the estimation of the swell calibration coefficient using

the cos2us model, where us is the angle between swell propagation direction and radar beam

direction for (a) site O2 and (b) site N4.
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confirmation using radar systems of different frequencies is

required. Differences with coefficients found by other

studies are attributed to whether Barrick’s (1977b)

weighting function is utilized, which is something that

we strongly recommend to suppress interference by

harmonics generated by the EM wave and ocean wave

interactions.

A separate coefficient Eq. (5) for swell is needed that

does not correlate well with cos2us at 6308 from per-

pendicular. After calibration, this hybrid model has the

ability to accurately reconstruct wave spectra even when

swell is propagating close to perpendicular to the radar.

Application of the swell module requires that swell

propagation direction is constrained by site location,

and therefore can be assumed roughly constant. Al-

though this model requires calibration for locations that

have different cross angles (us, i.e., the angle between

the radar beam direction and swell propagation di-

rection), it shows a significant improvement from theo-

retical cos2us models (Lipa and Barrick 1980; Bathgate

et al. 2006) of swell (cf. Fig. 19 with Fig. 9, lower panels)

beam direction.

Both swell and wind wave spectra are reconstructed at

similar levels of accuracy to previous studies (e.g., Wyatt

et al. 2009; Gomez et al. 2015; Lopez et al. 2016), and the

radar estimated wave spectra show similar trends at high

frequencies (f. 0.2Hz) that closely align to f24 and f25

wave energy roll-off (see Figs. 10 and 12). Note that in

this study (48MHz), accurate wave spectra reconstruc-

tion is limited to high frequencies when high energy of

swell (.1m) is present, although total RMSwave height

is still accurately estimated.

TABLE 7. Comparison of the performance of the model presented in this study with other theoretical and empirical wave inversion

methods reported in the literature and for empirical methods and different radar frequencies. RMS errors and correlation coefficients

against in situ measurements are presented.

Hrms (m) TP (s) Tm (s)

Inversion type Study fradar (MHz) RMS error (m) r RMS error (m) r RMS error (m) r

Theoretical Hisaki (2016) 24.5 0.15–0.86 0.63–0.76 — — 0.26–0.95 0.69–0.82

Wyatt et al. (2006) 7–10 0.19–0.46 0.55–0.94 — — 1.27–4.56 0.13–0.81

Wyatt et al. (2009) 16 0.28–0.32 0.96–0.97 — — — —

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 1.46–4.23 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) 25.4 0.14–0.50 0.68–0.95 — — — —

Lopez et al. (2016) 12 0.18–0.36 0.88–0.96 — — — —

This study 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

FIG. 20. Scatterplots of HF radar parameters and wave height RMS error at all sampling sites

vs (a) range (km), (b) beam angle (degrees from boresight), (c) ratio of first- to second-order

peak energies (dB), and (d) broadening parameter.
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The hybrid method presented here is characterized by

its simplicity, requiring a single calibration coefficient

for the wind wave spectrum and calibration and fre-

quency width coefficients for swell. However, there is

some effect of direction, resulting in the different swell

calibration constants between calibration sites O2 and

N4. The lack of a radar inversion swell method for swell

propagating at large cross angles results in the re-

quirement of this model to be calibrated separately at

locations where the cross angle of swell changes signif-

icantly. A more detailed analysis, from both a theoreti-

cal and an experimental basis, of swell’s effect on the

radar signal when its propagation direction is close to

perpendicular is needed for reconstructing swell wave

spectra from radar Doppler spectra at uncalibrated

locations.

The MATLAB software scripts for implementation

of the inversion model presented in this paper [the

Wave Radar Inversion Code (WaveRIC)] are available

online (Cahl et al. 2019).
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