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ABSTRACT

A three-site short-range (25 MHz) CODAR SeaSonde High-Frequency (HF) radar system has been
operating in the Gulf of Naples (Tyrrhenian Sea) since 2004. HF radars use first-order echoes to
determine surface currents, while second-order ones can be exploited to estimate the main
parameters characterising the wave field: significant wave height, direction and period. Waves
were studied in the Gulf of Naples at each radar site over a range cell located between 5 and
6 km from the coast. The data acquired in the reference year 2010 were compared with the
measurements recorded over the same period by a directional wave buoy installed in the outer
part of the basin. This study aims at verifying the agreement between the recordings of the two
platforms, in order to test the robustness of the HF radar-derived wave measurements. In
addition, the analyses here presented investigate the seasonal patterns of the wave parameters,
showing the different responses of the wave field in different sectors of the basin and the
responsiveness of HF radars in critical environmental conditions. The two platforms showed
consistent results, indicating the reliability of HF radars as wave measurement tools and opening
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the way to further applications in wave monitoring and analysis in coastal areas.

1. Introduction

High frequency (HF) radars are nowadays invaluable
instruments for a synoptic, basin-scale observation of
oceanographic processes (Paduan and Washburn
2013), and their potential is currently being explored in
the framework of operational oceanography, to provide
data to be assimilated into numerical models in order
to enhance hind- and forecast of the ocean state (e.g. Ier-
mano et al. 2016). Most of the available literature on
these systems has focused on the extraction of surface
currents (e.g. Paduan and Rosenfeld 1996; Molcard
et al. 2009; Uttieri et al. 2011; Bellomo et al. 2015; Cia-
nelli et al. 2015, 2013; Lorente et al. 2015, 2016; Kalam-
pokis et al. 2016; see Ranalli et al. 2017 for considerations
on the peculiar geometric nature of HF radar current
data), although HF radars have also the potential of ana-
lysing the characteristics of the surface wave field in
terms of wave height, direction and period (e.g. Lipa
et al. 1990, 2006; Gurgel et al. 2006; Wyatt and Green
2009; Long et al. 2011; Wyatt 2011; Falco et al. 2016;
Rubio et al. 2017) as well. Knowledge of wave conditions
is fundamental in urbanised coastal areas for a wide var-
iety of applications, including uses in physical

oceanography, wave forecasting, coastal erosion model-
ling, flood warning, coastal engineering and ship traffic
management (Wyattet al. 2005a).

HF radars employ the echo backscattered by the
rough sea surface, according to the physics first described
by Crombie (1955). In the presence of Bragg scattering,
the signal due to the waves travelling radially with
respect to the antenna (either approaching or moving
away from it) yields a Doppler-shifted peak as a result
of the current field within which the wave is propagating
(Barrick et al. 1977). The first-order echoes generally
produce strong signals, used for robust measurements
of surface currents (Paduan and Graber 1997; Gurgel
et al. 1999). Additional contributions to the Doppler sig-
nature are due to nonlinear wave interactions and
double-scattering processes leading to second-order
echoes (Lopez et al. 2016) which, in turn, can be used
to extract information on the wave field itself (Barrick
1986; Gurgel et al. 1999; Lipa and Nyden 2005). Barrick
(1977a) established a relationship between the ocean
wave directional spectrum and the radar Doppler spec-
trum one. In order to retrieve information about the
wave parameters, this relationship has to be inverted
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using either empirical (Barrick 1977b; Wyatt 1988, 2002;
Gurgel et al. 2006), model-fitting (Wyatt 1986; Lipa and
Nyden 2005) or full numerical inverse methods (Lipa
1978; Wyatt 1990; Hisaki 1996, 2015; Wyatt 2000;
Green and Wyatt 2006). Second-order echoes, however,
are weaker and noisier than first-order ones, posing
some limitations on their utilisation (Gurgel et al.
2006), and making the analysis of the spectrum for
wave applications a still-developing topic (Wyatt et al.
2005b; Lopez et al. 2016).

In low-sea states, the limit on detectable wave height
is the spectral noise. When the second-order echo is
too small compared to spectral noise, generally with sur-
face waves below ~0.5 m, this leads to erroneous read-
ings or data gaps (Wyatt and Green 2009; Wyatt et al.
2011; Atan et al. 2016; Lopez et al. 2016). In high-sea
states, the wave spectrum saturates, first- and second-
order echoes merge together making the retrieval of
wave parameters impracticable (Lipa and Nyden 2005),
and reducing the maximum range of operation of the
radar (Wyatt and Green 2009). The operating frequency
of a radar site sets an upper limit to the detectability of
waves (e.g. Lipa et al. 1990; Wyatt and Green 2009).
The maximum recordable wave height hg, depends
upon the operating wavelength A following the equation
(Lipa and Nyden 2005):

hsat = _[m] (1)

where

27

ko =—=[m""] 2)
is the radar wavenumber. The lower the operating fre-
quency of a radar, the more efficiently are high-sea states
recorded (Lipa et al. 1990; Wyatt and Green 2009). Wave
heights above this threshold are not accurately measured,
resulting in either underestimation (Lipa and Nyden
2005; Lopez et al. 2016) or overestimation (Wyatt and
Green 2009 and references therein) of real waves.
These relationships hold in deep waters, when the fol-
lowing condition is verified (Lipa et al. 2008):

d 1

I = 3 (3)
d and L being the water depth and the dominant ocean
wavelength, respectively. As the bottom becomes shal-
lower, the second-order spectral energy increases and
hgae diminishes (Lipa et al. 2008).

