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A B S T R A C T   

An analysis of a 40-year long wave time series was carried out in the Mediterranean basin to identify ongoing 
trends of three wave parameters: significant wave height, energy period and wave power. Synthetic wave data 
were deduced from the global atmospheric reanalysis ERA-Interim by the ECMWF. After a preliminary data 
examination, a trend analysis, at annual and seasonal scales, was performed on the mean and maximum values 
through the Mann-Kendall test. Moreover, the application of the Theil-Sen estimator allowed us to quantify the 
magnitude of the increase/decrease in the wave parameters. Results highlighted different behaviours between 
the mean and the maximum values. In general, an overall increase in the mean wave quantities was observed, 
particularly for the energy period, while the increase in the maximum wave parameters was limited to a few grid 
points. For both the mean and the maximum values, negative trends were identified in specific areas of the 
Mediterranean Sea, especially for the significant wave height and the wave power. The study findings could be 
useful for analyses linked to various activities such as coastal inundations and erosions, the design of marine 
structures and the identification of optimal sites for field installations of Wave Energy Converters.   

1. Introduction 

The Mediterranean is characterized by several human activities, 
which have led to strong urbanization and tourism, particularly near the 
coastal zones. At the same time, this area is frequently exposed to nat-
ural hazards such as earthquakes, volcano eruptions, floods, sea storms, 
fires and drought. As a result, several new challenges from climate 
change arise, involving warming, severe droughts, changing extreme 
events and ocean acidification (e.g. Cramer et al., 2018). The fifth report 
of the International Panel on Climate Change (IPCC, 2013) has under-
lined that the Mediterranean is one of the most vulnerable areas in the 
world to the impacts of global warming. Indeed, due to a strong vari-
ability of climatic variables, such as mean surface air temperature and 
precipitation, the Mediterranean Sea is considered a hot-spot for climate 
change effects (e.g., Giorgi, 2006). 

In this context, the marine parameters are largely influenced by 
climatic changes at different spatial scales (Weisse and von Storch, 
2010). Several physical processes of interest for coastal engineering are 
significantly affected by climate change. These include storm surges 
(Wang et al., 2008), sea level rises (Dasgupta and Meisner, 2009) and 

variations of the frequency and direction of extreme wind and wave 
events (González-Alemán et al., 2019) that lead to the increase in wave 
phenomena like run-up (Xu and Perrie, 2012) and overtopping (Chini 
and Stansby, 2012). Moreover, the change of wave parameters can in-
fluence the coastal erosion processes (Martins et al., 2017), the design 
and survivability of ships and marine structures (e.g., Foti et al., 2020) 
and, more recently, the performances of Wave Energy Converters 
(WECs) (Sierra et al., 2017; Aristodemo and Algieri Ferraro, 2018; 
Reguero et al., 2019). 

In this last context, it is expected that, over the next years, wave 
energy conversion will be subject to a significant advance in research, 
design and field testing due to the increasing demand of renewables in 
energy supply (Sierra et al., 2017). Then, the knowledge of trends of the 
wave power can have a strong influence in addressing future economic 
investments in this field. To assess the wave energy potential at various 
locations in the world, the majority of studies in literature aimed to 
evaluate the yearly and seasonal mean wave power (e.g., Clément et al., 
2002; Gunn et al., 2012; Vicinanza et al., 2013). However, this kind of 
approach does not give a realistic performance of a marine site to pro-
vide an installation of wave farms, since the analysis of the temporal 
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variability of the wave energy resource is lacking. As pointed out by 
some authors (Neill and Hashemi, 2013; Reguero et al., 2015; Guillou 
and Chapalain, 2020), the inter-annual and seasonal variability of the 
wave power strongly influences the site selection, with potential nega-
tive consequences for the performance of WECs and their economic 
feasibility. As a result, the exploitable resource of less energetic sites 
having a small temporal variability proves to be comparable with most 
energetic ones having a large temporal variability (Portilla et al., 2013; 
Besio et al., 2016). 

1.1. Wave trends in the world 

The effects of climate change on marine areas can be used through 
long-term records of sea states, and to obtain a reliable trend analysis in 
a specific area, more than 30 years of wave recordings are needed (e.g., 
Shanas and Kumar, 2015). Notably, wave data are less diffused with 
respect to extensive datasets of land variables such as rainfall, temper-
ature, vapour and cloud, which were regularly collected since the 
beginning of the past century (e.g., Mitchell and Jones, 2005). In any 
case, wave climate variability and trends have been widely investigated 
for various seas of the world though the use of different wave databases. 
Zikra et al. (2016) focused their attention on the trends in monthly 
significant wave heights, Hs, in Indonesia seas. Vanem and Walker 
(2013) investigated long-term trends in the time series of minimum, 
mean and maximum Hs values for an area of the North Atlantic Sea at 
different time scales. Kumar et al. (2018) analysed trends in the annual 
mean Hs values in the Arabian Sea and the Bay of Bengal. With reference 
to the China seas, previous quantities were studied by Zheng et al. 
(2017), while Shi et al. (2019) focused on yearly mean trends of 99th 
percentile of Hs. In the work by Hithin et al. (2015), trends in the annual 
maximum and mean Hs values and those linked to the mean 
zero-crossing wave period, Tm, were analysed in the Central Arabian 
Sea. In the Northeast Atlantic Sea, Castelle et al. (2018) detected trends 
in the mean and 98th percentile of Hs values during winter season. Off 
the Portuguese coast, trends in the yearly extreme Hs values were 
studied by Muraleedharan et al. (2016). Ulazia et al. (2017) assessed 
trends over the Bay of Biscay in the mean Hs values, also considering the 
corresponding values of energy period, Te, and wave power, P. At a 
global scale, Aarnes et al. (2015) investigated the Hs trend at annual and 
monthly scale, highlighting a positive trend in mean wave conditions in 
the tropical ocean zones, and null trend or a slightly negative trend in 
the northern parts of the Pacific and Atlantic Oceans. 

