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Abstract

:

Intense atmospheric disturbances, which impact directly on the sea surface causing a significant increase in wave height and sometimes strong storm surges, have become increasingly frequent in recent years in the Mediterranean Sea, producing extreme concern in highly populated coastal areas, such as the Gulf of Naples (Western Mediterranean Sea, Central Tyrrhenian Sea). In this work, fifty-six months of wave parameters retrieved by an HF radar network are integrated with numerical outputs to analyze the seasonality of extreme events in the study area and to investigate the performance of HF radars while increasing their distances from the coast. The model employed is the MWM (Mediterranean Wind-Wave Model), providing a wind-wave dataset based on numerical models (the hindcast approach) and implemented in the study area with a 0.03° spatial resolution. The integration and comparison with the MWM dataset, carried out using wave parameters and spectral information, allowed us to analyze the availability and accuracy of HF sampling during the investigated period. The statistical comparisons highlight agreement between the model and the HF radars during episodes of sea storms. The results confirm the potential of HF radar systems as long-term monitoring observation platforms, and allow us to give further indications on the seasonality of sea storms under different meteorological conditions and on their energy content in semi-enclosed coastal areas, such as the Gulf of Naples.
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1. Introduction


Changes in atmospheric storms, as predicted for the upcoming years in the Mediterranean area, can induce alterations in water levels [1]. Sea storm events impact coastal areas, causing several problems, such as floodings, beach erosion and damages to structures. The seasonal distribution of sea storms, their management and the information given to coastal communities are of great importance, especially in today’s changing climate scenario [2].



In the Mediterranean region, storm surges may have significant differences due to the storm characteristics and the topography of each area [3]. The Mediterranean wave models are now able to represent the complexity of the geomorphology of the region; recent downscaling techniques have improved simulated trends using high spatial-resolution models, forced by high-resolution atmospheric fields [4].



In the last decade, High Frequency radars (HFrs) have been added to the instruments available for the study of wave fields [5,6,7], their wave data having been validated for different geographical areas and for different types of HFr systems (mostly, CODAR and WERA) [8,9,10]. Validation studies using in situ observations [11,12,13,14], satellite acquisitions [15,16] and model outputs [17,18,19] have yielded results that have proven the reliability of these systems.



HFrs allowing the synoptic observation of vast marine areas have been tested to analyze extreme events, proving to be useful tools for analyzing coastal storms in geographical areas characterized by energetically important events [20,21,22]. The identification of coastal storm thresholds is site-specific and depends on bathymetry, the exposure of a location to the winds and the local characteristics of the investigated coastal area [23]. In coastal storm analyses, the parameters considered are the main directions of storms and the storms’ energies; moreover, mean, maximum or peak wave-height parameters are also used [24,25,26,27].



Among the Mediterranean sub-basins, the Tyrrhenian Sea (Western Mediterranean Sea) is characterized by a complex geomorphology and vast urbanized coastal areas that require careful monitoring in terms of wave fields and evolution of storm surges. The wave climate of the Tyrrhenian Sea varies strongly with the seasons, with low wave height (Hs; in the order of a few tens of centimeters) in summer replaced by waves up to and beyond 3 m during winter and autumn [28,29]. In the Gulf of Naples (GoN) (Central Tyrrhenian Sea), the presence of a network of HFrs allowed a near real-time monitoring of the wave field over several consecutive years [9,11,19]. A year-long comparison of the wave parameters (significant wave height, direction and period) between the HFr sites and a wave buoy deployed in the outer part of the basin was presented in [9], and in [11] a wave climatology of the study area was assessed to demonstrate the potential of an integrated platform for coastal studies.



In [19], a three-year characterization of the wave heights, periods and directions in the GoN was carried out by comparing HFr-derived wave parameters with WavewatchIII (WWIII) and Simulating Waves Nearshore (SWAN) model predictions. Skill metrics, intended as a set of statistical tools used to verify the robustness of the comparisons, indicated that the HFr measurements were in general good agreement with both the WWIII and SWAN measurements. In this work, we expand on these previous results by comparing and integrating HFr wave data with the outputs of the Mediterranean Wind-Wave Model (MWM), a wind-wave hindcast dataset for the Mediterranean Sea. The MWM, developed by the DHI (formerly, the Danish Hydraulic Institute) and the Hydrodynamics and MetOcean Laboratory (HyMOLab, University of Trieste), may now provide up to forty-two years of hourly data for the entire Mediterranean Sea, implementing a last-generation model chain at a very high spatial resolution [30].



We focus on fifty-six months of retrieval (May 2008–December 2012). The first part of the analysis is related to the comparison of the overall performance of and agreement between the MWM and HFr data; then, we analyze in more detail the extreme events recorded in the GoN using both wave parameters and spectra energy. The correlation between the HFr and MWM co-located data allowed us to evaluate the wave-model output in the GoN and its accuracy during storm events. The measuring skills and the ability to measure extreme wave events of the HFr systems at increasing distances from the coast are also assessed.



The paper is organized as follows. The study area is described in Section 2, along with datasets, the data-analysis methodology and a description of the validation metrics. The results over the observation period are shown in Section 3, and the corresponding discussion is presented in Section 4.




2. Materials and Methods


2.1. Study Area


The GoN (Figure 1; Central Tyrrhenian Sea) is characterized by a complex geomorphology [31] and mixed carbonate–siliciclastic systems [32]. The basin communicates with the open Tyrrhenian Sea through the “Bocca Grande” (opening between Capri and Ischia Islands). The coastal area of the GoN is particularly sensitive to extreme events owing to the presence of urban settlements, commercial activities, infrastructures and submerged archeological sites [33,34,35].