HF radar retrieved waves from different systems
(CODAR SeaSonde, WERA, PISCES, OSCR) have been
typically validated - qualitatively and quantitatively —
using wave buoys (e.g. Wyatt et al. 1999, Wyatt et al.

2005a; Atan et al. 2016), while Lipa and Nyden (2005)
assessed radar performance through comparison with a
bottom installed electromagnetic current metre
equipped with a pressure transducer. Studies on the
comparison between HF radar, wave buoys and wave
model (Wavewatch III, SWAN and WAM), in particular
on the topic of data assimilation, are also present in lit-
erature (Caires and Wyatt 2003; Siddons et al. 2009;
Waters et al. 2013; Hisaki 2014; Lorente et al. 2018).

To date, studies using HF radars to evaluate wave fea-
tures have been mostly limited to short periods (up to a
few months; e.g. Lipa et al. 1990; Wyatt 1997; Wyatt et al.
1999, 2011; Siddons et al. 2009; Wyatt and Green 2009;
Jin et al. 2016; Lopez et al. 2016), or to specific events
(e.g. tsunamis: Lipa et al. 2006, 2012; Gurgel et al.
2011; storms: Lipa et al. 2014). To the very best of the
authors’ knowledge, only few works have so far delved
into the assessment of wave retrieval by HF radars over
long periods, namely Wyatt et al. (2006) in UK, Long
et al. (2011) in Central California, and Atan et al.
(2016) in Galway Bay (Ireland).

In the present contribution, we further explore the
robustness of wave measurements from SeaSonde HF
systems by assessing the performance of a network of
three radars operating in the Gulf of Naples (GoN) (Tyr-
rhenian Sea, Western Mediterranean Sea). This is
achieved by presenting a year-long comparison of wave
parameters (significant wave height, direction and
period) between the three HF sites and a wave buoy
deployed in the outer part of the basin. The results
show good consistency between the measurements
obtained by the two platforms, depicting seasonal pat-
terns in the wave field and highlighting specific responses
in different sectors of the basin. Additionally, this
research focuses on the performance of SeaSonde HF
radars in monitoring waves over long periods and
under the action of season-dependent meteorological
forcings, paving the way to applications in other coastal
areas.

2, Study area

The GoN is a semi-enclosed basin located in the South-
Eastern Tyrrhenian Sea (Figure 1). It is delimited by the
Sorrento Peninsula and the island of Capri to the south,
and by Ischia and Procida islands to the north. The aver-
age depth of the basin is 170 m, but the Magnaghi and
Dohrn canyons can reach depths of up to 800 m and,
representing the main bathymetric feature of the Bocca
Grande area (i.e. the area between Ischia and Capri
islands) (Cianelli et al. 2012 and references therein),
the main aperture of the GoN towards the Tyrrhenian
Sea. The local orography shows peculiar features, with
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Figure 1. Map of the Gulf of Naples (Tyrrhenian Sea, Western Mediterranean Sea; see inset) with the locations of the three HF radar
sites, of the ISPRA weather station and of the PC wave buoy. The red partial circles represent RC5 (see text). Toponyms of the main
geographic sites are indicated. The bathymetric and orographic contours are spaced every 100 m; elevation isolines are plotted starting
from 300 m for graphical reasons. Coastline data: NOAA National Geophysical Data Center, Coastline extracted: WLC (World Coast Line),
Date Retrieved: 2015 April 1, http://www.ngdc.noaa.gov/mgg/shorelines/shorelines.html; bathymetric and elevation data from Amante

and Eakins (2009) [accessed 2011 Sept 8.

the Vesuvius volcano (elevation: 1.281 m), the hills in the
Naples urban area (elevation up to 450 m) in the north-
ern part, and the Lattari mountains (Mount Faito:
1.131 m) in the south-east.

The main local factor influencing the surface circula-
tion of the GoN is wind, with recognisable seasonal
regimes (Menna et al. 2007; Cianelli et al. 2013, 2015,
2017). Intense NNE-NE winds are typical of the winter
season, with occasional alternations with SW ones
associated with the transit of depression systems
(Menna et al. 2007). Owing to the deviating effect of
the Vesuvius and of the hills surrounding Naples, a
coast—offshore jet current develops under the effect of
NNE-NE winds favouring water renewal (Menna et al.
2007; Cianelli et al. 2012, 2013, 2015, 2017). By contrast,
south-westerly winds induce the formation of cyclonic
and anticyclonic structures, and surface currents are
mostly directed towards the coast (Menna et al. 2007;
Cianelli et al. 2012, 2013, 2015). In late spring and sum-
mer, the main wind regime is represented by breeze
(Menna et al. 2007). The absence of stronger, larger-
scale wind forcing (e.g. the transit of low pressure sys-
tems) during this period of the year is typically due to
the reinforcement of the Azores anticyclone, making
this circulation scheme persistent and driving a 24 h

clockwise rotation of the surface current field (Uttieri
et al. 2011; Cianelli et al. 2015).

