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Abstract: HF radar systems have the potential to measure the wind direction, in addition to surface
currents and wave fields. However, studies on HF radar for wind direction determination are rare in
the scientific literature. Starting with the results presented in Saviano et al. (2021), we here expand on
the reliability of the multiannual wind direction data retrieved over two periods, from May 2008 to
December 2010 and from January to December 2012, by a network of three SeaSonde high-frequency
(HF) radars operating in the Gulf of Naples (Central Tyrrhenian Sea, Western Mediterranean Sea).
This study focuses on the measurements obtained by each antenna over three range cells along
a coast–offshore transect, pointing to any potential geographically dependent measurement. The
scarcity of offshore wind measurements requires the use of model-generated data for comparative
purposes. The data here used are obtained from the Mediterranean Wind–Wave Model, which
provides indications for both wave and wind parameters, and the ERA5@2km wind dataset obtained
by dynamically downscaling ERA5 reanalysis. These data are first compared with in situ data
and subsequently with HF-retrieved wind direction measurements. The analysis of the overall
performance of the HF radar network in the Gulf of Naples confirms that the HF radar wind data
show the best agreement when the wind speed exceeds a 5 m/s threshold, ensuring a sufficiently
energetic surface wave field to be measured. The results obtained in the study suggest the necessity of
wind measurements in offshore areas to validate the HF radar wind measurements and to improve the
extraction algorithms. The present work opens up further investigations on the applications of wind
data from SeaSonde HF radars as potential monitoring platforms, both in coastal and offshore areas.

Keywords: HF wind direction; Gulf of Naples; MWM model wind data

1. Introduction

In the coastal ocean, where knowledge of dynamics is fundamental for several
applications—such as engineering projects, ocean pollutant and oil spill studies, beach
erosion and more [1]—high-frequency radar (HFr) systems are extensively used to pro-
vide continuous spatial monitoring of surface currents [2,3]. In the Mediterranean Sea,
human impacts, in addition to climate change, require monitoring of the coastal marine
environment, so that the use of such instruments has become very advantageous [4].

HFr systems can be differentiated into two major types, beam forming (BF) and
direction finding (DF), based on the methodology used to retrieve/analyze/interpret the
sea echoes. The WEllen RAdar (WERA), developed by the University of Hamburg [5], is an
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example of a BF radar; on the other hand, the Coastal Ocean Dynamics Application Radars
(CODAR) from SeaSonde are DF radars [6].

Mainly used for surface current data, HFr are proving increasingly useful in measuring
wave fields [7,8]. The ocean wave parameters (significant wave height, peak period and
direction) are obtained from the second-order echoes of the signal [9]. The accuracy of the
HFr wave measurements has been verified in numerous works through validation with
wave buoys, ADCPs and models, supporting the validity of such platforms as sea state
monitoring tools [10–15]. HFr systems also have the potential to measure the wind direc-
tion [7]. Although the wind direction obtained from BF radars is becoming an operational
product [16–19], estimating the wind direction from DF systems can be more difficult and
more validations are undoubtedly needed.

One of the first HFr networks installed in the Mediterranean was the one operating in
the Gulf of Naples (GoN) (Figure 1) [20]. The GoN is a highly populated area in the Central
Tyrrhenian Sea (Western Mediterranean Sea), characterized by the presence of several
industrial, touristic and commercial activities [21,22]. The HF-GoN network-retrieved
surface currents and wave parameters have been used in several studies to understand
oceanographic and ecosystem processes such as surface transport [23,24], the validation of
numerical models [25], assimilation in numerical models [26] and wave field and extreme
event analysis [27–29].
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Data are retrieved and averaged along range cells (RCs) centered on each antenna 
and regularly spaced by 1 km, providing a unique record along each single RC. Owing to 
this, the directional distribution of the Bragg waves is assumed to be homogeneous over 
each RC; see [10,43]. Hourly-averaged data from 1 May 2008 to 31 December 2010 and 
from 1 January 2012 to 31 December 2012 are used. 

The performance of HFrs in data acquisition is limited by sources of uncertainty (e.g., 
environmental noise, distance, interpretation methods), as discussed by [44,45], and can 

Figure 1. Map of the Gulf of Naples (Central Tyrrhenian Sea, Western Mediterranean Sea) with the
locations of the three HF radar sites (antennas) and of the ISPRA weather station (green triangle). The
red semi-circles represent Range Cell 5 (RC5); yellow and black stars represent Range Cell 3 (RC3)
and Range Cell 7 (RC7), respectively (see text). MWM model data are co-located with RC3, RC5 and
RC7 for each site. Orange diamonds indicate the ERA5@2km grid points. The bathymetric contours
are spaced every 100 m; the orographic ones are spaced every 300 m.

Previous studies on the wind field in the GoN [30–33] depicted recurrent patterns
characterized by a strong seasonal influence. In the winter season, winds associated with
low-pressure systems blow from the NNE and NE directions, alternated with winds with
S-SW directions [30]. On the other hand, the wind regime in the summer season is driven
by breezes, with SW and NE winds alternating during the day, and with periods of stable
atmospheric pressure due to the presence of the Azores anticyclone and, in the last few
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years, of the African anticyclone [34]. The circulation in the GoN, as shown by several
modeling studies [25,33,35] and experimental investigations [36–38], is closely related to
local winds.