Previous studies on the analysis and identification of the wave field in this area and its variation during the seasons were based on temporal series collected at HFr sites validated with in situ acquisitions [9], compared with wave model outputs [19] and used in multi-platform wave analyses [11]. Results showed good agreement between measurements recorded by the different platforms, depicting recurrent patterns characterized by a strong seasonal variability. In the GoN, the wave field is strongly dependent on the meteorological conditions of the Tyrrhenian area [9,36], with a wintertime low-pressure system linked to the North Atlantic cyclone, and on the local winds influenced by the reliefs surrounding the GoN. In winter, the most frequent winds blow from N-NE and NE directions, alternating with S-SW winds associated with low-pressure systems [37]. In summer, the reinforcement of the Azores anticyclone and, in recent years, of the African anticyclone [38] leads to long periods of stable high atmospheric pressure. This determines a wind regime driven by breezes, with winds from SW and NE alternating over the day. Depending on the local orography and bottom topography, as well as on exposures to different geographical sectors, the main wave directions change as a function of the considered sub-basin [9,11].




2.2. HF Radar Wave Observations


HFr wave parameters have been collected by direction-finding CODAR SeaSonde HFr systems (Figure 1). The three short-range HFrs, deployed between 2004 and 2008, use 25 MHz as working frequency [36] and cover different sub-sectors of the GoN (PORT, CAST and SORR; Figure 1). This system has been used in the GoN to analyze the characteristics of the surface current [40,41,42] and wave fields [9,11,19], as well as to retrieve information on wind direction data [43].



In SeaSonde systems, the wave parameters—significant wave height (Hs), centroid period (THF) and direction (θHF)—are extracted from the second-order spectrum by applying the Pierson–Moskowitz model [44]. It has been verified on numerous occasions that this model is robust enough to describe the unimodal energy spectrum and the wave field [6,45]. In this work, the wave parameters were measured and averaged along range cells (RCs) centered on each antenna and regularly spaced by 1 km. For each cell, a single spatially averaged RC value was provided for each wave parameter. In the GoN, wave measurements were performed on 12 range cells for the PORT and SORR sites and over 15 range cells for CAST using the proprietary CODAR software (SeaSonde Radial Suite R7u2). Individual spectra were recorded and averaged every ten minutes, calculating the average of four spectra falling within the given time window [44]. The homogeneity of the ocean spectra was assumed over each HFr RC [6,9,20,44].




2.3. Mediterranean Wave Model (MWM)


The MWM is a model-derived dataset of hourly wave and wind parameters starting from 01 January 1979, and obtained from a latest-generation chain of models. The models and datasets used for the development of the MWM database are: the Climate Forecast System Reanalysis (CFSR) global reanalysis dataset, produced and freely published by the National Centers for Environmental Prediction (NCEP) [45], and hourly (re-forecast) data with a space resolution of 0.5°. These data are used as initial conditions (IC) and boundary conditions (BC) of the WRF-ARW (Weather Research and Forecasting-Advanced Research WRF) atmospheric model (version 3.4.1) developed by National Center for Atmospheric Research (NCAR) [46,47,48].



WRF-ARW model is presently considered among the best state-of-the-art, non-hydrostatic meteorological models; it is supported by a worldwide community that contributes to its local use and development (http://www.mmm.ucar.edu/wrf/OnLineTutorial/index.htm, accessed on 1 May 2020; http://www.wrf-model.org/index.php, accessed on 1 May 2020).




2.4. MIKE 21 Spectral Waves (SW)


The MIKE 21 Spectral Waves (SW) model, developed by DHI [49], has been used in thousands of offshore and coastal applications worldwide [50,51]. In the following paragraphs, a brief description of the MIKE 21 SW model is given (for more information, see [52]), with specific interest in the implementation adopted by MWM.



MIKE 21 SW is a third-generation spectral wind-wave model simulating the growth, decay and transformation of waves generated by wind and storm surges in offshore and coastal areas. It can be divided into two different formulations. The first is a directional decoupled parametric formulation based on parameterization of the wave-action conservation equations and made in the frequency domain. The second is a fully spectral formulation based on wave-action conservation equations as described in, e.g., [53,54], where the directional-frequency wave-action spectrum is a dependent variable.



The discretization of the governing equation in the geographical and spectral space is performed using the cell-centered finite-volume method. In the geographical domain, an unstructured mesh technique is used. Time integration is performed using a fractional-step approach with which a multi-sequence explicit method is applied for the propagation of a wave action. The fully spectral formulation has been adopted for the production of the MWM database. The time integration of the governing equations is dynamically determined in order to verify the stability criteria. The only driving force is represented by the two components of wind fields U10 and V10, which represent, respectively, the x and y wind components at the elevation of 10 m. In order to generate waves, the wind transfers energy into the water body through a process of decoupled air–sea interaction. The spectral discretization used in the wave model guarantees a high level of accuracy with a reasonable computational effort. The model domain covers the entire Mediterranean Sea with a spatial resolution of around 0.1° in offshore areas, while in coastal areas or in areas where the depth is less than 100 m, the spatial resolution increases up to about 0.03°. The wave model is forced by the wind fields obtained from the WRF atmospheric model [55].