As far as wave climate in the area, its general descrip-
tion can be drawn from measurements gathered between
mid-1980s and early 2000s by a non-directional wave
buoy deployed along the Sorrento Peninsula, which pro-
vided information also on extreme events over the area
(Pugliese Carratelli and Sansone 1987; Benassai et al.
1994a, 1994b; Buonocore et al. 2003). These previous
studies have shown that the wave field was subject to sea-
sonal variations, the maximum wave heights being
recorded in winter and autumn with values up to
4.8 m during sea storms, while lower waves (0.4-0.6 m)
were scored in summer.

3. Material and methods
3.1. HF radars

Wave measurements in the GoN have been collected
through an HF radar system based on SeaSonde
25 MHz transceiving stations (CODAR Ocean Sensors,
Mountain View, California, USA), used for the simul-
taneous measurement of the surface current and wave
fields (Falco et al. 2016). The network, operated by the
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Department of Science and Technology at the ‘Parthe-
nope’ University of Naples, was started in 2004 with
two monostatic antennas, in Portici (PORT) and
Massa Lubrense (SORR), and then expanded in 2008
through the installation of a third site in Castellammare
di Stabia (CAST) (Figure 1). This configuration was ideal
for wave analysis over the basin, as PORT and CAST
covered the internal part of the GoN near the coast,
while SORR monitored a sector representative of the
external part of the basin (Figure 1). The network is pre-
sently operational, although since 2013 the SORR site
has been discontinued.

In SeaSonde systems, information on wave par-
ameters (significant wave height (Hsyg), centroid
period (Tyr) and direction (Oyr)) are extracted from
the second-order spectrum by applying a Pierson-Mos-
kowitz model (Lipa and Nyden 2005). This model has
proven robust enough to describe unimodal energy
spectra, satisfactorily describing the wave field on
numerous occasions (Lipa et al. 2018). The wave
characteristics are measured along equally spaced
(1 km), circular annuli (range cells, RCs) centred on
the antenna. For each RC, a single spatially averaged
value for each wave parameter is then provided. In
the GoN system, single spectra were recorded and aver-
aged every 10 min over 12 RCs for PORT and SORR
sites, and over 15 RCs for CAST with CODAR proprie-
tary software (Seasonde Radial Suite R7u2). According
to Equations (1) and (2), for the 25 MHz system oper-
ating in the GoN A=12m and thus k,=0.52m™’,
resulting in hg,, ~4 m, with a minimum recordable
Hsyp ~ 0.5 m.

In the present work, wave data collected from all three
sites operating in the GoN over the reference year 2010
were analysed. This year was chosen as all radar sites
operated optimally, with only minor discontinuities in
the acquisition. As a reference (see Section ‘HF Radar
RC Selection’ for details), attention was focused on
data retrieved from a range cell representative of the
annulus located between 5 and 6 km from the coast
(RC5) (Figure 1), along which wave conditions are
homogeneous as verified through comparisons with
WWIII wave model (Saviano et al. 2017; Saviano
2018). Due to the geometry of the basin and to the
fields of view of the antennas, the wave fields observed
by each HF radar were not overlapping (Figure 1).
While this prevented a comparison of measurements
from different antennas for the same area, it allowed
the analysis of wave parameters over different sub-basins
of the GoN, highlighting region-specific properties. A
preliminary assessment of radar performances in wave
retrieval from the PORT site over the entire year 2009
has been presented in Falco et al. (2016).

3.2. Wave buoy

Wave measurements collected by the radar network of the
GoN in 2010 were compared with the simultaneous
recordings of a wave buoy deployed at Punta Carena
(Capri Island) in the outer part of the basin (PC buoy; lati-
tude: 40.535°N, longitude: 14.190°E, see Figure 1), over a
depth of 100m. A SEAWATCH Wavescan Buoy,
assembled by Fugro OCEANOR (Trondheim, Norway),
was managed by the Civil Protection Department of the
Campania Region and was operating from August 2009
to mid-December 2010 and from mid-March to Novem-
ber 2012. The buoy was equipped with a directional wave
data sensor and collected information about: significant
wave height (Hs,), mean (T, ) and peak (T}, ) periods,
and wave direction (6,). The buoy provided two estimates
of wave period: peak (or dominant, T}, ), which is the
inverse of the frequency corresponding to the maximum
wave height recorded in the spectrum; and mean (or aver-
age, T, p), defined as the square root of the ratio of the
zeroth spectral moment to the second spectral moment.
The buoy was also equipped with meteorological sensors:
HMP45A and HMP45D probes for relative humidity and
air temperature, PTB220 barometer for atmospheric
pressure and wind gauge (WindSonic). Data were output
at 30 min intervals.