In [28], an analysis of sea storm events in the GoN was presented using the Mediter-
ranean Wave Model (MWM)’s outputs, focusing on the seasonality and energy classification
of the storm events over 56 months of retrievals. Results of the extreme event analysis
confirm the seasonal distribution of the events, with a storm season in autumn–winter and a
calm season in spring–summer. Low-energy storms (class I and class II) are frequent during
the year, although higher frequencies in autumn and winter are recorded. From October
to January, the storms of the most energetic classes (III, IV and V) occur, associated with
low-pressure systems over the Tyrrhenian Sea. In [29], the first validation exercise on the
wind direction from the GoN SeaSonde network was presented. The study focused on the
retrieval at one HFr site only, compared with in situ measurements and model wind data
(SKIRON/Eta). Results showed agreement between the measurements under the condition
of a wind speed greater than 5 m/s, suggesting that the HFr wind direction was strictly
dependent on the local conditions. The wind field is a result of the complex interactions
between large-scale forcing mechanisms and the local characteristics of the surface, so
discrepancy between measurements from different platforms with different acquisition
methods (model, weather station and HF radar) should be expected [39]. ECMWF Reanal-
ysis v5 (ERA5), released by the European Centre for Medium-Range Weather Forecasts
(ECMWF), represents nowadays the most plausible description of the current climate [40].
It has global coverage, with a spatial resolution of '31 km, and has provided outputs at an
hourly scale from 1950 to the present [40]. Despite the clear relevance of ERA5, its coarse
resolution can prevent its reliable adoption in characterizing localized events (e.g., extreme
precipitation). To address this issue, the Centro Euro-Mediterraneo per i Cambiamenti
Climatici (CMCC) recently presented a new hourly high-resolution (i.e., at'2.2 km) labeled
ERA5@2km, obtained by dynamically downscaling the ERA5 reanalysis over 20 European
cities for the past thirty years (1989–2018) [41].

In this contribution, we further deepen the investigation of the reliability of HFr wind
direction measurement using the MWM model output of wind parameters, wind speed
(U) and direction (θ), at different distances from the three HFr radar sites in the GoN. The
aims of this work are (i) to compare and validate the MWM wind data with an automatic
weather station located in Naples and with ERA5@2km; (ii) to extend the analysis of the
wind direction presented in [29] using the measurements of the HF-GoN network over a
period of almost 4 years, with a particular emphasis on sea storm events; (iii) to identify
offshore areas to locate meteorological buoys for data retrieval that can contribute to the
knowledge of the offshore wind field, increase the degree of reliability of the models and
allow the validation of HF radar wind data.

2. Materials and Methods
2.1. HFr Network

The GoN HFr network is composed of three sites, located in Portici (PORT), Castel-
lammare di Stabia (CAST) and Massa Lubrense (SORR) (Figure 1). HFr measurements are
provided by a CODAR HF system, managed by the Department of Science and Technolo-
gies of the Parthenope University, and the wind direction parameter is obtained from the
first-order echo, i.e., the same part of the signal used to obtain surface currents [42].

Data are retrieved and averaged along range cells (RCs) centered on each antenna and
regularly spaced by 1 km, providing a unique record along each single RC. Owing to this,
the directional distribution of the Bragg waves is assumed to be homogeneous over each
RC; see [10,43]. Hourly-averaged data from 1 May 2008 to 31 December 2010 and from
1 January 2012 to 31 December 2012 are used.

The performance of HFrs in data acquisition is limited by sources of uncertainty
(e.g., environmental noise, distance, interpretation methods), as discussed by [44,45], and
can affect the retrievals on RCs differently, as reported in [10]. For the present study, data of
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all three HFr sites were used. The events retrieved at the PORT site were compared with in
situ measurements and model outputs. For the CAST and SORR sites, no comparison with
in situ wind directions was possible due to the absence of weather stations in the areas.
The results over the year 2011 are not shown due to recurrent failures of the CAST antenna
and lower retrieval in these RCs.

2.2. ISPRA Weather Station

To assess the accuracy of the MWM model (see next section) and the HFr, the wind
directions were compared with in situ wind observations collected by a weather station
managed by Istituto Superiore per la Protezione e la Ricerca Ambientale (ISPRA) and
located in the port of Naples (see [29]).

The ISPRA dataset represents, for the analyzed period (2008–2012), the only in situ
measurements of the study area. The weather station is representative of local wind
data, related to the coastal zone of Naples City affected by topographic steering. This
dataset, considering the substantial gradients in the wind direction occurring in coastal
regions, is not representative of the conditions of the entire GoN. Consequently, in the
comparative analysis, ISPRA data were used only for PORT HF (the closest HF site, located
at 13 km distance).

Hourly-averaged data from 1 May 2008 to 31 December 2012 were used in the study.

2.3. Mediterranean Wave Model

The MWM is a model-derived dataset of hourly wave and wind parameters starting
from 1 January 1979 and obtained from a chain of the latest-generation models [46–49]. For
more information, see Sections 2.3 and 2.4 in [28]. The model domain covers the entire
Mediterranean Sea, with a spatial resolution of approximately 0.1◦ (~10 km) in offshore
areas, while, in coastal areas or in areas where the depth is less than 100 m, the spatial
resolution increases up to approximately 0.03◦ (~3 km). The wave model is forced by the
wind fields obtained from the atmospheric Weather Research and Forecasting Model (WRF).
To calibrate and validate the WRF model, some comparisons among different experimental
data were used over the Mediterranean (i.e., NOAA stations, ISPRA stations and Puerto
del Estado stations). In particular, the Salerno ISPRA station (located in the Gulf of Salerno,
south of the GoN) was used in the Tyrrhenian Sea as a reference. The comparison results
showed that the model substantially overestimated the measured data. The most severe
model overestimation occurrences were recorded when the wind direction was close to the
N direction, due to the morphology of the bay and lack of co-located measurements [50].

