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ABSTRACT
This paper describes a calibration procedure for a non-optimally configured High Frequency Radar
(HFR) for the period 1 April 2021, to 31 March 2022, to assess sea waves characteristics. The HFR
system, a 16.5 MHz WEllen RAdar (WERA), is part of an innovative network for monitoring the
state of the sea. The system is installed in the western part of Sicily (Italy) where a wave buoy is
positioned. HFR data underestimate the spectral significant wave heights (Hm0), in particular for
Hm0 > 2 m, highlighting the need for calibration of the HFR system to ensure its optimal
performance for operational purposes. The calibration was performed with both in-situ and
modelled data provided by the Copernicus Marine Service. The best results were obtained
when the buoy data were used as reference. Encouraging results were achieved as
demonstrated by the improvement of the quantitative metrics after the calibration. Indeed, the
RMSE decreased from 0.60 to 0.36 m; the correlation R increased slightly from 0.86 to 0.88, the
slope from 0.48 to 0.8; whereas intercept from 0.11 to 0.31 m. Moreover, waves higher than >
2 m are well reproduced by the calibrated HFR time series with the RMSE decreasing from 1.3
to 0.53 m.
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1. Introduction

The accurate monitoring and forecasting of the sea state
are essential for managing many activities (e.g. naviga-
tion, fishing, gas and oil extraction, offshore renewable
energy installations, sports and recreation, etc.) and
for increasing their safety. Multi-platform observing
networks are crucial for wise coastal management (Pol-
lard et al. 2019), sound design of infrastructures and the
implementation of mitigation plans for extreme meto-
cean hazards (i.e, storm surge floodings). Monitoring
oceanographic parameters related to the dynamics of
ocean surface waters, such as wave height and sea sur-
face currents over time, as well as studying variations
in temperature, sea level, and ocean circulation, are
necessary because they allow us to observe and study
how fast the climate is changing, especially in the con-
text of global warming (Tintoré et al. 2019; Copernicus,
2022).

Marine technologies have greatly evolved, both
through the use of in-situ fixed or mobile sensors, and
remote sensing systems (Ardhuin et al. 2019; Lin and

Yang 2020). Fixed systems typically consist of moored
buoys with pressure, sound, and motion sensors capable
of determining wave parameters, such as significant
wave height, peak wave period and average wave direc-
tion during the peak wave period. The mobile in-situ
systems typically consist of free buoys, such as drifters,
which may be equipped with the same sensors as the
fixed systems. Other examples of in-situ measurements
are surveys conducted aboard research vessels or ships
of opportunity. Remote sensing systems, on the other
hand, are all based on the propagation of electromag-
netic waves along the saline and well conducting ocean
surface and relying on the analysis of the backscattered
intensity and Doppler effects of radar signals. These
radars are typically ground-based, but can also be
installed at sea, in the air, and even on satellites
(Izquierdo et al. 2004; Novi et al. 2020; Sun et al. 2020;
Aouf et al. 2021). Lorente et al. (2022) describe in detail
the ground-based HFR systems and show that they pro-
vide an impressive capability for monitoring large
coastal areas, for a wide range of practical applications
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such as research, hazard management, maritime safety
and rescue and vessel tracking (Reyes et al. 2022).

However, the use of in-situ acquisition systems and the
use of remote sensing systems, often have different pur-
poses and objectives related to their operational charac-
teristics and thus can sometimes be considered as
alternative and sometimes as complements. The use of
remote sensing increases the amount of observational
data available to fill the gaps associated with fixed moni-
toring systems and extends observation at a large spatial
scale (Ardhuin et al. 2019; Rossi et al. 2021). Nevertheless,
despite the technological advances, both systems have
some critical issues. In particular, for buoys, the limits
of continuous and correct data acquisition are often due
to external factors related to the extreme environment
in which they operate, such as unmooring, biofouling,
collisionphenomenawith vessels orfishing gears, vandal-
ism, maintenance difficulties and costs, sensors cali-
bration, communication problems, and more (Ardhuin
et al. 2019; Campos et al. 2021; Jensen et al. 2021; Ferla
et al. 2022). All these problems may be the basis of the
lack of data transmission, and in addition, the interven-
tion times are never certain due to changing sea con-
ditions. On the contrary, HFR is a land-based cost-
effective technology that presents some additional advan-
tages such as improved areal coverage; also HFR can
effectively monitor sea states in densely operated mari-
time areas where fixed in-situ moorings may be compro-
mised (such as in congested harbours). In the
Mediterranean Sea there are several examples of studies
with theuseof radars and other systemsboth for data vali-
dation (Orasi et al. 2018; Saviano et al. 2019) and com-
parison with model data (Saviano et al. 2020) and last
but not least formonitoring the state of the sea indifferent
conditions (Lorente et al. 2021). However, the HFR band
can be also affected by electromagnetic interferences or
negatively impacted with the presence of metal items of
orographic obstacles. They also require a lot of attention
both because of their proximity to the marine environ-
ment and because of their complexity, since several sys-
tems must be installed in different and suitable
positions to cover a given area. HFR technology is well
developed and numerous systems of various types are
available on themarket (see Lorente et al. 2022 and refer-
ences therein). Generally, HFRs are mainly optimised for
detecting flow fields and they are often not entirely suit-
able for measuring wave data and are less reliable com-
pared to in-situ wave measurement devices. Coastal
HFR can be both direction-finding (for instance Coastal
OceanDynamicsApplicationsRadar, CODARHFR,Bar-
rick et al. 1985) and beamforming (for instance, WERA
HFR, Gurkel et al. 1999). The former has the advantage
of requiring a very limited area, since transmitting and