The wave model generates results in terms of wave parameters (wave height (Hsm), peak period (Tpm), mean period (Tmm), wave direction (θm), etc.) over the whole domain. In addition, the model also stores hourly spectral parameters—in terms of wave energy as a function of direction and frequency—in predefined output locations.



The bathymetry data derives from the GEBCO_08 database, which considers a 30 arc-second grid of global elevations and is a continuous terrain model for ocean and land [56]. GEBCO scatter data have been used for only offshore areas with depths of up to 500 m, while for shallow water areas, the model uses the dataset of nautical charts available in Database CM93/3 of CMAP [57].



One of the key parameters for wave models is the “spectral resolution” given by discrete frequencies and directions. This parameter should be high enough to correctly represent the “real shape” of the wave spectrum, but it should also guarantee acceptable computational times and memory consumptions. In terms of frequency range, the minimum frequency    f  m i n     that corresponds to the maximum wave period    T  m a x    , according to the relation   f = 1 / T  , should be able to capture the longest wave periods that can occur in the Mediterranean Sea. Analyzed ordinary and extreme waves highlight that almost all the wave energy connected to waves in the Mediterranean Sea is associated with a wave period of between 1.5 and 20 s [58].



A logarithmic distribution for discrete frequencies was considered because the wave periods are concentrated below 8–10 s in the Mediterranean Sea [58]; thus, a number of frequencies of around 30 is considered to be adequate for a proper discretization of wave energy spectra in this area. The following formulation was therefore used:


   f j  =  f 0  ·  c n   



(1)




where    f j    is the frequency;    f 0    is the minimum frequency (=0.04); c is the frequency factor (=1.1 as default) and n is the number of frequencies, ranging from 0 to 29 because 30 is the total number of frequencies [52].



The discrete frequency ranges from 0.04 Hz to 0.63 Hz. The choice of the number of discrete directions is also the result of investigations and tests; in particular, numerous tests were carried out, each of which was characterized by a different spatial resolution. The outcomes of a large number of tests suggested that, considering 24 directions, a very good compromise between accuracy of results and computational time may be obtained. The computational time dependent on the wave model is linearly dependent on the number of discrete directions. Since the wave directions vary in a 360° rose, the directional resolution of the wave model is 360°/24 = 15°.




2.5. Wind Data


In situ wind observations collected by a weather station managed by ISPRA (Istituto Superiore per la Protezione e la Ricerca Ambientale), located in the port of Naples (Molo del Carmine; latitude: 40.840N; longitude: 14.275E; anemometric sensor height: 10 m AMSL; data freely downloadable at http://www.mareografico.it/; access date: 19 May 2021; Figure 1) were used in the extreme event analysis. The station was equipped with wind speed (SIAP + MICROS, mod. T006 TVV) and direction (SIAP + MICROS, mod.T007 TDV) transducers and with a barometric sensor (SIAP + MICROS, mod. PA9880). Hourly averaged data were used in the study. Wind speed and direction are closely related to the evolution of extreme events, so wind data during storm events are analyzed to identify the wind jet that generates sea storms.




2.6. Data Analysis Methods


A comparison between HFr and MWM wave measurements was drawn along different RCs to assess the retrieval of extreme events from offshore zones to the coast. HFr wave parameters 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 by using the SW model. As in previous works [9,11,19,43], RC5 was considered a benchmark RC, trading off between distance from the coast (ensuring enough echo intensity) and depth (avoiding wave breaking). Instead, RC3 and RC7 were used to assess the robustness of HFr retrieval in areas nearer to (RC3) and farther from (RC7) the antenna.



The following statistics were used in the analysis:


  ρ =  1 N      ∑  i N     S i  −  S ¯       O i  −  O ¯       σ O   σ S       



(2)






  N R M S E =       ∑  i N       S i  −  O i     2    ∑  O i 2       



(3)






  N B I A S =    S ¯  −  O ¯    O ¯    



(4)






  H H =       ∑  i N    (  S i  −  O i  )  2        ∑  S i   O i       



(5)




where    S i    and    O i    are simulated (MWM) and observed (HFr) data, respectively, whereas the overbar indicates the average.  ρ  represents the correlation index, spanning in the ±1 range, where +1 (−1) indicates perfect correlation (anti-correlation) for two investigated series, while 0 indicates total lack of it. σ stands for the data standard deviation.



NRMSE (Normalized Root Mean Square Error) is a measure of the distance between two datasets and is one of the most employed indexes for evaluating the goodness of fit between the observed values of a variable and the corresponding values predicted by a model.



NBIAS is a measure of the average component of the error, which should result in close-to-0 values for series in good agreement. The Hanna and Heinold index proposed by [59], referred to as HH, was employed. HH allows one to overcome drawbacks that may arise from negatively biased measurements, i.e. that underestimate measured quantities, as suggested by [60].



The irregular nature of the wind causes irregular wind waves with different heights, periods and directions. For this reason, wind waves are usually described using spectral techniques, with which the random movement of the sea surface is treated as the sum of the components of the wave harmonics. In particular, we considered the energy density E (f, θ), which represents the quantity of energy stored in a given system as a function of the frequency (f) and direction (θ) of the waves; it represents the variance of the elevation of the free surface and can be defined as follows [61]:


  E =   ∫    f  l o w      f  h i g h       ∫  0  2 π   E   f ,    θ       df   d θ   



(6)







The SW database uses a fully spectral formulation; consequently, the energy density of the input spectrum must be the normal energy density E (f, q), where f is the relative frequency and q is the direction of the wave expressed in    m 2    s/rad.



