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Abstract: Nearshore marine systems provide multiple economic and ecological services to human
communities. Several studies addressing the climate change stressors and the inappropriate use of
the sea indicate a decline of coastal areas. An extensive monitoring of the most important marine
sites and protected areas is crucial to design effective environmental-friendly measures to support
the sustainable development of coastal regions. A 70-year-long wave climate analysis is presented
to study the climatology of the area belonging to the Marine Experimental Station of Capo Tirone,
Italy. The analysis is based on the global atmospheric reanalysis developed by the European Centre
for Medium-Range Weather Forecasts, validated through an observed buoy dataset recorded by the
Italian Sea Wave Measurement Network. No significant long-term trends have been detected. The
need to set up new monitoring stations has been pointed out by means of a hydrodynamic model
developed at the regional scale, evaluating the effect of the local morphology on the nearshore wave
climate and highlighting the importance of surveying the marine protected area of Capo Tirone
located therein.
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1. Introduction
Covering about 70% of the Earth’s surface, marine ecosystems show a wide range of
characteristics and geographical extents [1]. These ecosystems encompass deep oceans,
seas, intertidal zones, estuaries, lagoons, salt marshes, mangroves, coral reefs, and coastal
areas [2], being of paramount importance in supporting human welfare. Coastal areas
contain a wide amount of life and supply an estimated 43% of the world’s ecosystem
services [3], providing social, economic, and environmental benefits to the growing world
population [1,4]. Marine-protected areas are among the most strategic natural resources in
serving human populations and environments, biodiversity conservation, the restoration
of ecosystem integrity, and supporting marine populations. In the last decades, the health
and most of the services provided by coastal ecosystems have been increasingly threatened
by urban pressure and climate change [5]. The vulnerability of coastal environments to
coastal flooding and erosion processes driven by climate change subject most of the coastal
areas to large economic and environmental loss and damage, with particular reference to
the climatic transition zones, such as the Mediterranean Sea. In this context, researchers,
together with stakeholders and local authorities, have committed to identify adaptation
and mitigation strategies to reduce the impact of climate change on the local economy and
environment [6–11].
The knowledge of the local wave climate, and a reliable characterization of the wind
sea and swell climate, play a key role in understanding the stressors of climate change.
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A long and homogeneous infield dataset, together with high-resolution coupled wind
wave numerical modeling, is essential to satisfy the needs of the design of coastal and
offshore structures and to preserve the habitats of marine areas. The variability of wave
climates requires mid- and long-term infield measurements of high spatial and temporal
resolutions [12]. Buoy data provide a more accurate characterization of the wind sea and
swell climate if compared to global analyses, as the local patterns of the wave fields differ
from the open sea, due to the complex geometry of the coast, island sheltering, and variable
wind fetch lengths. However, the heterogeneity in the type, morphology, and extent of
coastal areas, together with the uncertainty in the calculation of the terrestrial radiative
balance and the processes of wave energy growth and dissipation, limit the knowledge
and the identification of the specific processes that affect these environments [13]. Several
studies were conducted to develop and refine climate models at the global and regional
scales to identify any possible changes in the meteorological and oceanic dynamics, such
as temperature and precipitation [14], multiannual fluctuations [15], and wind sea, swell
wave, and surge hazards [16,17], as well as the effectiveness and implications of the use of
downscaling techniques [18]. Nearshore wave climate is related to swell waves, generated
by the wind blowing far from the shoreline and then propagating freely across the sea—
in some cases, in different directions with respect to the original wind—and wind sea
waves, generated by the local wind and strongly affected by the spatial heterogeneity
of the inshore morphology [19,20]. Extreme storms can damage coastal and offshore
engineering structures [21], affecting the morphology of the shoreline, sediment transport,
and rip currents. Thus, a deep knowledge of the local wind wave climate, together with the
assessment of the possible effects of climate change, is fundamental to limit the impact of sea
hazards, to restore coastal ecosystems, and to fully exploit the marine resources [20,22,23].
Mathematical modeling is a fundamental support in analyzing offshore and inshore wave
climates; coastal hydrodynamics; and erosion processes in oceans, shorelines, lagoons, and
estuaries and the possible effects of climate change [24–33].
In particular, the Mediterranean Sea is a hot-spot region for climate change [34,35],
as it shows large seasonal variability of temperature, rainfall, wind, and an increased
occurrence of local cyclones [36–38]. Many studies carried out in the Mediterranean
Sea deal with the regional wave climate [39–43], highlighting the importance of the heat
reservoir effect [44] during the cold season, when significant temperature gradients between
northerly air masses and sea surface enhance the frequency and intensity of cyclonic
systems. Furthermore, the complex orography of the basin affects the synoptic structures,
increasing the local wind speed. Here, we focus on a seven-decades wave climate analysis
in the Marine Experimental Station of Capo Tirone area (MESCT, see References [45–47] for
more details). The establishment of the Marine Protected Area of Capo Tirone (SCI_CT)
makes the MESCT a fundamental hub for in situ data collection as a support to mathematical
modeling in view of improving the knowledge of the marine processes in the whole
Southern Tyrrhenian region. We investigated possible trends in the evolution of the sea state
through the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis
v5 (hereinafter named as ERA5). ERA5 have been validated on the basis of observed buoy
data, representing the most accurate and robust source of information to characterize the
wave climate of the Mediterranean Sea. Buoys are generally located far enough from the
shoreline to avoid the effect of the local morphology on wave characteristics. Buoy data
generally show an error lower than 10%, mostly experienced during the strongest storms,
which produce the slip of the buoys over the wave crests, leading to an underestimation of
the wave height. Most of the studies on wave climate estimation are validated on a few
years of wave data [21,48]; here, we used a ten-year long homogeneous dataset at Cetraro
buoy within the period 1999–2008 (Figure 1). As no buoy data are available from 2009 to
now, we further compared during the period 2009–2019 ERA5 to the WAve Model (WAM),
and during the year 2006 WAM to buoy data. Furthermore, WAM has been used to set up
effective simulations of some synthetic swells, and of one of the most important storms
occurred in the MESCT. We forced a coupled wind wave hydrodynamical model (MIKE
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21-3 Coupled Model FM) with the wave climate computed by means of the WAM model,
highlighting the effect of the coastal morphology on wave damping and investigating the
most suitable location to the set up new monitoring stations belonging to the MESCT.