receiving antennas are located in a single long-mast
element. Despite the advantage of providing the wave-
direction even with one single HFR site, measured direc-
tion and significant wave heights are not pointly but are
referred to as concentric annular rings. The latter require:
(i) a number of transmit antennas (usually four antennas
arranged at the vertices of a square); (ii) a number of
receive antennas (at least 8–16) arranged as a linear array.

Measurements of wave parameters such as spectral sig-
nificant wave height, wave direction and spectral infor-
mation require higher hardware characteristics than
those expected for marine current measurement systems
(Wyatt et al. 2011). The WERA HFR presents the advan-
tage of providingwave parameters at eachpoint over a pre-
defined regular grid. However, systems with at least 12
antennas are needed when spatial variability in the wave
field is fundamental and coverage over large areas in the
ocean is required (Gomez et al. 2015). Nevertheless, the
use of HFRwith a smaller number of antennas is possible,
with special precautions, to measure waves. In addition,
the wave information is obtained from the peak values of
the second-order spectra (Tian et al. 2020), which have a
lower signal to noise ratio than the first-order return
used for currents. This means that a smaller range is cov-
ered and also that the integration time should be longer
than for currents (Gomez et al. 2015).

The products derived from these techniques, including
those of the CopernicusMarine Service (CMS), can make
an important contribution by covering large areas of our
planet, albeit at lower spatial and temporal resolution (le
Traon et al. 2017, 2019). CMS requirements for further
development of the in-situ component of Copernicus
include high priorities such as improving key observing
systems such as ferry-boxes, gliders, tide gauges, and
HFRs. Therefore, it is imperative tomaintain and increase
thenumberofwavebuoys and incorporatewavemeasure-
ments fromHFR. SinceApril 2017, theCMShas been able
to monitor wave height records during adverse weather
conditions using two complementary data sources (i.e.
wave models and in-situ platforms). In any case, these
data must be integrated with those collected (buoy,
radar HF, etc.) in order to calibrate and validate them
and to compensate for the uncertainties of satellite data
in coastal areas and shallow waters. Models must be con-
sidered an alternative in the absence of buoys or other sys-
tems, which often fail, especially nearshore.

In this paper, we present the preliminary results of a
comparison between wave measurements collected and
processed by three different systems in the period April
2021 to March 2022: an in-situ buoy, an HFR and the
CMS numerical model in the area of the Sicily Channel
(Mediterranean Sea, Figure 1). A method to calibrate
HFR data is also presented with the aim of obtaining
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more reliable wave measurements, in order also to fulfil
the request of CMS in-situ data. Studied area is pre-
sented in section2, section3 describes the datasets and
section4 the theory. In section5 the results are presented
and discussion and conclusions are given in section6
and 7, respectively.

2. Study area

Our observations and study focus on the area off Capo
Granitola, in southwestern Sicily, which corresponds to
the northern part of the Sicily Channel (Figure 1). The
Sicily Channel is generally considered as a corridor
between the eastern and western Mediterranean Sea,
where fishing, recreational activities and the transport
of all kinds of goods, including dangerous ones, are
very intense. This area is influenced by a series of com-
plex oceanographic processes that distinguish it from
the rest of the Mediterranean Sea (Bonanno et al.
2014). At the mesoscale, it is influenced by the dynamics
of the lower atmosphere, especially wind stress, topogra-
phy and internal processes, and therefore we can
observe the presence of currents, jets, branches and
eddies, which then have effects at a larger scale (Lermu-
siaux and Robinson 2001; Reyes Suarez et al. 2019).