Directional spreading, also known as directional standard deviation (DSD), is defined in MIKE 21 as follows:


  D S D =   2   1 −    a 2  +  b 2         



(7)






  a =  1   m 0      ∫  0  2 π     ∫  0 n  cos  θ  E   σ , θ   d σ   d θ  



(8)






  b =  1   m 0      ∫  0  2 π     ∫  0 n  sin  θ  E   σ , θ   d σ   d θ  



(9)




where    m 0    is zero-th moment and n is the directional spreading index.



In order to identify storm events in the analyzed HFr dataset, we considered an Hs threshold of 1.25 m recorded over a period of longer than six hours [9,11]. Sea storms with inter-event separations of thirty-six hours and wave heights less than 1 m were considered as single events [24].



The coastal storm energy (E) was estimated for each event by using an alternative formulation of Equation (6), as proposed by [24], where t1 and t2 denote the beginning and the end of an event, respectively:


  E =   ∫   t 1   t 2   H  s 2  d t  



(10)









3. Results


3.1. Model and HFr Preliminary Assessment


A qualitative analysis of the significant wave heights during the different seasons was carried out to compare the patterns of the retrieved data and to assess the differences under different weather conditions.



Figure 2, Figure 3 and Figure 4 show the Hs time series for the HFr (in blue) and MWM (in red) for the SORR, CAST and PORT sites, respectively; the right panels show the scatter plots of Hs on the RC and MWM for each site. As already evidenced in previous works [9,11,19], the GoN HFr system captured wave data more efficiently during the autumn/winter period, which was characterized by more intense conditions than in the spring/summer period, when the onset of the breeze regime is associated with Hs values below detectability (0.5 m). The extended dataset analyzed in the present work confirmed this pattern, as is evident from the time series shown in Figure 2, Figure 3 and Figure 4.



Subsequently, the skill metrics listed in the previous section ( ρ , NBIAS, NRMSE and HH index) were applied to compare the wave heights retrieved from the two platforms. The good agreement shown in (Figure 2, Figure 3 and Figure 4, right panels) at a multiannual scale was confirmed by the skill metrics computed for the yearly comparisons (Table 1). The statistical values of  ρ , NBIAS, NRMSE and HH index were calculated for each radar site over the three range cells identified in the previous section (RC3, RC5 and RC7) over the years. Generally, the  ρ  value was robust for RC5 and RC7 in each site with values > 0.5; the NRMSE was low, between 0.01 and 0.06; the NBIAS was negative and the HH index showed values between 0.29 and 0.93. The PORT site skill metrics showed the best agreement between the HFrs and the SW model, with  ρ  values from 0.57 to 0.85 during the analyzed time series and the lowest values for the NBIAS and HH. At CAST, the skill metrics were in line with previous studies for RC5 and RC7 with  ρ  values from 0.5 to 0.77. From RC3,  ρ  scored the lowest values, with a minimum in 2010 of 0.28. This result might have been due to the position of the CAST site as well as to the intricate bathymetry of the area. In addition, the skill metrics for the year 2011 from RC3 were not calculated due to recurrent failures of the CAST antenna and a lower retrieval in this RC.



A comparison of the SORR site data shows  ρ  values from 0.58 to 0.79, a lower NRMSE error and a lower HH, except for 2011, which represented the worst performance in comparative terms for SORR, with  ρ  from 0.44 to 0.5 and a high value of the HH index.



For the same site, similar values of each skill-metric parameter were found in the different range cells, demonstrating that when the antenna worked correctly the quality of the data did not change between the offshore area and the coastal one, although a difference remained in the data acquired in RC3 for problems related to shallow water (see Table S1, Supplementary Materials).




3.2. Extreme Events Analysis


The list of the sea storm events detected on the three RCs over the investigated time window is reported in the Supplementary Materials (Table S2). The highest number of events (37) was recorded in 2010, while 2011 was the year that reported the lowest number of records (7 events). The sea storms were mainly characterized by winds from the S-SW, which was as expected considering the geomorphology of the basin; occasionally, some events were associated with NE wind.



The analysis of wave direction (data not shown) highlighted a site-dependent pattern, confirming what was reported in previous works [9,11,19]. The sector of wave provenance was relatively constant over the seasons for each HFr station due to the geomorphological configuration of the GoN. In autumn and winter, stronger winds resulted in higher HsHF values with the dominant wave directions between 180° and 210° for PORT, 265° and 275° for CAST and 270° and 300° for SORR [9,11,19].



According to the storm classification presented in [24] based on the storm energy (E) value, most of the events listed in the Supplementary Materials were categorized as class I (weak), with an average duration of about 25 h. For the CAST and SORR locations, some events were categorized as class II (moderate) and class III (significant), while only a few events in the SORR acquisition dataset were classified as class IV (severe). The class V storm category was represented by a single event retrieved from SORR. The event had a total duration of 79 h (information from the bulletin of Campania Region Civil Protection); unfortunately, SORR HsHF and wind acquisitions were interrupted around 60 h and 30 h, respectively. These results are consistent with previous observations evidencing the most energetic storms in the SORR sector due to the associated fetch and wind regime in the area [11,19,36]. For a given HFr site, E was higher along RC5 and RC7 and decreased along RC3, changing the storm class, especially for the innermost sites (CAST and PORT; see Supplementary Materials).