Figure 1. Location of the MESCT (purple area), the SCI_CT (green area), and the Cetraro buoy (orange
bullet).

The paper is organized as follows. In Section 2, we describe the characteristics of the
MESCT, briefly presenting the methodology, the dataset, and the mathematical models
we used. Numerical simulations reproducing the wave climate trend at Capo Tirone are
presented in Section 3, together with the simulations of the inshore wave climate. A set of
conclusions closes the paper.
2. Materials and Methods
2.1. The Study Area
Calabria is characterized by a densely populated coastline, partly located in the Ionian
Sea and partly in the Tyrrhenian Sea (Figure 1). The coastal areas of Calabria provide
multiple services to the local population and economy, which is mostly based on fishing,
tourism, and leisure activities [47]. In this paper, we focus on the Southern Tyrrhenian
Coast belonging to the Province of Cosenza (Figure 1), which is significantly affected by
erosion processes [47]. In the last decades, the shoreline experienced a significant retreat,
threatening the coastal assets and the population [47,49]. The SCI_CT (IT9310033 Fondali di
Capo Tirone) is located into the municipality of Belvedere Marittimo (Province of Cosenza,
see Figure 1). The SCI_CT extends for 101 ha of marine surface into the MESCT. The seabed
is characterized by the presence of Posidonia oceanica meadows, and it is classified as a
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1120 * priority habitat for conservation under the Habitats Directive (Dir 92/43/CEE).
Posidonia oceanica is a native seagrass of the Mediterranean Sea, providing multiple services
to the environment and the ecosystem of the marine area, e.g., reducing wave power,
erosion processes, and the bedload [50,51]. The prevailing wind directions range from
30◦ N to 150◦ N, whereas the coastline is affected by swell waves generated in the West
Mediterranean Sea (incoming wave direction ranging from 210◦ N to 330◦ N). The mean
spring tidal range at Capo Tirone is about 0.5 m; hence, the tidal currents and wave-current
interactions are not significant. The storms affecting the area are mainly characterized by a
ground-level trough located at the Genova Gulf that develops downwind of the Alps and
moves southward. This pattern triggers intense western winds over the whole Tyrrhenian
Sea, and it is named as a “typical Tyrrhenian storm” [52]. The local wind climate is strongly
affected by the orography of the shoreline, since the Coastal Chain, extended up to the
coastline, is high more than 1000 m above sea level (see Reference [47] for more details on
the orography of the area).
The Marine Experimental Station of Capo Tirone
The MESCT (Figure 2) supports field monitoring surveys, research activities, and the
development of mathematical models aimed at analyzing the local hydrodynamic and the
erosion processes that have affected the shoreline in the last century [53,54]. The MECST
has recently been equipped with a fixed buoy and a full weather station, fundamental for
further monitoring activities concerning the local sea dynamic and the protection of the
environment [47]. The actual plans aim to promote a sustainable management of the area,
with particular reference to the SCI_CT, mainly based on nature-based solutions, such as
the restoration of Posidonia oceanica meadows [45].