The thermohaline circulation that affects the area is
due to the inflow of less saline Atlantic water from the
Strait of Gibraltar flowing eastward at the surface, and
an intermediate layer of more saline Levantine water

spreading westward and originating in the easternmost
areas of the basin (Sorgente et al. 2011).

The Atlantic water, in the area off Capo Granitola, is
composed of two different water currents that cross it:
the Tunisian Atlantic Current (Sammari et al. 1999)
located in the southnear theAfrican coasts and theAtlan-
tic Ionian Stream, present in the north, near the Sicilian
coasts (Robinson et al. 1999). The Atlantic Ionian Stream
present in the study area and flowing eastward, can drive
and modulate coastal upwelling. Its presence and evol-
ution are variable in time and space, taking different
more or less intense forms (Robinson et al. 1999; Sorgente
et al. 2011; Basilone et al. 2013; Bonanno et al. 2013).

Hence, the study area is characterised by a directional
distribution of spectral significant wave heights showing
bimodal behaviour with two main incoming wave
propagation sectors: the first from SE and the second
from W (Figure 2a). This behaviour is well known in
the area as bimodality of wave spectra and occurs fre-
quently in medium energy swells but rarely during
storms (Orasi et al. 2018).

3. Materials

The coastal HFR used in Capo Granitola is a beamform-
ing WERA system (Helzel Messtechnik GmbH) operat-
ing at a central frequency of 16.15 MHz. The system
consists of 4 transmitting antennas and 8 receiving
antennas which are the minimum number of receivers

Figure 1. (a) Map of the area with the main circulation features: Atlantic current (AC), Atlantic Ionian Stream (AIS) and Tunisian Atlantic
Current (ATC). The red rectangle indicates the studied area enlarged in (b), where the percentage of HFR data coverage from 1/4/21–31/
031/22 is depicted. Mazara del Vallo ondametric buoy (red triangle) and WERA HFR position (blue triangle) are indicated. The area in
green encloses the HFR grid points (blue points) considered in the analysis; the sector delimited by red lines corresponds to sFOV.
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to obtain wave data, therefore the configuration is not
optimal for wave monitoring (Gomez et al. 2015). The
system can retrieve wave data with 1.5 km horizontal
grid resolution and a sampling time of 15 min. Since
only one radar site is available, only spectral significant
wave height (Hm0HFR) can be measured; while no wave
direction information can be retrieved. At the operating
frequency, the lower limit for Hm0HFR, referred to as the
noise threshold, is about 0.45 m, while the saturation
limit corresponds to waves of 8 m (Wyatt 2002; Wyatt
et al. 2011)

In-situ wave data are collected from the buoy located
at Mazara Del Vallo (WMO code 61208); this buoy is
part of the National Wave Network (RON), managed
by ISPRA (National Research Institute for the Environ-
ment Protection), and it is moored at 37° 31’ 05’N and
12° 32’ 00’E at a sea depth of 85 m (Figure 1). RON data
are freely available in Linked Open Data format (http://
dati.isprambienteit). Spectral significant wave height
data, hereafter referred to as Hm0buoy were selected.
Hm0buoy ranged from 0.1–5.2 m during the studied
period. Wave heights lower than 0.5 are considered

Figure 2. (a) Directional distribution of significant wave heights measured by ondametric buoy. (b) Studied area with model grid
points (red), radar grid points (blue) and superimposed bathymetry (from EMODNET, https://www.emodnet-bathymetry.eu/). The
area in green contains the HFR points (blue stars numbered) where data have been considered for the comparison with buoy time-
series and for the correlation calculations with model points (red circles). Sector delimited by red lines corresponds to sFOV. (c) dis-
tribution of wavelengths λ measured from Mazara del Vallo Buoy (red triangle) in the period April 2021 - March 2022.
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calm sea states. Hm0HFR data with WERA-default qual-
ity flag equal to 5 ( = bad) are removed.