In the study area, no moored weather buoys were present to use as primary ground
truth datasets. To evaluate the model’s performance, a comparison with ERA5@2km in the
grid points nearest to the MWM output was developed. Subsequently, a comparison with
the Naples ISPRA station provided us with a further, geographically more consistent com-
parison in the Tyrrhenian Sea area, and it allowed us to compare data between the model
and HFr in locations far from the coast, difficult to obtain as experimental measurements.

The comparison between HFr and MWM wind data was carried out along different
RCs to assess the retrieval of the wind direction from offshore zones to the coast. HFr wind
directions from RC3, RC5 and RC7 (i.e., 3, 5 and 7 km from the antenna, respectively) were
analyzed in comparison to those obtained at co-located sites using the MWM model output.

2.4. Statistical Methods

The measurements from three wind data platforms (HFr, ISPRA weather station and
MWM model) were analyzed over 44 months, from May 2008 to December 2010 and 2012.
During this period, the sea storm events were identified and classified in terms of energy
content following [28]. The HFr wind directions retrieved during the storm events were
compared with the wind directions obtained from weather station measurements and
MWM model outputs.
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Wind parameters were seasonally grouped, divided into three-month seasons, as
implemented in [28].

Statistical parameters were employed to compare HFr retrievals with the ISPRA and
MWM datasets.

As suggested in [29,51], we applied circular statistics parameters for angular variables
such as wind direction data to obtain the circular correlation coefficient (ρcc) and mean
directional difference (θ) using the Matlab Toolbox CircStat; see [29].

ρcc =
∑n

i

[
sin
(

θ
(HF)
i − θ(HF)

)
sin
(

θ
(situ)
i − θ(situ)

)]
√
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i

[
sin
(

θ
(HF)
i −θ(HF)

)]2

n

√
∑n

i

[
sin
(

θ
(situ)
i −θ(situ)

)]2

n

(1)

ρcc spans the ±1 range, where +1 (−1) indicates perfect correlation (anti-correlation) for
two investigated series, while 0 indicates no correlation.

The wind speed comparison between MWM outputs and the ISPRA weather station
related to HF PORT RC3 was assessed by means of box plots, correlation coefficients (CCs),
root mean square error (RMSE) and the Hanna–Heinold index (HH) proposed in [52].

Box plots, used in descriptive statistics, are a method used to display the distribution of
data based on the degree of dispersion and skewness, using five descriptors: the minimum,
the maximum, the sample median and the first and third quartiles. The central rectangle
spans the first quartile to the third quartile (interquartile range, IQR). A segment inside the
rectangle shows the median, and “whiskers” above and below the box show the locations
of the first and third quartiles. An outlier is defined as a data point that is located outside
the whiskers of the box plot. Box plots that are visually overlapping in terms of the IQR
identify statistically similar records.

Finally, the HH index allows us to overcome obstacles that may arise for the negatively
biased simulations, i.e., that underestimate the quantities measured (see [53]).

3. Results

To assess the MWM model wind data’s accuracy, the first analysis involved a compari-
son between the model results and ERA5@2km dataset using the grid point nearest to the
model output (RC5) (see Figure 1); subsequently, the comparison between MWM and in
situ measurements was carried out.

The MWM model data used in the comparison with the ISPRA weather station were
related to the PORT RCs, the HFr site closest to the ISPRA station. The comparison between
ERA5@2km and ISPRA did not show significant differences from the comparison with
MWM. Subsequently, the results of the comparison among the MWM model, ISPRA and
HFr PORT during the storm events was performed. The storm events were analyzed over
the entire period of occurrence and during the exceeding threshold of the wind speed.

Comparisons between the HFr sites of CAST and SORR and the MWM model were
performed. Results regarding the differences found in the different RCs were obtained for
all HFr sites and some of the most relevant events were analyzed in detail.

3.1. MWM/ERA5@2km Wind Speed and Wind Direction Comparisons

Figure 2 shows the wind speed time series during the 2010 seasonal trimester at the
PORT site (time series in CAST and SORR sites show similar results, figures not presented)
and the statistical box plots of both datasets. The comparison shows comparable data
between the models during the seasons, as confirmed by the statistical results reported in
Table 1 for all the HFr sites in the reference year 2010. The CC values are greater than 0.6
for all trimesters in each site. For each site, the CC values are higher in the autumn and
winter seasons, reaching a value of 0.76 in the SORR site; the lower value, with a minimum
of 0.6 in the CAST site, was observed during the summer trimester.
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Figure 2. (a) shows the temporal series of wind speed for the seasonal trimesters of 2010 for the
MWM model (red) and ERA5@2km dataset (green) at RC5 in the PORT site; (b) shows the statistical
box plots of the dataset.

Table 1. Statistical metrics (correlation coefficient (CC), root mean square error (RMSE) and Hanna–
Heinold index (HH)) of wind speed between the MWM model and ERA5@2km, seasonal comparison
(2010) at RC5 of PORT, CAST and SORR sites.