Figure 2. MESCT. (a,c) The north and the south views of the sea defense located in the locality “Scogli
Oremus” (Belvedere Marittimo municipality), (b) longitudinal breakwaters located perpendicularly
to the shoreline, and (d) De Novellis Palace, aimed to host a sea museum, supporting the scientific
activities of the MESCT [47].
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2.2. Dataset
Mathematical models can reproduce two-dimensional wave fields, simulating wave
energy growth and dissipation, but much more attention needs to be paid to the lack
and errors of the measured data [20,55]. Though few wave-gauging stations exist in
the Southern Tyrrhenian Sea, the Cetraro buoy recorded a ten-year-long dataset. The
Cetraro buoy is located about 10 km south from the MESCT (Figure 1), not providing a
comprehensive spatial coverage of the region. Nevertheless, it can support the validation
of the ERA5 and WAM models, which can be further used to explore and reproduce the
wave climate of the region.
In this work we analyzed the following climate parameters: Significant Wave Height
(SWH, approximating the average of the upper third of all individual wave heights derived
from the 0th moment of the wave energy spectrum), Maximum Wave Height (HMAX),
incoming Wave Direction (θ), Mean Wave Period (Tm, corresponding to the mean frequency
of the spectrum), Peak Wave Period (Tp, corresponding to the maximum energy frequency),
10-m Wind Speed (W10), and incoming Wind Direction (θWind).
2.2.1. Cetraro Buoy Dataset
In this study, we used a ten-year-long wave climate dataset (from 27 February 1999 to
5 April 2008) based on the data collected by a Datawell Waverider buoy (Triaxys) located at
Cetraro (39◦ 270 1200 ◦ N, 15◦ 550 0600 ◦ E, 100-m depth, see Figure 1) belonging to the Italian
National Sea Wave Measurement Network (RON, see Reference [56]). This type of buoy is
regularly adopted in coastal and marine engineering, and it can be considered standard
industry equipment [57]. The Cetraro buoy collected significant wave height, period, and
direction at intervals of 30 min. No wind data are available from this sensor.
2.2.2. ERA5 Hindcast
ERA5 is the latest global atmospheric hindcast reanalysis produced by ECMWF, following the FGGE, ERA-15, ERA-40, and ERA-Interim. ERA5 is based on a more recent
version of the ECMWF Integrated Forecast System model (IFS 41r2), extending from the
year 1950 to the present. The ERA5 dataset is open access at the Copernicus Climate Change
Service [58,59]. The main improvements of ERA5 IFS 41r2 with respect to the former releases are (i) the output time step (one hour); (ii) the horizontal resolution (0.25◦ for climate
parameters and 0.50◦ for wave parameters); (iii) the vertical resolution (137 vertical layers
extending from the surface to 0.01 hPa); and (iv) the implementation of additional parameters (e.g., microphysics, convection, surface pressure, and ozone concentration), together
with (v) the data assimilation technique. Compared to its predecessors, ERA5 improves
the estimation of several climate variables, including rainfall and tropical convection [60],
land surface temperature [61], downwelling solar radiation at the surface [62], and wind
climate [63]. At present, ERA5 dataset is extended every three months. Since the analysis
of a long dataset is fundamental to produce a reliable long-term trend, in this work, we
used the whole 70-year-long dataset of ERA5, from January 1950 to December 2019, with
a temporal resolution of six hours of SWH (m), Hmax (m), θ (deg), Tp (s), Tm (s), and
W10 (m/s). Hereinafter, we refer to the ERA5 output point located west of Cetraro (39.5◦ N,
15.5◦ E, an almost 500-m depth).
2.2.3. WAM Model
With the aim to reproduce the storms that occurred in the last decade, when the
gauged data at the Cetraro buoy were not available, we used the WAve Model hindcast
(WAM), a high-resolution wave model developed by the Wave Model Development and
Implementation Group [64]. The WAM simulations were performed for an eleven-yearlong period between 2009 and 2019 integrated into the buoy dataset, and for the year
2006, compared to the gauged data. WAM solves the spectral equations to characterize
the two-dimensional wave spectrum, forced by the ECMWF 10-m wind [65]. We used
a two-grid nested configuration, with a horizontal resolution of 0.1◦ (lat/lon coverage:
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28◦ N–45◦ N/5◦ W–24◦ E) and 0.05◦ (lat/lon coverage: 35◦ N–42◦ N/8◦ W–20◦ E) in both
the north–south and east–west directions. As concerns the initial and dynamic boundary
conditions, we used ECMWF wind data with a horizontal resolution of 0.25◦ (lat/lon
coverage: 30◦ N–48◦ N/5◦ W–38◦ E) and a time step of six hours. We selected a spectrum of
25 frequency bands (frequency range 0.05–0.5 Hz) and 24 direction bands (15◦ of resolution).
The output parameters are SWH, θ, and Tm, and the output time step is three hours for the
whole period and one hour for the single storm analysis.
2.2.4. MIKE Hydrodynamical Model
MIKE 21-3 Coupled Model FM (hereinafter named as MIKE) is an integrated system
based on a flexible mesh approach (i.e., unstructured grid) widely used to study ocean,
coastal, and estuarine processes. MIKE solves the two- and three-dimensional incompressible Reynolds-averaged Navier–Stokes equations subject to the assumptions of Boussinesq
and of hydrostatic pressure. Shallow water equations were solved through the approximate
Riemann solver [66,67], and wave fields were described by the wave action conservation
equations [68]. The wave boundary conditions were assigned by using a fully spectral
formulation in the frequency domain (Jonswap spectrum, with the standard shape parameters). A detailed description of the model can be found in the scientific documentation
compiled by the Danish Hydraulics Institute [69].
2.3. Methods
With the aim to assess the climatic trend and the interannual variability of the sea
parameters at the MESCT (Section 3), we processed the ERA5 over a 70-yearl-ong period.
The ERA5 performance was preliminary assessed by comparing the hindcast results to
the observations at the Cetraro buoy within the period February 1999–April 2008. ERA5
data were stored every six hours across the computational domain (00:00, 06:00, 12:00,
and 18:00 UTC). We compared the wave height, period, and direction through some
standard statistics parameters and error metrics, i.e., mean, median, variance, 10th and
90th percentiles, standard deviation (SD), root mean square error (RMSE), mean absolute
error (MAE), arithmetic mean value of the errors (Bias), Scatter Index (SI), and correlation
coefficient (R2 ). The statistical significance of the annual and seasonal trends of SWH and
Tm were calculated through the Mann–Kendall (MK) test [70,71], endorsed by the World
Meteorological Organization for hydro-meteorological trend assessments [72], and widely
used in wave climate analyses (see Reference [73] for an application in the Mediterranean
Sea). The Sen’s slope estimator (SSE) was used to estimate the linear slope of the correlations.
Finally, we performed the Innovative Trend Analysis (ITA) method [74]. The formulations
of the statistic parameters and error metrics used in this study are described in Appendix A.
Among the criteria adopted to remove the outliers [42], we neglected the data that showed
a difference, computed with respect to the previous times, of 1.5 m, 5 s, and 30◦ for SWH,
Tm, and θ, respectively. In reproducing the nearshore wave climate, we used MIKE forced
with the wave climate computed by WAM. We validated the 2006 WAM dataset on buoy
observations. Furthermore, we compared ERA5 and WAM over the period 2009–2019.
2.3.1. ERA5 Validation
We compared SWH, Tm, and θ computed by ERA5 at Cetraro (Figure 3 and Table 1).
Although a monitoring period of 1 to 2 years is deemed suitable to validate a wave
model [20], we analyzed the whole buoy dataset (1999–2008).
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Figure 3. Dataset 27 February 1999–5 April 2008, time step of 6 h. Comparison between ERA5
and buoy observations at Cetraro. Scatter plots of SWH (a) and Tm (b). Green lines represent the
quantile–quantile plots, black lines the bisectors, and red lines the least-square best fits.
Table 1. Dataset 27 February 1999–5 April 2008, time step of 6 h. Comparison between ERA5 and
buoy data at Cetraro. Statistics parameters and error metrics for SWH, Tm, and θ. Non-significant
values are identified with “//”.