3.3. Meteorological data

To determine the influence of wind on wave parameters,
wave datasets (from HF radars and PC buoy) were inte-
grated with the data acquired from the weather station
managed by the Istituto Superiore per la Protezione e
la Ricerca Ambientale (ISPRA) and located in the port
of Naples (Molo del Carmine; latitude: 40.840°N; longi-
tude: 14.275°E; anemometric sensor height: 10 m a.m.s.l;
data freely downloadable at http://www.mareografico.it/)
(Figure 1).

The station was equipped with wind speed (SIAP +
MICROS, mod. T006 TVV) and direction (SIAP +
MICROS, mod. T007 TDV) transducers (data output
frequency: 10 min), and with a barometric sensor
(SIAP + MICROS, mod. PA9880), (data output fre-
quency: 1 h).

3.4. Assessment of wave characteristics

In previous literature focusing on HF radar-buoy inter-
comparisons (e.g. Lipa et al. 1990; Wyatt et al. 1999;
Howarth et al. 2007; Wyatt and Green 2009; Atan et al.
2016; Jin et al. 2016), the in situ instrument was typically
installed inside the region covered by the radar, allowing
for the direct validation of HF radar measurements. As
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evident from Figure 1, in the current case the PC buoy
was deployed in a region not directly covered by HF
radars, with an average distance from the RC5 used in
the comparison of ~20 km, but accounting for the larger
scale dynamics of the Tyrrhenian Sea. The comparison of
wave measurements from the radars and the buoy was
thus aimed at verifying the agreement between the plat-
forms in terms of wave pattern and sea states, rather than
as a strict validation of radar measurements. To further
complement the analysis, a comparison with previously
published literature (Pugliese Carratelli and Sansone
1987; Benassai et al. 1994a, 1994b; Buonocore et al.
2003) was carried out.

In the present work, the assessment of yearly wave
characteristics in the GoN was carried out addressing
different issues, namely:

e reconstruction of yearly and seasonal atmospheric
pressure and wind regimes over the basin of interest;

¢ identification of the optimal RC for the HF radar data;

e data quality assessment for both HF radar and wave
buoy;

o general analysis of wave characteristics for each site
using both HF radar and wave buoy datasets in
relation to atmospheric pressure for yearly and seaso-
nal periods;

e accuracy assessment of HF radar measurement rela-
tive to the wave buoy recordings using statistical ana-
lyses, including root mean square error (RMSE) and
correlation coefficient (r);

e comparison of wave periods between HF radars and
wave buoy;

e identification of the differences in the acquisition of
the three radar stations in terms of Hsyp in relation
to their position in the GoN.

Owing to the specific sampling rates of each instrument,
wave parameters from the HF radars were subsampled at
30 min intervals, for consistency with buoy measurements,
while atmospheric pressure from buoy data were sub-
sampled at 1h intervals, consistently with the ISPRA
weather station recordings. For the reference year 2010,
the wave buoy did not acquire wind data, thus only
ISPRA measurements were used. In this work, we refer
to the meteorological classification of seasons as given in
Glickman (2000). In addition, the typical meteorological
and oceanographic directional conventions are used, i..
directions indicate the provenance of winds or waves.

3.5. HF radar RC selection

As discussed in a previous section, in SeaSonde systems
wave data are retrieved along single RCs, and the
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acquisition depends on the sea surface characteristics
along the cell itself. As a consequence, the percentage
of data recorded might differ among RCs.

The performance of HF radars are limited by numer-
ous sources of error, as discussed by Laws et al. (2010)
and references therein for surface current measurements.
Environmental noise, such as radio-frequency interfer-
ences, and undesired echoes, such as ship ones, can gen-
erate disturbing spectral signatures which contaminate
the values of Doppler frequencies and spectral ampli-
tudes of ocean waves. Additional errors may also be
due to existing interpretation methods (integral inver-
sion and model fitting) and to limitations of these
when waveheight exceeds a limiting value defined by
the radar frequency. These errors decrease the accuracy
of raw measurements, especially at far distances where
radar signals are weak.

To improve data quality, in the literature SeaSonde
data are often averaged among the best acquisition
RCs (e.g. Long et al. 2011; Atan et al. 2016). In this
study, we looked for the highest percentage of captured
data and performed preliminary sensitivity studies on
the reproduction of the trend of acquisition between
the RCs, both on the average data between RCs and
on single cells alone. Results show that, for all three
radar sites of the GoN, the most populated RCs were
comprised between 4 and 11 km from the coast (data
not shown). On these grounds, for all three HF radar
sites, the RC selected for the present research is RC5,
located between 5 and 6 km from the coast. This rep-
resents an optimal operational trade-off, as it guaran-
tees the highest number of recordings at an
intermediate distance from the coast: close enough, so
as the sea echo intensity is sufficiently high to ensure
good data quality, but at the same time deep enough
to avoid wave breaking. The mean depths of RC5 for
PORT, CAST and SORR are 117, 65 and 98 m, respect-
ively, in compliance with the limits prescribed by
Equation (3) and by Lipa et al. (2008). As an example,
Figure 2 reports the year-long timeseries of Hsyp
from RC5 alone and from the average RC5-RC10 for
SORR station. It is evident that RC5 presents a good
percentage of captured data (35%), preserving the sea-
sonal pattern of the RC5-RC10 mean (40% of captured
data), and thus representing a good proxy for the wave
field over a larger sector.