In addition to wave heights measured by the in-situ
buoy, wave data from a numerical model were provided
by the CMS. As the interim reanalysis product is not
available for the selected period, the analysis and forecast
nominal product MEDSEA_ANALYSISFORECAST_-
WAV_006_017 is used. This is the nominalwave product
of the Mediterranean Sea Forecasting system, composed
by hourly wave parameters at 1/24° horizontal resolution
covering the Mediterranean Sea (for the details https://
resources.marine.copernicus.eu/product-detail/MEDSE
A_ANALYSISFORECAST_WAV_006_017/INFORMA
TION). In particular, the dataset ‘med-hcmr-wav-an-fc-
h’ is used and the extracted variable is the spectral signifi-
cant wave height (VHM0) hereafter referred to as
Hm0CMS.

The analysis is carried out using a dataset collected
during a 12-months (April, 1, 2021 to March, 31,
2022) period which starts contextually to the availability
of buoy data (deployed in late March, 2021).

4. Methodology

The three data sources used in this study are character-
ised by different temporal and spatial resolutions.
Regarding the temporal resolution, only the concur-
rent measures are used in the following calibration/
validation steps. For the spatial resolutions, the grids
for Hm0CMS and Hm0HFR are shown in Figure 2(b),
but some consideration should be done before per-
forming the calibration/validation. Although the
Hm0HFR measured by the WERA HFR system are in
principle organised in a regular grid (finer than the
CMS data), only the data over a subrange area are
characterised by sufficient accuracies because the
non-optimal HFR setup for wave measurements
which requires the installation of 12 or 16 receiving
antennas; for this reason the radar field has been
restricted to eliminate the interference of the first-
order lateral spectral peaks with the second-order
spectral peaks from which the waves are calculated.
Therefore, a sub-field of view (sFOV) is considered
by restricting the full FOV as described in section
4.1. Once the HFR comparison area is established,
because the in-situ buoy is located outside of the
HFR comparison area (as well as it is outside of the
entire HFR domain) it is mandatory to limit the com-
parison of wave data to the HFR grid points for which
the deep water dispersion relation applies; under this
condition and for short distances (a few tens of kilo-
metres) the wave spectrum at the buoy site is compar-
able to that measurable at the HFR grid points.

Thefirst step is to verify that thebuoymeasurements are
representative of the wave state in the HFR comparison
area. For this purpose, a comparison between Hm0buoy
and Hm0CMS is performed at those model grid points clo-
ser to the HFR comparison area and buoy location.

Finally, the comparison between the uncalibrated sig-
nificant wave heights Hm0HFR,unc and Hm0buoy is calcu-
lated for each grid point within the HFR comparison
area at the same time to select the HFR reference
point for the calibration.

4.1. WERA HFR calibration through means of
Hm0Buoy and Hm0CMS data

Themethod used byWERA to estimate significant wave-
height is an empirical method developed by Gurgel et al.
(2006). The method assumes that there is a linear
relationship between the WERA second-order backscat-
ter spectrum (normalised by the first-order peak) and the
wave energy spectrum multiplied by an angular spread-
ing function. Since the second-order spectrum is folded
around each of the Bragg peaks, the second-order back-
scatter energy, Ek, is calculated as the average of the spec-
tral values on either side of the most energetic Bragg
peak. This calculation is repeated for all Doppler-fre-
quencies at intervals of 0.01 Hz, in the Doppler range
from 0.05–0.25 Hz from the Bragg peak. In this way,
the linear relationship contains 21 alpha coefficients
(αk) obtained from a field experiment (EuroROSE,
Fedje experiment) with a 27.65 MHz HFR and a buoy
(Gurgel et al. 2006). Given the normalised second-
order power spectrum, Ek, measured by the HFR, the
estimate of the wave energy spectrum, Sk, at each of the
k-frequency considered is given by:

SK = EK · ak@fradar (1)

where αk@fradar are the alpha coefficients matched to the
radar operating frequency (fradar), as follows:

ak@fradar = f@used

fradar

( )2

·ak@used (2)

Finally, the spectral significant wave height (calcu-
lated from the spectral analysis) is determined consider-
ing the 21 wave energy spectrum Sk of the second order
peak, i.e. using:

Hm0 = 4

�������������∑21
k=1

0.01 · Sk

√√√√ = 0.4

�������∑21
k=1

Sk

√√√√ (3)

where 0.01 is the frequency step in Hz.
By default, the set of αk coefficients obtained from that

field experiment with a 27.65 MHz HFR is used by the
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WERA station management software. Thus, only uncali-
brated significant wave heights, Hm0HFR,unc, are esti-
mated after the installation of a WERA system.