10,857 Data

Significant Wave Height
SWH (m)
ERA5

Mean
Variance
St. Deviation
Median
10th percentile
90th percentile
BIAS
MAE
RMSE
SI
R2

Buoy

0.52 m
0.22 m2
0.46 m
0.33 m
0.13 m
1.08 m

0.67 m
0.40 m2
0.62 m
0.50 m
0.14 m
1.43 m

Wave Mean Period
Tm (s)
ERA5
4.6 s
2.1 s2
1.4 s
4.4 s
2.7 s
6.6 s

−0.15 m
0.19 m
0.28 m
0.42
0.90

−0.13 s
0.96 s
1.44 s
0.33
0.91

Wave Mean Direction
Θ (deg)

Buoy

ERA5

Buoy

4.7 s
2.4 s2
1.5 s
4.3 s
3.0 s
6.5 s

252◦

240◦
//
//
261◦
131◦
261◦

//
//
263◦
181◦
264◦

12◦
34◦
67◦
0.30
0.70

Figure 3a shows the quantile–quantile SWH scatter plots between the ERA5 and
Cetraro buoy dataset. ERA5 slightly overestimates SWH for small waves (<0.6 m) and
underestimates SWH in strong sea conditions, consistent with the statistical parameters
and error metrics reported in Table 1. The correlation between the ERA5 and buoy data can
be expressed as a linear relationship with a 0.74 slope. This is the result of the widespread
constraint of low-resolution models in reproducing the mesoscale of the surface wind
climate with particular reference to the Mediterranean area, where the wave height increases
with the model resolution, as shown by Reference [75]. The mean wave period comparison
(Figure 3b and Table 1) showed a general underestimation of larger waves. Some differences
were evidenced also in wave direction (Table 1), but they were limited to small waves and
mainly caused by the effect of the local wind, which was not properly reproduced by ERA5.
2.3.2. WAM–ERA5 Difference
SWH and Tm comparisons between ERA5 and WAM hindcast provided a linear
relationship with slopes of almost 0.9 and 1.0, respectively (Figure 4 and Table 2). As the
slope of the SWH correlation was slightly higher if compared to the correlation between
ERA5 and buoy data, we argue that WAM underestimates wave heights less. A possible
explanation is the finer resolution of the grid
3 of the WAM model (5 km), consistent with
Reference [75]. Similar results were obtained for Tm and θ (Table 2).

Water 2022, 14, 163

8 of 22

Figure 4. Dataset 27 February 1999–5 April 2008, time step of 6 h. Comparison between ERA5
and WAM hindcast at Cetraro. Scatter plots of SWH (a) and Tm (b). Green lines represent the
quantile–quantile plots, black lines the bisector, and red lines the least-square best fits.
Table 2. Dataset 1 January 2009–31 December 2019, time step of 6 h. Comparison between ERA5 and
WAM at Cetraro. Statistics parameters and error metrics for SWH, Tm, and θ. Non-significant values
are identified with “//”.