2010 MWM vs. ERA5@2km

Trimester
PORT CAST SORR

CC RMSE HH CC RMSE HH CC RMSE HH

JFM 0.71 2.68 0.44 0.67 2.88 0.44 0.73 2.83 0.38

AMJ 0.64 2.14 0.51 0.62 2.26 0.5 0.67 2.43 0.49

JAS 0.63 1.83 0.46 0.6 1.95 0.46 0.63 2.15 0.48

OND 0.71 2.6 0.41 0.66 2.98 0.45 0.76 2.65 0.35

Figure 3 shows the wind roses of the MWM and ERA5@2km dataset for the year
2010. The discrepancies between the models are related mainly to the HFr site in the inner
part of the GoN; in particular, the CAST site shows two prevalent sectors (NW and SE)
in the ERA5@2km dataset, as opposed to the more homogeneous MWM dataset. In the
SORR site, the wind directions are comparable over the seasons, likely because the data are
related to an external area of the GoN that is less affected by the complex orography. This is
confirmed by the statistical analysis shown in Table 2. The mean value over the year 2010
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for ρcc is comparable in the SORR site, with a value of 0.63; instead, in PORT and CAST,
the comparison does not show significant results. The mean differences over the year show
a high value considering the entire dataset, which alternates between periods of agreement
(autumn and winter seasons) and long periods of low agreement, in spring and summer,
associated with the high atmospheric pressure, mainly in the PORT and CAST sites.
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Figure 3. Wind rose comparison of MWM (red) and ERA5@2km (green) for each site for the year 2010.

Table 2. Statistical parameters (ρcc, RMSE and θ) in the comparisons between the MWM model and
ERA5@2km wind direction in the year 2010 at RC5 for PORT, CAST and SORR sites.

MWM vs. ERA5@2km

2010
PORT CAST SORR

ρcc RMSE θ ρcc RMSE θ ρcc RMSE θ

0.38 42.15 83.9 0.22 81.9 97.3 0.63 67.05 67.9

3.2. MWM/ISPRA Wind Speed and Wind Direction Comparisons

The comparison between the ISPRA weather station data and MWM model outputs
over RC3, RC5 and RC7 of the PORT site showed discrepancies in the wind speed, mainly
in the winter and autumn periods. The time series of wind speed U (m/s) retrieved
by ISPRA and simulated by MWM for the year 2010 are presented in Figure 4 (for the
complete dataset, see the Supplementary Materials (Figure S1)). Over the winter period,
both datasets returned stronger wind events, but the MWM data showed an overestimation
with respect to the ISPRA acquisitions. A similar model overestimation was found in
previous comparisons in the Tyrrhenian Sea area [50] and can be explained by the strong
topographic steering of weather stations in coastal areas (see Section 2.3). All the RCs show
a recurrent pattern and values above the 5 m/s threshold are recorded during the winter
and autumn seasons, while, during spring and summer, few measurements exceed the
threshold. Figure 4b provides the box plot analysis of the wind speed for RC3, RC5 and
RC7 related to the PORT site and ISPRA. This analysis confirms the model’s overestimation
of the speed parameters in all the RCs; the median values of the ISPRA data are lower than
the model outputs for all RCs, but the outlier values are comparable.
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Figure 4. (a) shows a seasonal temporal series of wind speed for 2010 for ISPRA (blue) and the
MWM model at RC5 in PORT site (red); (b) reports the box plots of the dataset, where the outliers are
identified by crosses.

The statistical comparisons in Table 3 reveal that RC3 is the most comparable to the
ISPRA weather station. RC3 shows CC > 0.5 during all seasons of the reference year 2010
(the complete dataset is shown in the Supplementary Materials (Table S1)). Similar results
are found also for RC5; this is justified by the positions of the RCs (closer to the coast) and
confirmed by the lower values of CC over the seasons in RC7, far from the coastal area.
High values of CC in the summer season are attributable to frequent overestimations in the
wind speed when the direction is close to N. The same results are obtained for RMSE, with
a minimum value for RC3 in summer and a maximum value for RC7 in the winter season.

The HH index shows again the best results in the model’s performance over RC3,
mainly in autumn (0.73), while RC7 in spring shows the highest HH index (0.83).

Figure 5 shows the seasonal wind rose diagrams relative to the year 2010 for the ISPRA
and the MWM PORT RC3 data (complete data are shown in the Supplementary Materials
(Figure S2–S4)). For ISPRA data, the highest frequencies are obtained for N-NE alternated
with S-SW during winter, whereas, during summer and spring, daily alternating SW and
NE directions can be observed during all seasons.

MWM shows a wide variety of directions, as shown in Table 4. The statistical pa-
rameters of the comparisons between ISPRA and the MWM model appear not to be high
throughout the year; ρcc and θ are 0.41 and 58.4◦, showing an improvement when using
data over the threshold (U > 5 m/s), with values of 0.63 for ρcc and 32.2◦ for θ. A better
result is obtained with respect to the ERA5@2km dataset related to the PORT site, where
ρcc is 0.38 and θ is 103.9◦.
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Again, the MWM outputs show higher intensity than the ISPRA results, likely due to
the model’s resolution limitations near the coast (as found in [29] using different model
data) and related to the differences in exposure for ISPRA stations with respect to the MWM
output point (Figure 1).

Table 3. Statistical metrics (correlation coefficient (CC), root mean square error (RMSE) and Hanna–
Heinold index (HH)) of wind speed between the MWM model and ISPRA, seasonal compari-
son (2010).