To maximise the accuracy of the HFR wave height
estimates, evaluation of a tailored set of αk coefficients
is mandatory. This calibration phase requires the use
of an independent dataset of the wave energy spectrum
Sk. However, if this is not available, the coefficients can
be obtained from the significant wave height Hm0
obtained from a directional buoy or a reliable wave
model, by least squares fit. Substituting equations (1)
and (2) into equation (3) yields the following equation:

∑21
k=1

Ekn · ak@used = 6.25 · Hn · fradarn
f@used

( )2

(4)

which is in compact form of the typeEα =C, where E is the
Nx21matrix containing Ekn, C is theNx1 vector formed by
the right-hand side of equation (4), andN is the total num-
ber of measurements used. It can be solved for α using
Hm0n from a reference (buoy or model) by a least square
fit, minimising the errors (C-Eα)2. The least square fit is
evaluated imposing a constraint on the α behaviour to
obtain reliable values for α (Gomez 2019). In particular,
the constraintmatrix imposes some conditions on the evol-
ution ofαwith frequency, i.e. onpositive values andonfirst
and second derivatives of the curve.

In this study, both the Hm0buoy and Hm0CMS values
are used as independent reference datasets.

The α-values obtained with the above mentioned
method, should then be tested and validated on a differ-
ent period. For this reason, half of the available data are
taken into account for the calibration/optimisation,
whereas the validation process involves the remaining
data. Thus, the available data set is splitted into the fol-
lowing time series: (i) from 1 April, to 31 July 2021 (D1);
(ii) from 24 September 2021 to 31 March 2022 (D2).

The calibration is performed by taking into account
Hm0HFR data collected at the reference point defined
by the preliminary analyses described in section 5.1.

5. Results

5.1. Results with uncalibrated HFR data

The sFOV is obtained by restricting the full FOV to the
sector bounded by the delta angles equal to +20°/−20°
with respect to the main antenna lobe bearing. Finally,
the HFR comparison area is obtained by intersecting
the sFOV with the annular ring of a thickness of D =
2 km, centred at the HFR-buoy distance (Figure 1b).
The HFR comparison area contains 17 HFR grid points
(blue stars in Figure 2b). The comparison between

Hm0buoy and Hm0CMS, at the points closer to the
selected area and at the buoy, reveals that Hm0buoy
and Hm0CMS are comparable for all grid points with
correlation values always above 0.96, at the 95% confi-
dence level (hereinafter referred as ‘c.l.’). In addition,
the comparison in terms of spectral significant wave
height-distribution (summary statistics, validation
metrics and qq-plots, not shown here) demonstrates
that the series at the different points are in very good
agreement. This result agrees with the deep water
hydrodynamic condition which is verified at the buoy
position and for several model points close to the
HFR comparison area; however, small differences in
correlation could be probably due to small changes of
the wind input. The choice of the HFR grid-point
among the ones in the green area, depends on the val-
idity of the deep water dispersion law, and thus, on
the wavelengths of the waves in the area.

The wave motion in the area during the considered
period presents wavelengths (λ) mainly below 100 m
(Figure 2c). Moreover, there is a consistent number of
waves with λ between 70 and 100 m for which a bathy-
metry of 40–50 m is in disagreement with the dispersion
law for deep waters (Dean and Dalrymple 1991). In par-
ticular, the bathymetry in the green area (Figure 2b) is
always greater than 80 m, apart from the right-upper
corner, characterised by a bathymetry of ∼40–50 m.
Thus, according to these considerations, only points
12 and 15 are excluded from further analyses.

Figure 3. Correlation coefficient between Hm0HFR,unc at stars
within the green-bordered area and Hm0buoy. Green star corre-
sponds to the location P3 where HFR data have been considered
for optimisation and validation.
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Regarding the Hm0HFR,unc vs Hm0buoy relationship,
the points with the highest correlation coefficient are
points 1 and 3 (Figure 3) with a correlation value of
0.86 at 95% c.l. Because point 1 is located too close to
the western limit of the sFOV, beyond which the
reliability of HFR wave data could be decreased, point
3 is selected as the best candidate point for the optimis-
ation and validation calculations.

The time series comparison of Hm0HFR,unc, Hm0buoy
and Hm0CMS both at the buoy location (Hm0CMS-buoy)
and close to the point P3 (Hm0CMS-P3), shown in
Figure 4(a), reveals that the model captures well the
peaks of wave height, although a light overestimation
can also be observed. On the other hand, uncalibrated
HFR data appears to underestimate, to some extent,
mainly the main peaks, as for example the ones detected
during the end of November-beginning of December
2021 or beginning of January 2022 (Figure 4b) or Febru-
ary 2022 (Figure 4c).