14,607 Data

Significant Wave Height
SWH (m)
ERA5

Mean
Variance
St. Deviation
Median
10th percentile
90th percentile
BIAS
MAE
RMSE
SI
R2

WAM

0.55 m
0.25 m2
0.50 m
0.38 m
0.14 m
1.17 m

0.62 m
0.32 m2
0.57 m
0.43 m
0.16 m
1.30 m

−0.07 m
0.09 m
0.15 m
0.25
0.92

Wave Mean Period
Tm (s)
ERA5
4.7 s
2.3 s2
1.5 s
4.5 s
2.8 s
6.8 s
0.07 s
0.39 s
0.59 s
0.13
0.88

Wave Mean Direction
Θ (deg)

WAM

ERA5

WAM

4.6 s
2.7 s2
1.6 s
4.5 s
2.6 s
6.8 s

254◦

253◦
//
//
270◦
176◦
296◦

//
//
266◦
187◦
289◦

1◦
14◦
37◦
0.15
0.61

To confirm the better performance of the WAM model, we compared SWH of ERA5
(Figure 5a) to WAM (Figure 5b) hindcast dataset to the observations at the Cetraro buoy
(year 2006). The WAM showed a better correlation compared to ERA5.

Figure 5. Dataset 1 January 2006–31 December42006, time step of 6 h. Comparison of SWH ERA5
(a) and WAM (b) hindcast datasets to buoy data at Cetraro. Green lines represent the quantile–quantile
plots, black lines the bisector, and red lines the least-square best fits.
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3. Results and Discussion
With the aim to describe the wave climate at the MESCT, we processed the ERA5
reanalysis dataset from 1950 to 2019, focusing on the wave climate (Section 3.1), its seasonal
variability (Section 3.1.1), possible trends (Section 3.1.2), and the inshore wave characteristics (Section 3.2).
3.1. Off-Shore Wind and Wave Climatology
Wind and wave roses in Figure 6 illustrate the frequency and relative percentiles of
W10, SWH, and Tm of wind and waves coming from a certain direction at the MESCT.
The analysis of the ERA5 dataset provided a predominant western mean wave direction θ
(Figure 6b,c), according to other studies performed in the Southern Tyrrhenian Sea [42,76].
Wave fields are driven by the Mistral-Etesian and Scirocco-Libeccio wind regimes, as
highlighted in Figure 6a. However, due to the null fetch in the northern and eastern
directions at the shoreline belonging to the MESCT (i.e., from 345◦ N to 135◦ N, see Figure 1),
50% of the waves of SWH > 2 m corresponded to the WNW direction (270◦ N–315◦ N) and
50% to the WSW (225◦ N–270◦ N).

Figure 6. MESCT, ERA5 dataset 1950–2019, time step of 6 h. (a) Wind rose. (b) SWH rose. (c) Tm rose.
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3.1.1. Seasonal Variability
The wave climate in the Southern Tyrrhenian Sea shows a significant seasonality [42],
characterized by a relatively calm sea in the hot season (from March to August) and strong
sea triggered by the Mistral and Libeccio winds during the cold season (from September to
February). Figure 7 shows the monthly average of the SWH and HMAX (a) and Tm and Tp
(b) at the MESCT, computed on the basis of the 70-year-long ERA5 dataset.

Figure 7. MESCT, ERA5 dataset 1950–2019, time step of 6 h. Monthly average of: (a) SWH (mustard)
and HMAX (purple), (b) Tm (yellow) and Tp (orange).

Figure 8 compares the seasonal mean (i.e., hot and cold seasons) of the SWH (a)
and Tm (b) to the annual mean for each year of the ERA5 dataset. Tables 3 and 4 report
some statistical parameters referred to the four seasons defined according to the World
Meteorological Society standards for the Northern Hemisphere: winter from December to
February (DJF), spring from March to May (MAM), summer from June to August (JJA), and
autumn from September to November (SON). The MESCT area experiences a significant
difference between the four seasons: the minimum wave forcing occurs in the summer,
whereas in the fall and in spring we notice a wave climate similar to the annual mean.
Higher and longer waves characterize the cold season in almost all the years within the
period 1950–2019.
Table 3. SWH seasonal statistic parameters. Right-side column reports the annual mean.
SWH

Winter

Spring

Summer

Fall

Annual

Mean
Variance
St. Deviation
Median
10th percentile
90th percentile
Max

0.71 m
0.020 m2
0.140 m
0.70 m
0.53 m
0.88 m
0.99 m

0.52 m
0.008 m2
0.089 m
0.53 m
0.40 m
0.62 m
0.76 m

0.33 m
0.002 m2
0.039 m
0.34 m
0.29 m
0.38 m
0.43 m

0.48 m
0.008 m2
0.088 m
0.47 m
0.37 m
0.58 m
0.76 m

0.51 m
0.002 m2
0.048 m
0.51 m
0.45 m
0.56 m
0.64 m

Table 4. Tm seasonal statistic parameters. Right-side column reports the annual mean.
Tm

Winter

Spring

Summer

Fall

Annual

Mean
Variance
St. Deviation
Median
10th percentile
90th percentile
Max

5.20 s
0.148 s2
0.384 s
5.27 s
4.73 s
5.66 s
5.99 s

4.65 s
0.088 s2
0.296 s
4.67 s
4.22 s
5.06 s
5.32 s

3.83 s
0.040 s2
0.200 s
3.84 s
3.62 s
4.03 s
4.31 s

4.43 s
0.111 s2
0.333 s
4.41 s
4.04 s
4.92 s
5.26 s

4.52 s
0.027 s2
0.165 s
4.51 s
4.31 s
4.73 s
4.99 s

7
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Figure 8. ERA5, dataset 1950–2019. Cold (blue) and hot (red) seasons: SWH (a) and Tm (b). Green
dashed lines represent the annual means.