In Figure 5, the averaged parameters of Hsm, THF, E and duration from RC5 for storm classes are shown. As can be observed, the increase in storm category was accompanied by an increase in all wave variables. The wave period was the variable showing the smallest variation with storm category, with maximum recorded THF values of about 13 s.



In the following paragraphs, a detailed analysis of a selection of sea storm events is presented, focusing the attention on those events retrieved by all three HFrs on all the RCs used in the analysis. Some acquisitions may have been lost due to temporary failures of the station. The characteristics of each event are shown in Table 2.



Figure 6, Figure 7, Figure 8 and Figure 9 show the evolution of the events selected to describe the storms in the GoN typical of the winter and autumn seasons retrieved on RC5. To analyze the energy content in different areas of the GoN, three grid points of the SW model located near the RC5 of each radar site (taken as benchmarks for HFr measurements; see Figure 1, green diamonds) were used to obtain the spectral data at the onset and conclusion of each storm. The first and third panels of each event analysis (Figure 6, Figure 7, Figure 8 and Figure 9) show the model spectral energy when the wind jet starts and finishes, respectively. The central panels illustrate the evolution, during the event, of the wind intensity (in green), Hsm (in red), HsHF (in black) and directional spreading (blue). All the times are in GMT.



The selected storms were all driven by S-SW wind. It could have been that each storm was seen late by the innermost antennas of the network and with different wave characteristics in terms of Hs and E content. The wind jet of the first event (Figure 6) started on 04 December 2008 at 14:00 (15 h) with a wind speed of 2.7 m/s; it increased until the wind reached its maximum speed (16.3 m/s) on 05 December 2008 at 18:00 (43 h). Observing the central figures, we can notice that in correspondence with the maximum wind speed, the maximum HsHF for SORR (6.6 m) was recorded, while the maximum Hsm was shifted by six hours with a value of 3.6 m.



For the CAST site, the event was seen before it was seen at the SORR site (04 December 2008 at 16:00 (17 h)) with 2.8 m for the HsHF while the model Hsm was 3.3 m on 06 December 2008 at 00:00 (49 h). Finally, the maximum Hs value of the PORT site was recorded three hours earlier than at the SORR site with a value of 2.8 m, while the maximum value recorded by the model was one hour earlier than the other sites with a value of 3.6 m.



The model underestimated the values recorded by the HsHF for the SORR site, while it overestimated the Hs data for the other sites.



Starting from 07 December 2008 at 17:00 (90 h), the wind dropped and rotated from the SW toward the northern quadrants; finally, the event ended on 07 December 2008 at 23:00 (96 h) with a NE wind.



Comparing the hourly plot of the energy density with the DSD trend (Figure 6), we can see that the highest energy density values for the SORR and CAST sites were recorded from 05 December 2008 at 07:00 (32 h) to 06 December 2008 at 03:00 (52 h) and from 05 December 2008 at 04:00 (29 h) to 06 December 2008 at 06:00 (55 h; see the spectral plots in Supplementary Materials, Figure S1), respectively; this corresponded to an almost constant trend of the DSD in correspondence with high values of Hs. On the contrary, for PORT, the event was not particularly intense, and this can be seen from the fluctuating curve of the DSD and low values of Hs.



The second analyzed event (Figure 7) started on 1 January 2009 with a wind speed of about 10 m/s from 09:00 (10 h) to 20:00 (21 h). The SORR and CAST sites reached maximum HsHFs of 3.5 m (on 01 January 2009 at 20:00 (21 h)) and 1.9 m (on 1 January 2009 19:00 (20 h)), respectively. Instead, PORT reached a maximum energy density later (1 January 2009 at 23:00 (24 h)) with a value of 1.8 m. Moreover, in this case, the Hsm from the model underestimated the wave heights observed by the radar at the SORR site and overestimated them at CAST and PORT.



Starting from 2 January 2009 at 01:00 (26 h), the wind rotated toward the N and decreased in intensity, but the HFrs did not record data during this period. The radar acquisition started again at only SORR, when the wind blew again from the S on 3 January 2009 01:00 (50 h), scoring a second peak (4 m) at 03:00 (52 h) after a wind speed of 6.8 m/s. The event ended on 03 January 2009 at 11:00 (60 h).



However, the output of the model (density energy) showed that the event was seen at SORR from 1 January 2009 at 10:00 (11 h) to 2 January 2009 at 03:00 (28 h), and a second peak was seen on 3 January 2009 from 04:00 (53 h) to 11:00 (60 h). CAST was most intense from 1 January 2009 at 10:00 (11 h) to 2 January 2009 at 03:00 (28 h). A very weak event was registered for PORT from 3 January 2009 at 07:00 (56 h) to 23:00 (72 h). (See the spectral plots in Supplementary Materials, Figure S2).



Comparing the DSD with the energy density observations, it can be seen that for the SORR and CAST sites, the highest energy density values are identified when the DSD curve assumes an almost constant trend and the Hs curve assumes values high in the same range. Observing the hourly energy densities, it can be inferred that the PORT event was not very intense, and this can also be confirmed by the lower values of Hs and a non-constant trend of the DSD.



The event recorded on 8 November 2010 (Figure 8) commenced at 03:00 (4 h) with a wind speed of 4.7 m/s and grew rapidly to exceed 10 m/s with a peak of 15.6 m/s at 11:00 (12 h). The wind decreased and then increased again until reaching its maximum speed on 10 November 2010 at 06:00 (55 h) of 15.7 m/s. The wind then decreased in speed until reaching its minimum value on 10 November 2010 at 22:00 (71 h) of 0.8 m/s. The event ended on 10 November 2010 at 23:00 (72 h).