Although anunderestimation ofHm0measured by the
HFR is clearly shown in the Hm0buoy vs Hm0HFR,UNC

scatter plot (Figure 5a), most of the points of the dis-
persion appear well aligned as expected by looking at
the high correlation value (Table 1). This underestimation
could be a problem when using HFR data for operational

purposes and thus, the calibration of the time series is
mandatory. The possibility to calibrate the HFRmeasure-
ments with the buoy data is confirmed by the high corre-
lation (Table 1) shown also by theHm0buoy vsHm0CMS-P3

scatter plot, whose cloud appears well aligned to the 1:1
line (slope = 1.03, intercept = 0.01 m). Moreover, the
very strong correlation of the Hm0CMS-P3 vs Hm0CMS-

buoy confirms that the wave height spectrum at these
two locations are quite similar (Table 1). Regarding the
selection of the calibrating and validating periods to pro-
ceed with the calculation of the optimised alpha coeffi-
cients, it is chosen to use the second part of the data set
(D2) for optimisation aims and the first part (D1) for vali-
dation. Indeed, it is preferable to use the autumn-winter
period as the spectral significant wave heights span over
a wider range.

In the following, the results of the optimisation using
both Hm0CMS-P3 and Hm0buoy as reference, are shown.

5.2. Results with HFR data calibrated with CMS
modelled data

Correlation between Hm0CMS-P3 and HFR spectral
energy for each of the 21 frequencies (Figure 6a)
shows that there are two peaks, one around the doppler

Figure 4. (a) Time series of Hm0HFR,unc, Hm0buoy, Hm0CMS-buoy, Hm0CMS-P3, obtained: from buoy (blue line), from HFR at P3 (black line)
and from model data both at buoy location (green line) and close to P3 (red line). (b) zoom of (a) for the period 20/11/21–15/12/21. (c)
zoom of (a) for the period 1/02/22–28/02/22. The dashed line indicates the noise threshold.
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frequency # 7 (0.11 Hz) and the other around the fre-
quency # 15 (0.19 Hz), indicating that these are the
most relevant frequency in the spectra and therefore
in the α coefficient set.

The set of 21 α parameters obtained through the
least squares-constrained fitting (Figure 6b) for period
D2, roughly reflects the behaviour of the correlation
(Figure 6a); it is worth mentioning that the shape of
the constrained α set (represented by a red line in
Figure 6b) is quite different if compared to the
one of the unconstrained α set (the one applied by
default by the WERA software, indicated by an orange
line).

Applying these α coefficients to the second-order
spectral energies of period D2, a new Hm0HFR time
series is obtained. The new time series, Hm0HFRopt1, is
characterised by an increased correlation coefficient
with Hm0CMS; in particular, strongly reduced Root
Mean Squared Error (RMSE) and bias are noticeable
with respect to the original dataset (Table 2). Thus,
the Hm0CMS vs Hm0HFRcal scatterplot cloud appears
quite well aligned to the 1:1 line (Figure 6c and Table

2). By applying the obtained α coefficients to the spectral
energies of period D1 (i.e. the validation period) result-
ing Hm0HFRcal present a slightly reduced correlation
coefficient, but a reduced RMSE and bias (Table 2)
with a resulting good alignment along the 1:1 line
(Figure 6d and Table 2).

5.3. Results with HFR data calibrated with in-situ
data from buoy

The same optimisation procedure has been applied using
Hm0buoy data as reference. The shape of the α-coefficient
curve (Figure 6f) is very similar to that obtained with
modelled Hm0 as reference (Figure 6b). In general,
there is an improvement of correlation coefficients and
RMSEs after optimisation (Table 2), except for corre-
lation when applying the new α coefficients to period
D1. This improvement results in an alignment of data
along the 1:1 line (Figure 6g,h and Table 2). In addition,
the results achieved are slightly better than those pre-
viously obtained. The correlations at the 21 doppler fre-
quencies (Figure 6e) are similar to those obtained using
Hm0CMS-P3 as reference data. For both the optimisation
and the validation periods also the RMSE are lower than
those previously retrieved (Table 2).