ISPRA vs. MWM
Wind Speed RC3 RC5 RC7

2010 Trimester CC RMSE
(m/s) HH CC RMSE

(m/s) HH CC RMSE
(m/s) HH

Winter (JFM) 0.51 3.65 0.76 0.49 3.93 0.8 0.47 4.29 0.86

Spring (AMJ) 0.5 2.21 0.58 0.49 2.35 0.6 0.47 2.54 0.64

Summer (JAS) 0.47 2.12 0.61 0.44 2.26 0.64 0.4 2.46 0.68

Autumn (OND) 0.62 3.3 0.63 0.61 3.55 0.67 0.59 3.87 0.71
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Table 4. Statistical parameters (ρcc, RMSE and θ) of the comparisons between the MWM model and
ISPRA wind direction in the year 2010 at the PORT site.

MWM vs. ISPRA

PORT

ρcc RMSE θ

2010 0.41 41.6 58

2010 (U > 5 m/s) 0.67 33.3 32

3.3. Wind Direction Analysis: MWM, ISPRA and HFr

The comparison between HFr, MWM and in situ data was possible only for the PORT
site. The investigations over directions during the sea storm events over the entire period
were analyzed, using all the retrievals during the events, and subsequently considering the
wind direction data retrieved with wind speed U > 5 m/s. The threshold was identified
using the ISPRA wind speed dataset to avoid problems regarding the overestimation of the
wind speed by the model results. RC3, RC5 and RC7 of the HF PORT site were used in the
comparisons to evaluate the reliability of the HFr retrievals during the storm events. The
selection of RCs was based on results obtained in [28,29], where the best agreement was
found for RC3 and RC9.

In Table 5, the statistical metrics of the comparison of HFr PORT vs. ISPRA and
HFr PORT vs. MWM for the events retrieved in the reference year 2010 are reported
considering the wind direction data retrieval with U > 5 m/s (complete dataset is shown in
the Supplementary Materials (Table S2)).

The results show agreement among the platforms, with ρcc values > 0.5 in winter and
autumn events in both comparisons (HFr vs. ISPRA and HFr vs. MWM). Generally, the
HFr data show the best agreement with the ISPRA data, and a mean correlation that is
similar for RC3 (0.71) and RC5 (0.71), with a higher correlation for RC7 (0.78). Moreover,
the agreement with MWM increases with the distance from the coast, reaching 0.68 for RC7.
In spring and summer events, the values of ρcc are lower, while the event in August shows
ρcc equal to 0.49 for HFr vs. ISPRA and 0.25 for HFr vs. MWM at RC3, respectively. RMSEs
are lower in the comparisons of HFr vs. ISPRA (41.9◦) and HFr vs. MWM (45.13◦) for RC7.

Table 5. Statistical metrics of the comparisons among the HF PORT site, ISPRA weather station and
MWM model wind directions in 2010 for wind speed U > 5 m/s.

2010 RC3

HF vs. ISPRA HF vs. MWM

Event ρcc θ (◦) RMSE (◦) ρcc θ (◦) RMSE (◦)

Jan_1_3 0.64 36.3 47.3 0.52 21.3 36.9

Feb_5_7 0.87 −7.9 431 0.93 −10.4 39.8

Apr_1_6 0.82 16.1 58.28 0.74 −3.15 42.8

Apr_19_21 0.78 20.9 43.9 0.96 −10 35.7

May_5_8 0.68 −10.9 54.5 0.61 −28.8 59.9

May_13_18 0.61 40.7 57.4 0.36 23.9 35.4

Aug_28_30 0.49 −16 41.8 0.25 −47.7 56.8

Sep_25_29 0.66 16 48.4 0.39 5.4 37.3

Nov_18_23 0.69 −26 43.7 0.64 −44.1 56.8

Dic_1_5 0.84 −11.1 48.8 0.77 −26.9 48.5

Dic_23_26 0.69 −32.6 48.2 0.56 −46.6 56.2

Mean 0.71 2.33 48.7 0.61 −15.2 46.01
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Table 5. Cont.