3.6. Data quality assessment

A quality control filter was applied to both HF radar
and buoy wave datasets, in line with the methods dis-
cussed in Long et al. (2011). The datasets were prelimi-
narily reprocessed to eliminate spurious data and spikes
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Figure 2. Comparison of Hsy derived for the average of range
cells RC5-RC10, (red) and for the single RC5 (black) for the
SORR site over the entire year 2010. Data from PORT and CAST
are consistent with SORR, but are not shown here.

following the procedure explained below. The time-
series were divided into consecutive windows of 72
samples (corresponding to 12h of observations),
excluding from further analyses those windows con-
taining less than 25% of data (spurious data filtering).
For each of the time series thus obtained, the difference
in the wave parameters (Hs, T and 0) between consecu-
tive steps was calculated and the associated mean and
standard deviations were computed. The time series
was then processed again for spikes and thus disregard-
ing all those samples falling outside the mean 5 x
standard deviation range (spike filtering), similarly to
the procedure discussed in Buonocore et al. (2003) in
the same basin. This threshold was adopted following
numerous sensitivity tests, aimed at verifying the
capacity of eliminating spikes without altering the
observed pattern of wave motion.

3.7. Statistical analyses

Descriptive and numerical statistics were used to analyse
the results. Best linear fit of scatter plots were used to
analyse the correlation between datasets. The correlation
coefficient r measured the strength and direction of the
relationship between the variables on a scatterplot. The
root mean square error (RMSE), i.e. the square root of
the variance of the residuals, indicated the absolute fit
of the model to the data. The RMSE can be interpreted
as the standard deviation of the unexplained variance
and has the useful property of being in the same units
as the response variable.

4. Results
4.1. Atmospheric pressure and wind regimes

Atmospheric pressure was used here to identify periods
of low pressure impacting on the basin, which generally
indicate the occurrence of coastal storms. The compari-
son of the datasets recorded by the ISPRA station and the
PC buoy returned an excellent agreement with a corre-
lation coefficient equal to 0.99 (result not shown). The
trend is typical of the defined geographical area, with
stable high pressure in summer and marked low-
pressure systems in winter and autumn, as discussed in
Menna et al. (2007). Since the ISPRA dataset was more
consistent in terms of acquisition, it was selected for
the comparative analysis with the wave parameters in
the present study.

Wind is a dominant factor contributing to surface
wave formation, thus an assessment on the influence of
wind speed and direction on wave occurrence was con-
ducted. Figure 3 shows the seasonal wind roses at
ISPRA station. As expected from previous works
(Menna et al. 2007; Cianelli et al. 2015, 2017), in spring
and summer the wind regime is driven by breezes, with
winds from SW and NE alternating over the day. In win-
ter and autumn, the first quadrant is the dominant sec-
tor, though the wind magnitude is higher for winds
blowing from SW (i.e. from the Tyrrhenian Sea) in cor-
respondence with the transit of depression systems.

4.2. Seasonal characteristics of the wave field

An assessment of the seasonal features of the wave field
using Hs and 6 acquired from both HF radars and the
wave buoy is reported in Figures 4 and 5, together with
the operational timelines of each instrument.

The comparison of Hsyr and Hs, in relation to
atmospheric pressure (Figure 4) shows that the patterns
of the timeseries were comparable between the PC buoy
and the HF radars. The wave field in autumn and winter
behaved differently than in spring and summer, with a
pattern closely associated with the pressure field acting
over the basin, which itself expresses a seasonal behav-
iour (as discussed in a previous section). In winter and
autumn, numerous low-pressure systems passed over
the basin, with frequent stormy and windy events. This
resulted in severe sea state, with both Hsyp and Hsy
reaching values consistent with previously published lit-
erature, as for the extreme event in winter 1987 with Hs
equal to 4.76 m (Benassai et al. 1994b; Buonocore et al.
2003). By contrast, in spring and summer the set up
and reinforcement of the Azore anticyclone determined
the onset of moderate breeze systems (Uttieri et al.
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Figure 3. Seasonal wind roses of data collected by the ISPRA weather station in the reference year 2010. The radial scale reports wind
frequency, while each spoke is colour-divided according to wind speed ranges (see legend).

2011; Cianelli et al. 2012, 2013, 2015, 2017). These deter-
mined a stable and persistent high-pressure field, with
lower Hs (both for Hsyy and Hsy,). The year-long data
time series showed good consistency of the wave patterns
recorded by all platforms (Hsyr and Hsy,). As expected,
PORT and CAST recorded Hsyp values lower than the
concomitant ones by SORR site, which is closer to the
open Tyrrhenian waters. SORR presented the most com-
plete radar-derived dataset (with minimal gaps) and the
most comparable one, in term of Hs, to the wave buoy
measurements, as a consequence of the geographical
proximity and of the similarity (morphological and bath-
ymetrical) of the sites.