6. Discussion

Calibration of the WERA wave data by an optimisation
procedure using as reference the Hm0 data from both a
buoy and model, leads to an improvement in the data
quality, with an increase in correlation coefficients, but
more importantly with a decrease in RMSE. Qualitat-
ively, the results obtained with both Hm0 references

Figure 5. Scatter plot of: (a) Hm0HFR,unc at P3 versus Hm0 from buoy, and (b) Hm0 from model at P3 versus Hm0 from buoy for the
period 1/4/2021–31/3/2022. Linear fit coefficients are indicated.

Table 1. Correlations (R), RMSE and bias among all timeseries at
95% confidence level for the period 1/4/2021–31/3/2022.

Hm0CMS-P3 Hm0CMS-buoy Hm0 buoy Hm0HFR,unc

Hm0CMS-P3 -

Hm0CMS-buoy R = 0.96
RMSE = 0.25 m
bias = 0.08 m

-

Hm0buoy R = 0.97
RMSE = 0.20 m
bias =−0.04 m

R = 0.93
RMSE = 0.32 m
bias =−0.11 m

-

Hm0HFR,unc R = 0.86
RMSE = 0.67 m
bias =−0.48 m

R = 0.81
RMSE = 0.78 m
bias =−0.55 m

R = 0.86
RMSE = 0.60 m
bias =−0.43 m

-
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Figure 6. (a) Correlation between reference Hm0 (from model at P3 grid point) and HFR second power spectra at each of the 21
frequencies, before optimisation. (b) Optimised α parameters obtained by means of least squares-constrained fitting using
Hm0CMS-P3 as reference data (purple line) and original alpha set (yellow line). (c) Optimised Hm0HFR vs Hm0CMS and (d) validated
Hm0HFR vs Hm0CMS (e) Correlation between reference Hm0 (from buoy) and HFR second power spectra at each of the 21 frequencies,
before optimisation. (f) Optimised α parameters obtained by means of least squares-constrained fitting using Hm0buoy as reference
data (purple line) and original alpha set (yellow line). (g) Optimised Hm0HFR vs Hm0buoy and (h) validated Hm0HFR vs Hm0buoy.
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are very similar. However, the results obtained with the
Hm0buoy as reference are slightly better than those
obtained with Hm0CMS, even though the buoy is not
in the radar field and the model grid point used is closer
to the P3 radar point. This is related to the extrinsic
limit of the adopted model. Indeed, the wave analyses
and forecasts for the Mediterranean Sea are produced
by the HCMR Production Unit by means of the
WAMwave model which is a regional model that covers
the entire Mediterranean basin. This kind of model is
developed and optimised only for open-waters. For
example, the data assimilation scheme uses satellite alti-
metry data which are less reliable in coastal areas. More-
over, the grid resolution (1/24° LON-LAT) is too coarse
to properly capture the coastal wave hydrodynamics; the

wind field is itself modelled from the ECMWF atmos-
pheric model which is not focused on wind modelling
in the coastal area.

For all these reasons, we use Hm0 from the buoy as
the main term for comparison with the radar data in
this discussion. On the other hand, measuring wave
motion with a system of 8 antennas raises a number
of problems that seem to be partially solved by the
optimisation procedure. Indeed, if we consider the
time series of Hm0 before and after the calibration pro-
cess (Figure 7), the peaks in Hm0HFR, which were pre-
viously not detected in the uncalibrated radar
measurements, are well reproduced by the optimised
Hm0HFR, even if in some cases they are still slightly
underestimated. Even when the correlation computed

Table 2. Correlation coefficients, RMSE, bias and coefficients (slope and intercept) of linear regression before optimisation and after it
for both periods D1 and D2, with Hm0CMS and Hm0buoy as references.

Period Sub-range

#points corr RMSE bias

Model Buoy Model Buoy Model Buoy Model Buoy

D2 before optimisation 13775 13844 0.86 0.87 0.85 0.76 0.67 0.62
after constr. optim. 0.87 0.88 0.44 0.37 −0.07 −0.02

D1 before validation 9981 9982 0.80 0.83 0.50 0.47 0.40 0.35
after constr. valid. 0.79 0.82 0.41 0.36 −0.19 −0.16

Figure 7. Time series of Hm0 from buoy and from radar, both uncalibrated and optimised, for period D1 (a) and D2 (b). Time series has
been split into two panels and a 7-points moving average has been applied to Hm0HFR for readability (pay attention that the vertical
scale is not the same in the two panels).
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over the entire calibrated Hm0HFR dataset vs Hm0buoy
slightly improves to 0.88, the RMSE drops from
0.60 m before optimisation to 0.36 m after optimisation.