3.1.2. Trend Analysis
Figure 9 and Tables 5 and 6 report the annual trend of the wave climate (SWH and
Tm) at the MESCT based on ERA5 reanalysis dataset. The possible monotonic trend was
investigated by computing the nonparametric MK test and the SSE estimator [77]. Despite
our findings showing a large annual variability of the SWH and Tm, the results allowed to
infer a slight positive trend for the mean wave period only (significance at 95%), according
to Reference [42]. The MK test was further used to identify the possible monthly and
seasonal trends [78], where the significance levels of the test (90%, 95%, and 98%) were
highlighted with “S”, “SS”, and “SSS”, respectively (Tables 5 and 6). Some months show an
increasing trend in the wave period but mostly not significantly. As concerns the seasonal
analysis, the spring, fall, and summer showed an increasing trend of Tm significant at
95%, 90%, and 98%, respectively, whereas the SWH exhibited non-significant trends. In the
winter, we observed for both the SWH and Tm non-significant trends. The Tp and HMAX
(not shown) showed similar trends.
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Figure 9. ERA5 reanalysis dataset 1950–2019. Green lines illustrate the mean annual SWH (a) and
Tm (b). The MK and SSE tests at 95% confidence intervals are represented with solid and dashed red
lines respectively.
Table 5. SWH monthly, seasonal, and annual analyses. The MK trend is reported in the second
and third columns. Non-significant values are identified with “//”. A 90% significance level is
highlighted with “S”, 95% with “SS”, and 98% with “SSS”. The right-side column reports the Sen’s
slope estimator A.
Period

Test Z

Significance

A

Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sep
Oct
Nov
Dec
DJF
MAM
JJA
SON
ANNUAL

0.1521
−1.0443
1.1964
−0.3650
1.2624
0.4157
0.8314
−2.2104
1.2978
−0.5171
0.3853
−0.4157
−0.96
1.38
−0.67
0.48
−0.13

//
//
//
//
//
//
//
SS
//
//
//
//
//
//
//
//
//

0.00030
−0.00154
0.00142
−0.00025
0.00091
0.00017
0.00036
−0.00087
0.00070
−0.00043
0.00042
−0.00065
−0.00067
0.00082
−0.00018
0.00030
−0.00005
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Table 6. Tm monthly, seasonal, and annual analyses. The MK trend is reported in the second and third
columns. Non-significant values are identified with “//”. A 90% significance level is highlighted with
“S”, 95% with “SS”, and 98% with “SSS”. The right-side column reports the Sen’s slope estimator A.
Period

Test Z

Significance

A

Jan
Feb
Mar
Apr
May
Jun
July
Aug
Sep
Oct
Nov
Dec
DJF
MAM
JJA
SON
ANNUAL

0.0406
0.5779
−0.1115
1.2066
1.3485
2.1293
1.8758
1.5108
−1.0342
2.4537
0.9937
1.4296
0.06
2.58
1.65
3.02
3.10

//
//
//
//
//
SS
S
//
//
SS
//
//
//
SS
S
SSS
SSS

0.00011
0.00217
−0.00032
0.00426
0.00373
0.00577
0.00421
0.00342
−0.00186
0.00620
0.00407
0.00443
0.00009
0.00473
0.00212
0.00579
0.00304

Figure 10 illustrates the Innovative Trend Analysis (ITA), widely applied in hydrology [74,79,80]. We compared two ERA5 sub-datasets (i.e., 1950–1984, x-axis, and 1985–2019,
y-axis) sorted in ascending order. We investigated the average annual (green), cold season
(blue), and hot season (red) trends for SWH and Tm. The MK test trends were confirmed
through the ITA.
3.2. Nearshore Wave Analysis
We investigated how the nearshore wave climate is affected by the complex morphology of the coastline to gain further insights into the MESCT variability of the sea state.
Numerical simulations were carried out using the MIKE model, which reproduces growth,
decay, and transformation of wind sea and swell waves [69]. The sensitivity analysis of
the spatial and temporal resolutions, as well as the boundaries of the model domain, were
carried out to identify its optimum resolution, extent, performance, and time consumption.
The model domain included all the MESCT area 4 km north of Diamante, 4 km south of
Cape Bonifati, and 6 km seaward (Figure 10b). The computational mesh consisted of about
1200 nodes and 2500 triangular elements of characteristic sizes (side-length) of almost
600 m. Smaller elements (200 m) described the SCI_CT area and the two sections where
we investigated the suitability of the deployment of a new monitoring buoy. MIKE was
forced by imposing (i) SWH at the seaward boundary section (SBS) computed by the WAM
every 60 min at the output sections (yellow bullets), (ii) lateral conditions at the two lateral
boundary sections (LBS), and land condition at the coastal boundary section (CBS). A
uniform wind field computed by ERA5 was assigned within the whole domain.
We first reproduced a storm that occurred on 21 March 2018, which struck all the
Southern Tyrrhenian coast, causing multiple devastating floods (see Figures 11 and 12 and
Reference [81] for more details). The storm was characterized by intense southwestern
winds triggered by a ground-level trough located over the Central Tyrrhenian Sea. Figure 11
illustrates the SWH computed at the full power of the storm (21 March, 09 UTC) in the whole
domain of the WAM (Figure 11a), the domain of MIKE (Figure 11b), and the nearshore
bathymetry (Figure 11c).
The results evidenced a large variability in the SWH within the Southern Tyrrhenian
Sea, with higher waves approaching the coast (Figure 11a). Nearshore simulations performed by MIKE showed a further variability of the wave climate within the study area,
which was affected by the local bathymetry. In general, the SWH were larger in higher
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water depths and exposure. Furthermore, Cape Diamante located north of the MESCT
could cause regions of sheltering and lower wave energy with respect to the southern area.
In addition, subtidal sandbanks and Posidonia oceanica meadows caused regions of focusing
and defocusing via refraction. This was particularly evident in the vicinity of the shoreline.