RC5

Jan_1_3 0.69 23.65 43.23 0.57 9.1 35.14

Feb_5_7 0.91 −3.83 35.77 0.89 −6.66 37.77

Apr_1_6 0.8 24.53 58.81 0.72 4.24 39.27

Apr_19_21 0.79 7.56 51.27 0.94 −22.7 48.73

May_5_8 0.55 −28.4 54.58 0.54 −46 62.23

May_13_18 0.56 34.39 57.09 0.46 −46.5 28.35

Aug_28_30 0.58 −6.57 35.54 0.33 14.3 51.79

Sep_25_29 0.59 26.1 46.88 0.35 16.37 28.68

Nov_18_23 0.71 −29.5 41.65 0.67 −47.2 55.32

Dic_1_5 0.79 −19.7 40.61 0.65 −37.1 44.37

Dic_23_26 0.86 −31.5 44.74 0.8 −42.7 52.58

Mean 0.71 −0.36 46.4 0.63 −18.6 44.02

RC7

Jan_1_3 0.66 −21.6 46.5 0.73 −37.8 51.7

Feb_5_7 0.88 −17.3 34.2 0.9 −22.2 39.8

Apr_1_6 0.82 −2.55 48.53 0.7 −20.5 32.6

Apr_19_21 0.8 11.85 46.83 0.94 −22.8 45.07

May_5_8 0.63 −43.7 52.22 0.67 −62.4 67.7

May_13_18 0.7 −17.3 49.5 0.27 −41.4 31.2

Aug_28_30 0.81 −16.6 39.1 0.56 −38.4 49.3

Sep_25_29 0.89 −5.45 38.17 0.44 −19.4 28.3

Nov_18_23 0.85 −31.5 36.53 0.76 −51.9 56.2

Dic_1_5 0.76 −29.3 34.55 0.69 −48.7 47.9

Dic_23_26 0.81 −28.7 35.05 0.82 −41.9 46.65

Mean 0.78 −18.4 41.9 0.68 −37.1 45.13

An analysis of selected events was carried out to demonstrate the differences in
considering observations with wind speeds higher or lower than 5 m/s. The first event
selected occurred from 4 to 8 December 2008. The upper panel of Figure 6 shows the
temporal series of wind speeds (U (m/s)) of the ISPRA weather station and MWM PORT
RC3. This event allowed us to investigate the overestimation of the MWM results: when the
wind direction was close to the N direction, the model data returned a wind speed > 5 m/s,
in conflict with the ISPRA wind speed data, although the wind direction showed agreement.
This result was expected from the wind speed analysis (see Section 3.1) and was found in
several events in the autumn and winter seasons.

The comparison of the wind directions shows agreement between the platforms when
the threshold is exceeded; the maximum speed reached is 16 m/s. The HFr wind direction
over the RCs shows a difference mainly in the data retrieved below the threshold. The
statistical metrics of the comparison between ISPRA data and MWM data are shown in
Table 6. The statistical variables (circular correlation coefficient (ρcc), RMSE and direction
difference (θ) were computed over the entire storm period using only the values related to
wind speed > 5 m/s. No correlation at RC3 and RC5 and an anticorrelation at RC7 for both
comparisons (HF PORT vs. ISPRA and HF PORT vs. MWM) were found. Statistical metrics
improved in the observations with U > 5 m/s, showing agreement between HFr PORT
vs. ISPRA and HF PORT vs. MWM over RCs with ρcc values > 0.7 for both comparisons.
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Figure 6. Event that occurred from 4 December 2008 to 8 December 2008. First panel shows wind
speed (U (m/s)) from ISPRA (blue) and MWM PORT RC3 (red), with dotted line representing the
threshold of 5 m/s. Lower panels show the wind direction (Dir(◦)) of HFr PORT RC3, RC5, RC7 with
ISPRA and MWM datasets, respectively.

Table 6. Statistical parameters (ρcc, RMSE and θ) of the comparisons between HFr PORT, ISPRA
weather station and MWM model during the event on 4–8 December 2008.

Comparison
Event 4–8

December 2008

Observation
Number (h) ρcc RMSE (◦) θ (◦)

Observation
Number

(U > 5 m/s)

ρcc
(U > 5 m/s)

RMSE (◦)
(U > 5 m/s)

θ (◦)
(U > 5 m/s)

RC3

HFr-ISPRA 109 −0.04 48.85 71 28 0.74 50.88 47

HFr-MWM 109 0.13 47.96 74.01 28 0.84 61.9 56.47

RC5

HFr-ISPRA 109 −0.18 39.65 75 28 0.69 49.7 47

HFr-MWM 109 0 53.99 71.23 28 0.77 65.4 62.43

RC7

HFr-ISPRA 109 −0.59 34.85 62 28 0.73 38.99 36

HFr-MWM 109 −0.52 55.04 70.17 28 0.84 58.91 57.99

The event analyzed for HF PORT was observed also in the other two HFr sites.
Comparisons between CAST, SORR and the MWM output in regard to RC3, RC5 and RC7
for each site, respectively, were carried out. Unfortunately, in situ data were not available
for these two sites. Figure 7 shows the time series of the MWM output and the CAST
(upper panel) and SORR sites (lower panel). Lower agreement between HFrs and MWM
over RCs is shown, with anticorrelation between the platforms. Results improved at the
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CAST site when U > 5 m/s, as shown in Table 7. The best agreement was for RC3 at the
CAST site, with ρcc of 0.64. The model outputs were similar over RCs in the SORR site,
with a maximum value of ρcc equal to 0.7.
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Figure 7. Event that occurred from 4 December 2008 to 8 December 2008. The upper panels show the
wind direction (Dir(◦)) at RC3, RC5, RC7 for HFr CAST site and MWM output over RCs. The lower
panels show the wind direction (Dir(◦)) at RC3, RC5, RC7 for the HFr SORR site and the MWM in
regard to the three RCs, respectively.

Table 7. Statistical parameters (ρcc, RMSE and θ) of the comparisons between HFr (CAST and SORR)
and MWM model related to the event (4–8 December 2008).

Comparison
Event 4–8

December 2008

Observation
Number (h) ρcc RMSE (◦) θ (◦)

Observation
Number

(U > 5 m/s)

ρcc
(U > 5 m/s)

RMSE (◦)
(U > 5 m/s)

θ (◦)
(U > 5 m/s)