The yearly maximum Hs,, was 7.1 m, while for the
PORT, CAST and SORR stations the highest observed
Hsyyr were 3.3, 4.5 and 6.4 m, respectively, in agreement
with historical data in the GoN (Pugliese Carratelli and
Sansone 1987; Benassai et al. 1994a, 1994b; Buonocore
et al. 2003). The theoretical upper limit for a 25 MHz

radar (see Equation (1)) was frequently exceeded in the
SORR dataset in agreement with similar concomitant
recordings from the wave buoy. As a consequence,
these values were not disregarded but kept in the dataset.

The percentage of captured data was higher in
autumn and winter for all the HF radar stations, owing
to the low sea-state limitations discussed above. It is evi-
dent from Figure 4 that, as soon as Hs;, went below the
0.5 m threshold, the HF radars could not detect waves
efficiently, although they were functioning normally, an
event particularly evident in spring-summer during the
breeze regime.

The analysis of 0 in Figure 5 highlights again a site-
dependent pattern. The sector of wave provenance was
relatively constant over the seasons for each individual
HEF station and for the PC buoy, due to the geomorpho-
logical configuration of GoN. In autumn and winter
stronger winds resulted in higher wave events with
dominant wave direction between 225° and 280° for
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buoy datasets in the year 2010 in relation to atmospheric
pressure (from ISPRA weather station). The line at the bottom
of each plot represents the operational timeline of the instru-
ments (red: PC wave buoy; blue: HF radar). The dotted lines rep-
resent the theoretical upper and lower detectability thresholds of
HF radars.

the PC buoy, between 180° and 210° for PORT, 265° and
275° for CAST and 270° and 300° for SORR. The wave
observations by the PC buoy are in agreement with
those described in Morucci et al. (2016) for other
buoys deployed in the Tyrrhenian Sea, whose particular
geomorphological and meteorological characteristics
determine a marked directionality with high waves
mainly originating from the third quadrant.

4.3. Variability in Hs between HF radar and buoy

Further investigations about the variability in Hs
between the two types of platforms were conducted. As
explained above, HF radars cannot detect waves with
Hs < 0.5 m, so the PC buoy dataset was filtered to remove
all values below this threshold, accounting to approxi-
mately 35% of the entries. As a consequence, the statisti-
cal analysis was conducted on the HF radar dataset and
the filtered wave buoy dataset.

Figure 6 shows the seasonal scatter plot between Hsyg
and Hsy, while the skill metrics (r and RMSE) between
the Hs values recorded by the PC buoy and the three
HF stations are provided in Table 1. As a general out-
come, a good agreement between the PC buoy and the
HF SORR site in terms of r and RMSE was scored,
while lower consistencies were reported between the
buoy and the two most internal radars (PORT and
CAST). It is worth remembering here that, since the
radars and the buoy were not co-located, the results
here presented should be interpreted primarily in
terms of patterns, rather than of their strict numerical
value. In winter and autumn all the platforms recorded
Hs higher than 3 m; HF SORR and the PC buoy in this
season often recorded concomitant Hs values higher
than 4 m, confirming that the overshoot of the radar
was realistic. These results were further supported by
preliminary comparisons with WWIII wave model
(Saviano et al. 2017; Saviano 2018).

Table 2 reports the r and RMSE values for different
radar systems discussed in earlier studies on the vali-
dation studies of HF radar data compared with in situ
wave measurements. The skill metrics of the present
study are in line with comparison analysis presented in
the literature and confirm the operational usefulness of
Hsyr data to analyse the wave characteristics.

4.4. Wave period estimates

The analysis carried out in the present work also focused
on the assessment of wave period (T') estimates from the
HF radars and the wave buoy. As discussed in previous
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Figure 5. Seasonal wave rose diagrams for year 2010 for the three HF radar stations and the PC wave buoy.

sections, both instruments provided different output
periods: the radar returned a period representing the
centroid of the model being fitted to the second-order
Doppler spectrum (Tyg), while the buoy provided the
mean (Ty, p) and peak (T}, 1,) periods. The Typ analysis
does not show any remarkable seasonal-dependent
variation.

As discussed in Long et al. (2011), Tyr can be
assumed as a stable estimator as T, ,,, while being
more stable than T}, 1, which in turn is noisier. The com-
parison between T, , and Tyg for all the three HF
stations for year 2010 is shown in Figure 7. The scatter
plots show a positive correlation in all comparisons,
scoring correlation coeflicients r of 0.77, 0.75 and 0.62
for PORT, CAST and SORR, respectively. In Table 3,
the yearly statistical analysis and the yearly mean differ-
ence between the HF radar and buoy periods are
reported for all radar sites. Negative values indicated
that the Ty was greater than T, 1, while positive ones
that Ty was lower than T, p. Typ estimates fell between
Ti b and T}, y, in line with previous reports (Long et al.
2011; Lipa et al. 2014).