Although the radars did not work very well for the SORR and CAST sites, we can observe that the SORR radar followed the trend of the wind even if it reached its maximum speed two hours later (14 h; 6 m). The model showed the same trend of the radar even if it was underestimating the values (2.7 m compared to the 6 m of the radar). For CAST, the acquisitions were missing due to the malfunction of the structure.



PORT was characterized by a less intense event than the other sites since the wind coming from the SW is partially blocked by the Sorrento peninsula and the island of Capri. Comparing the red curve with the black one, it can be seen that the model reproduces the trend of the event but overestimates the radar values.



Comparing the DSD with the hourly energy-density graphs, almost constant values of DSD and high values of Hs corresponding to a large variation in energy density are manifested, as they are for the previous event. In fact, variations in energy density are found for SORR from 08 November 2010 at 10:00 (11 h) until 10 November 2010 at 21:00 (70 h), but the maximum values range from 08 November 2010 at 10:00 (11 h) to 16:00 (17 h), from 9 November 2010 at 00:00 (25 h) until 20:00 (45 h) and from 10 November 2010 at 06:00 (55 h) to 16:00 (65 h), when the DSD curve tends to assume constant values. A similar characterization of the event is found for CAST from 8 November 2010 at 13:00 (14 h) until 10 November 2010 at 22:00 (71 h; see the spectral plots in Supplementary Materials, Figure S3). PORT, however, reported a very variable DSD throughout the event, and no large variations in energy density were found.



The last event (Figure 9) was the only event categorized as a V class. It began on 28 November 2012 at 04:00 (5 h) with a wind speed of 13.1 m/s. The maximum recorded wind speed was 17.7 m/s, found on 28 November 2012 at 9:00 (10 h), after which the wind started to be more or less constant with a speed of around 12 m/s. The acquisition stopped on 29 November 2012 at 08:00 (33 h) due to a malfunction of the weather station. The event ended on 30 November 2012 at 19:00 (68 h).



Starting from 28 November 2012 at 18:00 (19 h), SORR tallied HsHF values higher than 4 m until reaching the maximum of 7.7 m at 17:00 on 29 November 2012 (42 h). CAST, however, began to show values exceeding 4 m starting from 28 November 2012 at 23:00 (24 h) until reaching the maximum of 5 m on 29 November 2012 at 22:00 (47 h). PORT never presented HsHF values higher than 4 m, but starting from 07:00 on 28 November 2012 (8 h), the wave height exceeded 3 m until 11:00 (12 h), reaching its maximum value of 3.6 m. Moreover, for this event, the model underestimated the HFr observations for SORR and CAST while overestimating Hs compared to PORT.



Observing the hourly energy density graphs, we can notice that for the SORR site, the event scored the maximum values on 29 November 2012 at 02:00 (27 h) until 23:00 (48 h); instead, CAST reached the highest values on 28 November 2012 at 16:00 (17 h) until 30 November 2012 at 05:00 (54 h). Instead, PORT showed lower energy density values than the other two sites in agreement with the recorded wave height values, starting from 15:00 on 28 November 2012 (16 h) until 29 November 2012 at 04:00 (29 h; see the spectral plots in Supplementary Materials, Figure S4). These values also correspond in this case to an almost constant DSD parameter and high values of Hs in the same interval.





4. Discussion


Today, HFr systems are used worldwide [62,63] as efficient instruments for simultaneously measuring and monitoring surface currents [23,24,25,64] and wave parameters [9,65,66,67,68,69]. In this study, we analyzed a fifty-six-month long wave-data time series, recorded by SeaSonde HFr systems installed in the GoN, with a special focus on sea storms. In particular, the seasonality of the sea storms and the evolution of the wave field from offshore to coastal areas were analyzed, comparing HFr data with the SW model dataset on three RCs for each station of the network.



Studies on extreme events have assessed the reliability of HFr systems [20,21,22,70]. In particular, the results presented in [70] proved that a synergistic observational and modeling approach can provide a comprehensive characterization of severe wave conditions in coastal areas, merging the benefits of the complementary natures of both systems. HFr wave parameters can also be assimilated in wave models [71,72], solving local dynamics mainly in intricate geographical areas.



The analysis presented here on the comparison between HFr data and model outputs in the GoN shows an agreement between the two platforms, confirming that HFrs are valid tools for monitoring the wave fields in coastal areas. The skill parameters revealed an overall good agreement in the Hs retrieved by the HFrs and MWM, with matching time series patterns in line with previous results from the same basin but using other models [19] and with other studies in different areas [12,17,21]. This confirms the robustness of radar measurements, independent of the numerical platform used for the comparison. Some considerations are noteworthy in regards to the RCs. For the PORT and SORR sites,  ρ  attained similar values over the three investigated RCs, pointing to a similar performance of the radars at increasing distances from the coast. At CAST, however, the  ρ  scores for RC3 are remarkably lower than the ones for RC5 and RC7, with the only exception of 2008. This may suggest that the geomorphology of the area covered by the CAST radar may present specific features hampering proper wave acquisitions at short distances from the coast, while the RCs located farther offshore may nonetheless return robust wave measurements. These features may also explain the reduced percentage of data acquired in comparison to RC5 and RC7. These results are in line with previous studies, noting that lower water depths cause an impact on radar sea surface echoes, increase second-order spectral energy, and decrease the saturation limit on wave heights [6,44].