Figure 10. ERA5 reanalysis dataset 1950–2019. The ITA method for SHW (left side) and Tm (right
side). The annual mean (green, (a,b)), cold season (blue, (c,d)), and hot season (red, (e,f)).
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Figure 11. 21 March 2018, 09 UTC. (a) WAM domain and spatial distribution of the SWH. (b,c) The
MIKE domain and the bathymetry of the area. Yellow bullets indicate the output sections, where
WAM computes the wave climate; the yellow solid line is the seaward boundary section (SBS, i.e.,
where MIKE is forced by the SWH computed by WAM in the output sections), the red lines are the
two lateral boundary sections (LBS), and the grey line is the coastal boundary section (CBS). Blue
(Capo Tirone) and purple (Calabaia) rhombi illustrate the two sites eligible for buoy deployment.
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Figure 12. (a,b) Damages produced by the storm that occurred on 21 March 2018 to the assets of
Belvedere Marittimo Port.

To identify the optimal location to deploy a monitoring buoy, we compared the SWH
computed at two sections eligible for buoy deployment to the offshore SWH boundary
conditions (namely, Calabaia and Capo Tirone, Figure 11c). As concerns the event of
21 March 2008 (Figure 13a), Calabaia showed a SWH slightly less affected by the local
morphology due to the lower seabed elevation. With the aim to draw a general trend,
we systematically computed the SWH damping from the SBS (i.e., SWH0) in the same
two sections and for wave directions θ ranging from 180◦ N to 330◦ N and a constant
SWH0 ranging from 1 to 8 m (Figure 13b reports the example of SWH0 = 5 m). The results
confirmed a higher SWH for the Calabaia location for almost all the θ. As a note, this was
only a preliminary assessment, which should be followed by a thorough study (e.g., a
ray-tracing analysis) to confirm the results.

Figure 13. SWH comparison between the seaward boundary condition (SWH0, blue) and the two
eligible sections for the deployment of the buoy reported in Figure 11 (Calabaia, green and Capo
Tirone, yellow). (a) Event of 21 March 2018. (b) SWH0 = 5 m and θ from 180◦ N to 330◦ N.

4. Conclusions
This work provided insights into the wave climate at the Marine Experimental Station
of Capo Tirone (MESCT), located in the Southern Tyrrhenian Sea (Italy). A statistical trend
analysis of the significant wave height and period was performed with a 70-year-long wave
hindcast within the period 1950–2019. We analyzed the ERA5 reanalysis dataset validated
at the Cetraro buoy within the period 1999–2008. Furthermore, we investigated the local
spatial variability of the wave climate by means of the WAM and MIKE high-resolution
models. Specifically:

12
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-

-

-

-

beside a general underestimation of wave height and period, ERA5 showed satisfactory results, accurately estimating the wave climate in the Southern Tyrrhenian
Sea. Typical values of the average monthly bias were −0.15 m (wave height) and
−0.13 s (wave period), with correlation coefficients R2 of about 0.9. The WAM model
evidenced a smaller negative bias than ERA5, compared to the buoy data, proving to
be a fundamental tool to counterbalance the recent lack of data at the Cetraro buoy;
the 70-year long ERA5 dataset showed that the offshore wave climate at Capo Tirone
was characterized by a mean significant wave height of about 0.5 m. The mean maximum wave height and peak period exceeded 1.2 m and 6 s, respectively, corresponding
to the major storms occurring in the winter. Furthermore, the results evidenced a
clear seasonality for both the wave height and wave period and a strong interannual
variability;
a trend analysis of the annual means showed a slight increase in the wave period
within the period 1950–2019, but was mostly not significant, reflecting many of the
findings of previous studies in the Mediterranean Sea [42,43];
nearshore wave modeling provided instructive insight into the spatial variability of
the wave climate. The location in front of Calabaia is considered most suitable for buoy
deployment and for further wave climate monitoring at the Marine Experimental
Station of Capo Tirone.