5. Discussion and conclusions

Monitoring the physical processes taking place in coastal
areas is a fundamental prerequisite for proper integrated
management of these systems. In this framework, HF
radars presently provide a challenging opportunity of
simultaneously measuring surface currents and wave
parameters. The results presented in this work aspire
to push the boundary of HF radar applications in
terms of wave analysis. A yearly assessment of seasonal
wave characteristics has been carried out, comparing
measurements from a wave buoy and a network of
three HF radars operating in the GoN. HF radar-derived
measurements depict the same wave pattern retrieved by
the PC buoy, both under calm (Hs between 0.5 and
1.0 m) and stormy conditions (Hs greater than 2.5 m).
The agreement between the two systems points out the
ability of both platforms to resolve the main structure
of the wave field. The results indicate that the wave
field is predominantly locally wind-driven, with specific
patterns depending on the sub-basin of the GoN under
analysis. In addition, our outcomes highlight that the
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Figure 6. Seasonal scatter plot for year 2010 of Hs obtained from the HF radar data (Hsyf) and from the PC wave buoy (Hs,)

measurements.

percentage of recorded data is strongly linked to the typi-
cal GoN atmospheric seasonality. As in Atan et al.
(2016), the best comparative results are obtained in

2 4 6
HSHF (m} PORT

2 4 6
HSHF I[I‘I‘I} CAST

2 4 [
Hsyg (m) SORR

autumn and winter, when the wave field is more ener-
getic and the limitations due to low sea-states are rarely
met. This is in line with previous literature for the GoN
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Table 1. Statistical analysis of the agreement between Hs measurements recorded by HF radar stations (Hsyr) and PC buoy (Hs,,).

HF PORT vs. PC buoy Hs,, mean (m) Hsyr PORT mean (m) r RMSE (m) N observations
Winter 2010 1.63 1.27 0.65 0.49 1199
Spring 2010 1.14 1.22 0.58 0.40 329
Summer 2010 1.03 1.19 0.56 0.41 94
Autumn 2010 1.53 1.45 0.63 0.66 1066
Year 2010 1.40 1.32 0.61 0.49 2688
HF CAST vs. PC buoy Hs,, mean (m) Hsyr CAST mean (m) r RMSE (m) N observations
Winter 2010 1.63 1.70 0.50 0.48 832
Spring 2010 1.14 1.60 0.65 0.37 1075
Summer 2010 1.03 1.23 0.63 0.23 834
Autumn 2010 1.53 1.20 0.59 0.47 1065
Year 2010 1.40 1.43 0.58 0.39 3806
HF SORR vs. PC buoy Hs, mean (m) Hsyre SORR mean (m) r RMSE (m) N observations
Winter 2010 1.63 2.38 0.73 0.64 1197
Spring 2010 1.14 1.90 0.75 0.33 1345
Summer 2010 1.03 1.77 0.70 0.20 1115
Autumn 2010 1.53 2.18 0.71 0.49 1481
Year 2010 1.40 2.09 0.73 0.41 5138

Note: The mean of Hsyr and Hsy, during the seasons, the correlation coefficient (r), the root mean square error (RMSE) and the number of observations for both

datasets are reported.

Table 2. Review of earlier studies on the validation studies of Hs from HF radar data with in situ wave measurements.

Reference Salient Information Period RMSE (m) r

Wyatt et al. (2003) e Comparison of WERA measurements and buoys at two locations. Year 2000 0.55-0.58 0.93-0.96

Long et al. (2011) o Comparison of five CODAR site measurements and in situ wave buoys January 2005- 0.46-0.77 0.85-0.91
(NOAA/NDBC) along central California coast. November 2008

Chen et al. (2011) e Comparison of multi-frequency HF (MHF) radar system and three buoys August 2009- 0.20-0.46 0.63-0.86
located on the coast of the East China Sea. September 2009

Atan et al. (2015) e Comparison of CODAR measurements and buoy located in Galway. Year 2013 034 0.78

Atan et al. (2016) o Comparison of CODAR measurements and buoy located in Galway. Year 2012 0.18-0.29 0.78-0.86

Note: The typical RMSE and r values for the different works are reported.

(Pugliese Carratelli and Sansone 1987; Benassai et al.
1994a, 1994b; Buonocore et al. 2003; Falco et al. 2016),
with higher Hs in winter-autumn and lower scores in
spring-summer. In particular, for PORT site the results
discussed in this work for year 2010 in terms of Hsyg,
Our and Tyr are comparable to those scored in 2009
(Falco et al. 2016), evidencing recurrent seasonal
patterns.