RC3

CAST-MWM 109 −0.65 49.98 77.52 28 0.64 71.14 73.17

SORR-MWM 109 0.6 23.87 45.82 28 −0.38 23.45 19.68

RC5

CAST-MWM 109 −0.59 47.37 59.11 28 0.30 60.5 61.89

SORR-MWM 109 −0.9 32.03 41.98 28 −0.67 24.7 18.99

RC7

CAST-MWM 109 0.58 45.52 61.32 28 0.05 52.37 17.37

SORR-MWM 109 −0.83 31.82 46.29 28 −0.7 28.1 26.12

Figure 8 shows the event that occurred from 5 May 2010 to 8 May 2010. As shown in
the time series, the wind speed exceeded the threshold, reaching a maximum of 12 m/s.
Results show better agreement between HFr and ISPRA, with a ρcc value that decreased
from the coast to offshore, with higher values at RC3 of 0.49 (0.68) over the entire period
(with U > 5 m/s); see Table 8. The comparison with MWM data shows a ρcc value that
increases from the coast toward the offshore region, with a ρcc value at RC7 of 0.41 (0.67)
over the entire storm period (with U > 5 m/s). RMSE values are lower for the dataset
U > 5 m/s for both platforms, while the direction difference is larger at RC7.
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Figure 8. Event that occurred from 5 May 2010 to 8 May 2010. First panel shows wind speed (U (m/s))
from ISPRA (blue) and MWM PORT RC3 (red), with dotted line representing the threshold of 5 m/s.
Lower panels show the wind direction (Dir(◦)) of HFr PORT RC3, RC5, RC7 with ISPRA and MWM
datasets, respectively.

Table 8. Statistical parameters (ρcc, RMSE and θ) of the comparisons between HFr PORT, ISPRA
weather station and MWM model related to event (5–8 May 2010).

Comparison
Event 5–8 May 2010

Observation
Number (h) ρcc RMSE (◦) θ (◦)

Observation
Number

(U > 5 m/s)

ρcc
(U > 5 m/s)

RMSE (◦)
(U > 5 m/s)

θ (◦)
(U > 5 m/s)

RC3

HFr-ISPRA 96 0.49 55.7 61 39 0.68 54.5 50

HFr-MWM 96 0.31 63.5 69.04 39 0.61 59.9 57.93

RC5

HFr-ISPRA 96 0.44 53.4 60 39 0.55 54.6 49

HFr-MWM 96 0.33 63.9 65.9 39 0.54 62.2 58.48

RC7

HFr-ISPRA 96 0.39 52.7 61 39 0.63 52.2 47

HFr-MWM 96 0.41 67.5 70.98 39 0.67 67.7 63.65

Comparisons between CAST, SORR and MWM in regard to RC3, RC5 and RC7 for
each site, respectively, were carried out. Figure 9 shows the time series of the wind direction
of the MWM at the CAST (upper panel) and SORR (lower panel) sites. Lower agreement
between HFrs and MWM over the RCs is shown, and the model outputs are similar over
the RCs, mainly in the SORR site. As shown in Table 9, the agreement improves when
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using data retrieved with U > 5 m/s. The SORR site’s results show an anticorrelation over
the RCs with higher values at RC5, from −0.36 over the entire storm period to −0.58 with
U > 5 m/s. The CAST site’s results show the best agreement at RC5, with a maximum value
of 0.35 for the dataset with U > 5 m/s.
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Figure 9. Event that occurred from 5 May 2010 to 8 May 2010. The upper panels show the wind
direction (Dir(◦)) at RC3, RC5, RC7 for HFr CAST site and MWM output over RCs. The lower
panels show the wind direction (Dir(◦)) at RC3, RC5, RC7 for HFr SORR site and MWM output over
RCs, respectively.

Table 9. Statistical parameters (ρcc, RMSE and θ) of the comparisons between HFr (CAST and SORR)
and MWM model related to the event (5–8 May 2010).

Comparison
Event 5–8 May 2010

Observation
Number (h) ρcc RMSE (◦) θ (◦)

Observation
Number

(U > 5 m/s)

ρcc
(U > 5 m/s)

RMSE (◦)
(U > 5 m/s)

θ (◦)
(U > 5 m/s)

RC3

CAST-MWM 96 −0.08 66.3 72.45 39 0.31 62.8 55.4

SORR-MWM 96 −0.32 34.7 81.02 39 −0.43 21.9 43.75

RC5

CAST-MWM 96 0.05 55.02 65.73 39 0.35 53 49.07

SORR-MWM 96 −0.36 22.7 56.2 39 −0.58 26.7 29.08

RC7

CAST-MWM 96 −0.22 30.5 82.86 39 −0.41 44.4 68.78

SORR-MWM 96 −0.36 26.2 50.58 39 −0.54 24.2 28.87

4. Discussion

Wind data at sea are in great demand for various oceanographic applications. Usually,
such information can be obtained only from satellite measurements, which are intermittent
and may miss important events, or are provided by models. The characteristics of HF radars,
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with their high spatial and temporal resolutions in coastal areas, make these instruments
useful in providing wind data as well as surface currents and wave parameters [7,8].

Investigations of the wind directions retrieved by HF radar systems are rare in the
literature, with results showing agreement only under specific wind speed conditions
(U > 5 m/s) for both DF and BF systems [17,29].

In [29], a preliminary analysis of the wind direction from a SeaSonde system in the
GoN over two months was presented; results were in line with previous studies [54],
confirming an increase in the ρcc when the wind speed exceeded the threshold of 5 m/s.

In this work, 44 months of wind direction data from a HFr network were employed,
along with MWM model data extracted from grid points corresponding to RC3, RC5 and
RC7 of each antenna. During the analyzed period (2008–2010 and 2012), in situ wind
measurements of the wind speed and direction were retrieved from the ISPRA weather
station. These measurements were strictly linked to the local geomorphology of the GoN,
and they were representative of the coastal area of Naples City. ISPRA data were used to
validate the numerical data and to compare the HFr PORT sites with local observations
and modeled ones.