The improvement can also be seen in Figure 8(a),
where it is evident that the calibrated Hm0HFR are fairly
well aligned along the 1:1 line (slope = 0.80, intercept =
0.31 m). There are some outliers corresponding to
values in the Hm0buoy below 2 m, that are overestimated
by the HFR (3.3% of the total). These values correspond
mainly to spikes in the original time series, but which
are not flagged with instrumental quality control
index (Figure 8b); this suggests that more detailed
QC/QA procedures need to be further investigated.

To understand the extent to which the new time
series are able to capture the highest peaks, the corre-
lation coefficients and RMSE is calculated for events
in different ranges of Hm0. These ranges are: (i) 0.5–
1.3 m, which are two functioning limits of WERA refer-
ring to the ‘noise threshold’ and the ‘limit to get wave
direction’ respectively; (ii) 1.3–2 m, where the upper
limit refers to the 90th percentile of the significant
waves measured by the buoy and (iii) > 2 m. In general,
the correlation between Hm0buoy and Hm0HFR,unc for
Hm0 greater than 1.3 m is 0.74 with an RMSE of

1.02 m, while the correlation between Hm0buoy and
Hm0HFR,cal remains almost the same (0.75) but the
RMSE decreases significantly to 0.44 m, indicating an
overall improvement in capturing the highest peaks.
When Hm0 is divided into smaller classes (Table 3), it
is clear that the correlation coefficient for both the
0.5–1.3 m and 1.3–2 m ranges remain almost
unchanged after optimisation, which does not indicate
a significant improvement, although the RMSE
decreases significantly only for the second range. For
Hm0 greater than 2 m, however, both correlation and
RMSE are consistently improved. This fact suggests
that the optimisation has produced a concrete improve-
ment in the detection of the highest peaks. However,

Figure 8. (a) Scatter plot of calibrated Hm0HFR at P3 versus Hm0buoy for the complete period considered; the outliers are indicated in
red. (b) zoom of the Hm0buoy and Hm0HFR,unc timeseries for the period 5/4/21–3/5/21 with the outliers in (a) marked as red points.

Table 3. Correlation coefficients and RMSE between Hm0 from
radar and from buoy, calculated over the entire dataset, before
and after optimisation, considering different ranges for Hm0.

Hm0HFR,unc -
Hm0buoy

Hm0HFR,cal -
Hm0buoy

R RMSE (m) R RMSE (m)

0.5 m≤ Hm0 < 1.3 m 0.61 0.40 0.62 0.30
1.3 m≤ Hm0 < 2 m 0.41 0.78 0.42 0.37
Hm0≥ 2 m 0.61 1.30 0.67 0.53
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Figure 7 shows that for events greater than 2 m, there is
still an underestimation of Hm0 in some cases.

It is therefore important to highlight that the wave
buoy is essential for the calibration of the HFR systems,
even if this buoy is not designed for calibration purposes.

7. Conclusions

This study shows that an improved spectral significant
wave height dataset can be obtained by calibrating
data from a non-optimally configured HFR system. A
reliable spectral significant wave height dataset from a
radar system in addition to a point wave buoy is impor-
tant because HFRmeasurements cover a fairly large area
of the sea surface in the coastal zone and are useful for
operational purposes.

This study shows that a significant gain in data quality
and representativeness can be achieved if a constrained
least-square adjustment is performed using a reference
dataset (from a model or a wave buoy) to recalculate
the coefficients used to convert measured HFR spectral
energies into spectral significant wave heights. Better
results are obtained with buoy data as a reference than
with model data. In both cases, it appears that this first
calibration phase, although still a preliminary step, has
produced encouraging results that highlight the great
potential of HFR systems for coastal areas, even if longer
periods are required for calibration and comparison pur-
poses. In addition, a direct comparison of the measured
power/wave energy spectra from the wave buoy and the
HFR should be performed in the near future, as this
could further improve the calculation of a set of tailored
coefficients and allow a more accurate assessment of the
spectral significant wave heights of the radar system.

The quality of HFR data could be improved even if the
buoy is not designed for calibration purposes. The use of a
dedicated calibration wave buoy for a short period of time
(no more than two years) could be very useful to obtain
even better radar wave height measurements. In this fra-
mework, a calibration buoy should be designed to make
direct spectral measurements needed to determine the
calibration parameters for the HFR. Finally, future plans
include the installation of a secondHFR system to provide
2D maps of both wave height and wave direction.
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