The analysed dataset allowed for the verification of
the theoretical limits of HF radars in terms of the detect-
ability range of waves. In particular, our results confirm
the inability of these systems to detect waves with Hs <
0.5 m owing to reduced back-scattering from the sea sur-
face, as discussed by Wyatt and Green (2009). On the
other hand, the comparison between PC buoy and HF
radars (in particular, SORR site) under high sea-states
shows a good performance of the radars. Under these cir-
cumstances, the theoretical limitations discussed in
Equations (1) and (2) are not verified, the HF radar
recordings being in good agreement with the buoy
ones. In most of the cases, the SORR recordings were
lower than the concurrent ones from the PC buoy,

suggesting some degree of underestimation. However,
since the radar and the buoy were not co-located, in
our study we focused principally on the wave pattern
rather than on the specific validation of the radar
measurements. Moreover, literature reports on these
specific issues are rather controversial: Lipa and Nyden
(2005) (for a SeaSonde system) and Lopez et al. (2016)
(for a WERA radar) reported an underestimation of
Hsyr, whereas Wyatt and Green (2009) (for WERA
and PISCES applications) reported an overestimation.
As different sources of errors might play different roles
(e.g. basin structure, optimisation and calibration of
the radar system, inversion method), this topic deserves
further study.

The selection of the RC was carried out with the
specific aim of defining an optimal working distance to
retrieve accurate wave measurements over well-popu-
lated circular annuli. Our work highlighted RC5 as the
best trade-off, confirming the results by Lipa et al
(2014) who noticed that coastal RCs provide more robust
estimates of wave parameters by covering a smaller area
compared to farther offshore annuli.
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Figure 7. Scatter diagrams between Ty, ;, of the PC wave buoy
and the centroid period Tyr of the HF radars in the reference
year 2010. Panel (a) PORT; panel (b) CAST; panel (c) SORR.

Table 3. Yearly correlation coefficient (r) between PC buoy mean
period (T, ) and HF centroid period (Tye), number of
observations (N) of HF radar stations, mean difference between
peak and mean buoy periods (T, , and T, ) and Ty for the
reference year 2010.

r N Mean difference  Mean difference
(Tm_u/Tue)  Observations (T b = The) (To_b = The)

HF PORT vs. 0.77 2688 —042s 0.44s

PC buoy
HF CAST vs. 0.75 3806 —047 s 0.38s

PC buoy
HF SORR vs. 0.62 5138 —0.65s 0.09s

PC buoy

Our study supports previous findings on wave period
estimates from SeaSonde systems (Long et al. 2011; Lipa
et al. 2014). The radar centroid period includes all con-
tributions to the second-order spectrum, from swells to
wind waves (Lipa et al. 2014). Wave buoys, instead,
may measure swell periods separately from wind wave
ones (Long et al. 2011). The centroid period measured
by HF radars with SeaSonde technology can be con-
sidered a stable estimator, like the buoy average one,
though the latter favours higher wave frequencies
(Long et al. 2011). The year-long results from the GoN
demonstrate that the centroid period lies between the
mean and peak periods measured by the wave buoy, in
line with Long et al. (2011) and Lipa et al. (2014).

The results collected in the GoN demonstrate the
potential of HF radars to efficiently monitor the wave
field, highlighting site-specific characteristics and good
agreement with the patterns recorded by traditional
wave buoys. For a given basin, two or more radars can
provide a more accurate recording of wave parameters
in different sub-basins, particularly in those cases with
varied orography and bottom topography. In the GoN,
despite its being a semi-enclosed basin, we observe
important differences in wave parameters among the
areas covered by each three radars, in particular
during storm events. This emphasises the ability of
these systems to resolve the basin-scale variability in
the wave field, in particular when compared with
measurements returned by single instruments (e.g. bot-
tom-installed pressure gauges, wave buoys) operating
in a given area.

The operational use of HF radars is a topical issue of
the INCREASE (Innovation and Networking for the
integration of Coastal Radars into European mArine
SErvices; www.cmems-increase.eu) project within the
Copernicus Marine Environment Monitoring Service
(CMEMS) framework. The project is presently develop-
ing the tools to integrate HF radar data into CMEMS,
with a major focus on surface current fields. Radar-
retrieved wave measurements from the GoN have been


http://www.cmems-increase.eu

preliminarily compared with model-derived ones
(Saviano et al. 2017), providing convergent descriptions
of the wave field. It is thus conceivable that future devel-
opments of INCREASE as well as other projects will inte-
grate  HF radar-derived wave information, thus
providing a more complete real-time description of
coastal basins (Rubio et al. 2017).

The performance of the HF radar system operating in
the GoN supports the idea that HF radars can qualify for
wave field operational applications (Wyatt et al. 1999),
though still needing standardised QA/QC procedures
for both post-processing and real-time uses (Wyatt et al.
2011). In addition, direction-finding systems like Sea-
Sonde require the validation of the assumption of spatial
homogeneity along each annulus, while phased array
ones do not (Graber et al. 1997; Wyatt et al. 2006). The
accuracy of wave measurement must also be considered
in relation to the inversion method adopted and to the
operating frequency of the system. The major shortcom-
ing of radar technology is the lack of continuity in
measurements, due to inherent limitations in the physics
of the phenomenon (Wyatt et al. 1999). Improvement in
background theory and signal filtering (Wyatt et al. 2011),
as well as the implementation of more refined algorithms
for the retrieval of wave parameters (Lopez et al. 2016), are
necessary actions to be taken in light of operational uses.
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