The extreme events analysis shows a seasonal distribution of the events related to the climatic year with two characteristics: the storm season (autumn and winter) and the calm season (spring and summer). Storm activity can be found in the spring period, although it is normally restricted to low-energy events. The class I and class II storms are present throughout the year, although with higher frequencies in autumn/ winter. The storms belonging to the most energetic classes (III, IV and V) mainly occur from October to January, and they are frequently associated with the presence of low-pressure systems over the Tyrrhenian Sea.



Data on the storms selected for this study were retrieved by all three stations of the network, with a delay of the innermost stations of the GoN compared to the external one and with the associated E generally of a lower class (Table 2). At the PORT and CAST sites, the storms typically fall in classes I–III, while only SORR records class IV (and one class V) events. This emphasizes the benefits of covering a given basin with more HFr systems, revealing the specific responses of each sub-basin, as already noted in previous works [9,11,19].



The comparison with model data during storm events typically shows a slight overestimation in HsHF measurements for the SORR site, while at CAST and PORT an overestimation of the model is reported. Notwithstanding these site-specific issues, it is worth underlining a coherent pattern between the HsHF and Hsm data for all the sites investigated. Such discrepancies were already noted in [19], supposedly caused by the inversion method used in HFr data based on an ideal Pierson–Moskovitz spectrum. More thematic investigations are needed to delve into this issue. The implementation of inversion models based on neural networks [73] and of the listen-before-talk operation mode in SeaSonde systems [74] may contribute to more accurate measurements of oceanographic parameters by HFrs.



In addition, it is to be noted that at SORR, where the most energetic events are recorded, HsHF can reach values greater than 4.0 m, the theoretical higher wave height detectable for a 25 MHz system like the ones operating in the GoN [9]. This evidence does not represent a flaw in the acquisition but rather confirms previous findings [9,11,19], evidencing the ability of HFr to provide reliable measurements even outside a theoretical range in the presence of intense weather conditions.



Radar systems represent an asset of great relevance in the implementation of monitoring networks [64]. HFrs, in particular, have a well demonstrated ability to reconstruct the surface current and wave fields, providing a wealth of information to understand the dynamics of coastal areas [64].



The results gathered in this contribution support the potential of these systems as long-term wave monitoring platforms, and as tools to investigate the characteristics of intense events. Given these outcomes, greater attention might be given in the future to: (i) the study and forecast of storm surges; (ii) the acquisition of wave data from extreme events, improving wave models and integrating coastal altimetry data.
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Figure 1. Map of the Gulf of Naples (Central Tyrrhenian Sea) with the locations of the three HF radar sites (antennas), ISPRA weather station (orange triangle) and the MWM model grid points of spectral data (green diamonds). The red semi-circles represent Range Cell 5 (RC5) of acquisitions, yellow stars represent Range Cell 3 (RC3) and black stars represent Range Cell 7 (RC7) offshore distances, respectively (see text). The bathymetric contours are spaced every 100 m; the orographic ones are spaced every 300 m. Coastline data: NOAA National Geophysical Data Center; Coastline extracted: WLC (World Coast Line); Date retrieved: 1 April 2015; http://www.ngdc.noaa.gov/mgg/shorelines/shorelines.html, accessed on 8 September 2011; bathymetric and orographic data from [39]. 
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Figure 2. (left) Time series comparison of wave heights (Hs) between SORR HFr (blue) and MWM (red) from RC3, RC5 and RC7 (upper, middle and lower panel, respectively). (right) Scatter plots of Hs values recorded by the HFr and retrieved by using the MWM model at the three RCs. 
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Figure 3. (left) Time series comparison of wave heights (Hs) between CAST HFr (blue) and MWM (red) from RC3, RC5 and RC7 (upper, middle and lower panel, respectively). (right) Scatter plots of Hs values recorded by the HFr and retrieved by using the MWM model at the three RCs. 
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Figure 4. (left) Time series comparison of wave heights (Hs) between PORT HFr (blue) and MWM (red) from RC3, RC5 and RC7 (upper, middle and lower panel, respectively). (right) Scatter plots of Hs values recorded by the HFr and retrieved by using the MWM model at the three RCs. 
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Figure 5. Class-averaged values of wave storms retrieved from RC5 of SeaSonde network in the GoN. 
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Figure 6. Evolution of the storm event recorded on 4–7 December 2008. The first and third panels show the model spectral energy as the wind jet started and finished, respectively. The central panels illustrate the evolution, during the event, of the wind intensity (in green), significant wave height (of the model Hsm (in red) and retrieved by the HFr HsHF (in black)) and directional spreading DSD (blue). 
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Figure 7. Evolution of storm event (January 2009). First and third panels show the model spectral energy at the wind jet starts and finishes, respectively. The central panels illustrate the evolution, during the event, of the wind intensity (in green), significant wave height (of the model (in red) and retrieved by the HFr HsHF (in black)) and the directional spreading DSD (blue). 
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Figure 8. Evolution of storm event (November 2010). First and third panels show the model spectral energy at the wind jet starts and finishes, respectively. The central panels illustrate the evolution, during the event, of the wind intensity (in green), significant wave height (of the model (in red) and retrieved by the HFr HsHF (in black)) and the directional spreading DSD (blue). 
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Figure 9. Evolution of storm event (November 2012). Left and right panels show the model spectral energy at the wind jet starts and finishes, respectively. The central panels illustrate the evolution, during the event, of the wind intensity (in green), significant wave height (of the model (in red) and retrieved by the HFr HsHF (in black)) and directional spreading DSD (blue). 