The first comparative analysis was carried out for wind parameters (speed and di-
rection) between the MWM model and ERA5@2km dataset to assess the quality of the
MWM model. The comparison of the wind speed revealed comparable agreement, with a
CC around 0.7, mainly in the autumn and winter seasons, in all HFr sites. The wind rose
analysis of the PORT and CAST sites, located in the inner part of the GoN, showed a large
discrepancy between the datasets due to the low resolutions of models in coastal areas.
Instead, better results were obtained for the SORR site, with wind directions comparable
over the seasons, due to the position of the grid model output, related to an external area of
the GoN that was less affected by the complex morphology of the bay.

These results regarding the model analysis show the observational gaps in coastal
regions, which are difficult to address with weather station installations. However, the use
of HFr wind data could be a significant aid in improving the model results considering the
high spatial and temporal resolutions of such systems [8].

Subsequently, the wind speed and direction obtained from the ISPRA weather station
and the MWM model revealed an overestimation on the model data when the wind
directions were closer to the N direction. This result confirms a model gap in this wind
direction that was previously found during validation and comparison with other weather
stations in the Tyrrhenian Sea [47].

Since a comparison with the in situ measurements was possible only for the HFr PORT
site, storm events observed for this site were compared with the ISPRA data and MWM
outputs, in regard to RC3, RC5 and RC7. The analysis over almost four years of retrieval
showed a ρcc value that generally increased with the coastal distance, with a value during
the sea storm events of ρcc > 0.7 in the autumn and winter seasons in both comparisons
(HF vs. ISPRA and HF vs. MWM), while lower values of ρcc were found in the spring and
summer seasons. The ρcc in the HF vs. ISPRA comparison was generally higher in RC3 and
RC5, while, in the comparison of HF vs. MWM, the ρcc showed high values in RC7, due
to the positions of RC3 and RC5 being closer to the coast and more similar to the ISPRA
location, and also ascribable to the coarse resolution of the models in coastal areas [28].

HFr CAST and SORR observations could only be compared with the MWM model
outputs. Results showed low agreement between the platforms, with the CAST site return-
ing low ρcc values over the years, with a few cases of ρcc > 0.5 at RC5 during the storm
events. On the other hand, the SORR site in the comparison with MWM over the RCs
showed an anticorrelation that increased during the storm period, with ρcc > −0.7 in the
autumn and winter seasons. The discrepancies in the comparison of CAST and SORR can
be related to the lack of measurement of the wind speed. In fact, the reference used to
identify the threshold (U > 5 m/s) was the ISPRA wind speed data, but, considering the ge-
omorphology and the distance between the sites, the local response may be different. This
confirms the requirement of in situ measurements co-located with HFr for data validation
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and to support investigations of inversion methods and possible parameters leading to
measurement failure.

The HFr spectrum contains information about the local wind (wind sea) and swell
(generated by winds away from the area), and the relationship between the local wind
sea and wind speed depends on the fetch and duration. Recently, for WERA systems, an
alternative approach was developed using machine learning to develop a physical model
to extract the wind speed from the radar signal [16]. This method achieved acceptable
accuracy, but further investigations are needed.

5. Conclusions

A comparison between in situ measurements and data from the MWM model has
been employed using 44 months of retrievals, from May 2008 to December 2010 and 2012,
by a network of three SeaSonde HFr systems in the GoN.

The MWM model data analysis highlights inconsistencies between the wind direction
measurements compared to what was observed for the speed. In fact, comparisons between
MWM, ERA5@2km and ISPRA show that further improvements are needed that better
take into account the local conditions that may occur near the coast.

The results confirm that HFr retrievals are more comparable with other measurements
(in situ or model data) when the wind speed exceeds 5 m/s, i.e., in the study area during sea
storm events. The investigations in the GoN reveal the strong dependence of the wind data
quality on the seasonality of the study area, characterized by short periods in which the
conditions (speed > 5 m/s) are verified. These limitations reduce the potentiality of these
instruments. To make HFr wind retrievals usable, it is necessary to investigate inversion
methods and perform further investigations in other areas where SeaSonde systems are
operational, to obtain surface current and wave data with dynamics that are different from
those of the GoN. Once the results are validated, the HFr wind data could be used to
improve the model results in coastal areas, i.e., through data assimilation.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/rs15122991/s1, Figure S1: (a). Temporal series of wind
speed from May 2008 to December 2012 of ISPRA (blue) and DHI model at RC3, RC5, RC7 of PORT
site (red); the black line represents the wind speed threshold (5 m/s). (b). Box plots of the dataset;
the outliers are identified by red crosses. Table S1: Statistical metrics (correlation coefficient (CC),
root mean square error (RMSE) and Hanna–Heinold index (HH)) of wind speed between the MWM
model and ISPRA, seasonal comparison (2008-2009-2012). Year 2010 is shown in the text, see Table 3.
Figure S2: The left panel shows the seasonal wind direction for the year 2008 at the ISPRA weather
station. Right panel shows the seasonal wind direction for the year 2008 in the MWM model at
PORT-RC3. Figure S3: The left panel shows the seasonal wind direction for the year 2009 at the
ISPRA weather station. Right panel shows the seasonal wind direction for the year 2009 in the MWM
model at PORT-RC3. Figure S4: The left panel shows the seasonal wind direction for the year 2012 at
the ISPRA weather station. Right panel shows the seasonal wind direction for the year 2012 in the
MWM model at PORT-RC3. Table S2: Statistical metrics of comparisons among HF PORT site, ISPRA
weather station and MWM model wind directions with wind speed U > 5 m/s at RC5 for the years
2008, 2009 and 2012. Year 2010 is shown in the text, see Table 5.
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