The data presented in this paper are expected to provide insights on the role of the
wave climate in coastal processes of the Southern Tyrrhenian Coast. These data can be
used for multiple research purposes, such as the long-term variability of wind sea and
swell wave climates and nearshore sediment transport, supporting the assessment of the
effects of coastal hazards related to climate change and extreme wave actions. Although
the interactions between the waves and shoreline currents were beyond the aim of this
work, it is worth investigating the possible results in higher waves during strong storms,
improving the prediction accuracy [82]. Furthermore, the possible effect of watercourse
discharge on the wave climate is an important topic to assess, as river flows can affect the
interactions between waves and shorelines currents and salt intrusion [20,83,84].
Lastly, our findings highlighted the urgent need to conduct extensive high-resolution
bathymetric surveys on the marine protected area of Capo Tirone and to deploy a buoy
to monitor the local state of the sea. These works will pertain to the Marine Experimental
Station of Capo Tirone, which is set to become a crucial hub for supporting the sustainable
development of the Southern Tyrrhenian Coast belonging to the Province of Cosenza.
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Appendix A
The error metrics used in this paper are (A1) the root mean square error (RMSE), (A2)
the mean absolute error (MAE), (A3) the arithmetic mean value of the errors (Bias), (A4)
the Scatter Index (SI), and (A5) the correlation coefficient (R2 ).
s
2
∑ i ( e i − oi )
RMSE =
(A1)
n
MAE =

∑i |ei − oi |
n

(A2)

∑i (ei − oi )
n
RMSE
SI = −
o

Bias =

(A3)
(A4)

− 2

2

R = 1−

∑i (ei − e )

(A5)

− 2

∑ i ( oi − o )

In all the formulations, ei is the estimation of a certain variable (ERA5 and WAM), oi
represents the in situ observations (buoy data) and n is the amount of data.
The Mann–Kendall test (MK) (A6) has been used to identify possible monotonic trends:
n −1

MK =

n

∑ ∑

sgn( x j − xk )

(A6)

k =1 j = k +1

where xj and xk are the annual means j and k (with j = k + 1), and

sgn x j − xk







1 i f x j − xk > 0 
0 i f x j − xk = 0
=


−1 i f x j − x k < 0

(A7)

If n < 10, the absolute value of MK is compared directly to the theoretical distribution
derived by Mann and Kendall (Gilbert, 1987). If n > 10, the test provides a normal distribution with the mean (µ = 0) (Helsel and Hirsch 1992) and variance VAR (MK) defined by
Equation (A8).
VAR( MK ) =

1
h

18 n(n − 1)(2n + 5) − ∑nj=1 t j ( j)( j − 1)(2j + 5)q j

i

(A8)

where qj is defined as the tied group, and tj the number of observations in the jth group.
The possible significant trend has been identified by using the Z value (A9). Specifically, a
positive (negative) value of Z indicates an increasing (decreasing) trend:

√ S −1 i f S > 0


VAR(S)

Z=
0 if S = 0


 √ S +1 i f S < 0
VAR(S)






(A9)





In Tables 5 and 6, we calculated Z at different significance levels, i.e., 90%, 95%, and
99% (two tailed test).
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We further used the Sen’s nonparametric method to estimate the linear slope of a
possible trend. For given time series data Xi = x1 , x2 , . . . , xn , the Sen’s slope equation is:
s(t) = At + B

(A10)

where A is the slope, and B is the intercept. The parameter A is estimated by computing the
slopes of all pairs of data (A11):
Ai =

X j − Xk
j−k

j>k

(A11)

where the total number N of Ai is defined as (A12):
N=

n ( n − 1)
2

(A12)

where n is the total number of xj of the dataset. The Sen’s slope Amed (A13) is defined as the
median of the N ranked values of Ai :



i f N is odd 
 A(N2+1 )


(A13)
Amed =
A
+
A


(N
( N2+2 )


2)
i
f
N
is
even
2
A positive value of Amed represents an increasing trend and vice versa.
Appendix B
Table A1 reports the acronyms we used in the manuscript.
Table A1. List of acronyms used in this work (alphabetical order).
Bias
CBS
DJF
ERA5
ECMWF
HMAX
IFS41r2
ITA
JJA
LBS
MAE
MAM
MESCT
MIKE
MK
R2
RMSE
RON
SBS
SCI_CT
SD
SI
SON
SSE
SWH
Tm
Tp
WAM
W10
θ
θWind

Arithmetic Mean Value of the Errors
Coastal Boundary Section
Winter (December–February)
ECMWF Reanalysis v5
European Centre for Medium-Range Weather Forecasts
Maximum Wave Height
ECMWF Integrated Forecast System model
Innovative Trend Analysis
Summer (June–August)
Lateral Boundary Section
Mean Absolute Error
Spring (March–May)
Marine Experimental Station of Capo Tirone
MIKE 21-3 Coupled Model FM
Mann-Kendall test
Correlation Coefficient
Root Mean Square Error
Italian National Sea Wave Measurement Network
Seaward Boundary Section
Marine Protected Area of Capo Tirone
Standard Deviation
Scatter Index
Autumn (September–November)
Sen’s Slope Estimator
Significant Wave Height
Mean Wave Period
Peak Wave Period
WAve Model
10 m Wind Speed
Wave Direction
Wind Direction
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