Figure 9. Evolution of storm event (November 2012). Left and right panels show the model spectral energy at the wind jet starts and finishes, respectively. The central panels illustrate the evolution, during the event, of the wind intensity (in green), significant wave height (of the model (in red) and retrieved by the HFr HsHF (in black)) and directional spreading DSD (blue).
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Table 1. Skill metrics of the comparison between Hs in three RCs (RC3, RC 5 and RC7) and MWM (co-located data) during the period analysis (May 2008–December 2012).
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Year

	
Site

	
   ρ   

	
NRMSE

	
NBIAS

	
HH






	
2008

	
SORR-RC3

	
0.61

	
0.02

	
−0.70

	
0.55




	
SORR-RC5

	
0.61

	
0.01

	
−0.69

	
0.67




	
SORR-RC7

	
0.64

	
0.01

	
−0.67

	
0.63




	
CAST-RC3

	
0.75

	
0.02

	
−0.67

	
0.29




	
CAST-RC5

	
0.56

	
0.02

	
−0.68

	
0.55




	
CAST-RC7

	
0.64

	
0.02

	
−0.70

	
0.54




	
PORT-RC3

	
0.78

	
0.01

	
−0.61

	
0.37




	
PORT-RC5

	
0.7

	
0.02

	
−0.67

	
0.36




	
PORT-RC7

	
0.76

	
0.02

	
−0.65

	
0.33




	
2009

	
SORR-RC3

	
0.66

	
0.01

	
−0.64

	
0.51




	
SORR-RC5

	
0.64

	
0.01

	
−0.61

	
0.65




	
SORR-RC7

	
0.58

	
0.01

	
−0.60

	
0.66




	
CAST-RC3

	
0.29

	
0.02

	
−0.65

	
0.48




	
CAST-RC5

	
0.49

	
0.01

	
−0.64

	
0.54




	
CAST-RC7

	
0.6

	
0.01

	
−0.65

	
0.56




	
PORT-RC3

	
0.66

	
0.01

	
−0.52

	
0.44




	
PORT-RC5

	
0.57

	
0.02

	
−0.57

	
0.4




	
PORT-RC7

	
0.62

	
0.03

	
−0.54

	
0.39




	
2010

	
SORR-RC3

	
0.77

	
0.01

	
−0.63

	
0.63




	
SORR-RC5

	
0.73

	
0.01

	
−0.61

	
0.63




	
SORR-RC7

	
0.7

	
0.01

	
−0.60

	
0.62




	
CAST-RC3

	
0.28

	
0.02

	
−0.56

	
0.55




	
CAST-RC5

	
0.63

	
0.01

	
−0.56

	
0.55




	
CAST-RC7

	
0.71

	
0.01

	
−0.57

	
0.47




	
PORT-RC3

	
0.8

	
0.01

	
−0.43

	
0.42




	
PORT-RC5

	
0.71

	
0.02

	
−0.49

	
0.4




	
PORT-RC7

	
0.74

	
0.03

	
−0.45

	
0.4




	
2011

	
SORR-RC3

	
0.46

	
0.02

	
−0.68

	
0.8




	
SORR-RC5

	
0.5

	
0.02

	
−0.66

	
0.92




	
SORR-RC7

	
0.44

	
0.02

	
−0.66

	
0.93




	
CAST-RC3

	
-

	
-

	
-

	
-




	
CAST-RC5

	
0.39

	
0.02

	
−0.60

	
0.73




	
CAST-RC7

	
0.36

	
0.02

	
−0.62

	
0.65




	
PORT-RC3

	
0.69

	
0.01

	
−0.57

	
0.8




	
PORT-RC5

	
0.77

	
0.04

	
−0.66

	
0.36




	
PORT-RC7

	
0.62

	
0.06

	
−0.60

	
0.4




	
2012

	
SORR-RC3

	
0.79

	
0.01

	
−0.69

	
0.56




	
SORR-RC5

	
0.75

	
0.01

	
−0.65

	
0.73




	
SORR-RC7

	
0.71

	
0.01

	
−0.65

	
0.72




	
CAST-RC3

	
0.38

	
0.03

	
−0.71

	
0.64




	
CAST-RC5

	
0.7

	
0.01

	
−0.73

	
0.63




	
CAST-RC7

	
0.77

	
0.01

	
−0.70

	
0.59




	
PORT-RC3

	
0.85

	
0.01

	
−0.49

	
0.38




	
PORT-RC5

	
0.77

	
0.03

	
−0.57

	
0.4




	
PORT-RC7

	
0.75

	
0.03

	
−0.55

	
0.42
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Table 2. Main parameters of sea storms selected.
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	Event Date
	Duration (h)
	Mean Wind Direction (°)
	Mean Wind Velocity (m/s)
	E SORR

   (   m  2   h  )   
	E CAST

   (   m  2   h  )   
	E PORT

   (   m  2   h  )   





	04 December 2008–07 December 2008
	81
	200.8
	5.6
	1180
	265.8
	102.4



	01 January 2009–03 January 2009
	50
	202.5
	4.5
	120.9
	42.2
	46.8



	08 November 2010–10 November 2010
	68
	211.3
	9.5
	597.8
	117.7
	317.9



	28 November 2012–30 November 2012
	63
	188.8
	13.3
	1290
	812.1
	422.6
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