1.2. Wave trends in the Mediterranean Sea 

Regarding the Mediterranean Sea, the object of the present study, 
some trend analyses have been carried out. Musić and Nicković (2008) 
detected trends at yearly scale of the 50th, 90th and 99th percentile of Hs 
in the Eastern Mediterranean between 1958 and 2001, through the use 
of the wave model WAM forced by the atmospheric model REMO. In 
particular, overall decreasing trends were observed, while for the 
Aegean Sea and near the coasts of Libya and Egypt, slightly positive 
trends in the 90th and 99th percentile were noticed. Martucci et al. 
(2010) performed a trend modeling of average and extreme Hs values for 
some points belonging to the Italian seas in the period 1958–1999 
adopting the WAM forced by the ERA-40 dataset. The authors high-
lighted the existence of an initial negative trend in Hs and successive 
positive trends, i.e. after a turning point in the late 80s. For the whole 
Mediterranean Sea and using satellite measurements, Young et al. 
(2011) analysed the yearly mean of the 90th and 99th percentile of Hs, 
obtaining an overall positive trend in the 1985–2008 time window. 
Casas-Prat and Sierra (2013) carried out a trend analysis during summer 
and winter in the area involving the Balearic Sea and the Gulf of Lion, 
taking into account the mean and extreme values of Hs, peak period, Tp, 
and mean wave direction, θ. Through the use of five combinations of 
global-regional circulation models, this analysis showed a maximum 
rate of projected changes of around ±10% for mean conditions versus 
±20% for extreme climate. In a recording station of the northern Adri-
atic Sea, Pomaro et al. (2017) studied Hs trends between 1979 and 2015, 
highlighting an evident decrease in the highest percentile (99th) and a 
smaller increase in the 50th and 75th ones. Along the Calabrian coast 
belonging to the southern Italy, Caloiero et al. (2019) detected slightly 
positive trends in the yearly and seasonal mean values of Hs and relevant 
positive trends in those related to Te on the basis of a 39-year-long time 
series deduced from ERA-Interim wave database. The same dataset was 
used by Caloiero and Aristodemo (2021) to detect trends of yearly and 
seasonal mean values of Hs, Te and P along the Italian seas, showing 
overall positive trends particularly for Te, mainly in the Ionian and 
Tyrrhenian seas, and a higher percentage of variability during seasons 
when compared to the annual analysis. Lastly, De Leo et al. (2020) 
analysed trends over the Mediterranean basin for maxima, 98th 
percentile and mean Hs at yearly scale using 40 years of numerical 
hindcast of sea states, evidencing a different trend behaviour between 
mean and extreme values. 

Fig. 1. Map of Mediterranean Sea with the location of ECMWF wave nodes.  
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1.3. Aims of the work and organization of the sections 

The objective of the present investigation is to detect and quantify 
possible trends in the significant wave height over the Mediterranean 
basin, by considering, the energy period and the wave power for the first 
time. This study aims to analyze the trends of the wave power, P, and the 
wave parameters, Hs and Te, included in its calculation. The mean and 
maximum values of Hs, Te and P have been analysed at seasonal and 
annual scales. 

The present paper is organised as follows. In Section 2, the interest 
zone and the input wave data are briefly presented. The adopted 
methodologies, with reference to the evaluation of the wave power and 
the approaches to perform the trend analysis, are described in Section 3. 
The mean and maximum wave parameters are firstly assessed in the 
Mediterranean basin, and then a trend analysis at yearly and seasonal 
scales is performed in Section 4. In Section 5 a comparaison between the 
current trend results with those obtained by previous studies is carried 
out. The last section presents the conclusions. 

2. Interest zone and input wave data 

The Mediterranean Sea is connected to the Atlantic Ocean through 
the Strait of Gibraltar and is substantially enclosed by land: on the north 
by Southern Europe and Anatolia, on the south by North Africa, on the 
east by the Levant and on the west by Spain and France. It covers an area 
of about 2.5 million of km2, representing 0.7% of the global ocean 
surface. Placed between 30◦ and 46◦ N and 6◦ W and 36◦ E, it shows a 
west-east length of about 4000 km with mean and maximum water 
depths of 1430 m and 5121 m, respectively. 

In this work, the wave data related to Hs and Te in the period 
1979–2018 were obtained from the global atmospheric reanalysis ERA- 
Interim by the ECMWF, for a total of 40 years, a spatial resolution of 
0.75◦ × 0.75◦ and time sampling of 6 h. Fig. 1 shows the adopted 417 

wave nodes in the Mediterranean basin, with the classification of the 
principal marginal seas. In particular, red points refer to wave nodes in 
deep water conditions (98.1% of the total ones), while blue points are 
associated with wave nodes that can occur in deep or intermediate water 
conditions (1.9% of the total ones). The involved ECMWF nodes are 
placed at water depths oscillating between 17.7 m and 4441.7 m. 

3. Methodology 

3.1. Estimate of wave parameters 

The wave quantities representing sea states used in the present work 
are Hs and Te. In addition, the wave power per unit crest length, P, 
depending on Hs and Te, is also taken into account. 

Using the spectral analysis, the value of Hs is equal to: 

Hs = 4
̅̅̅̅̅̅
m0

√
(1)  

where m0 is the zero-th spectral moment that is determined as: 

m0 =
∑

ij
SijΔfiΔθj (2)  

in which Sij is the density over the i-th frequency and j-th direction, Δfi is 
the i-th frequency width of the density and Δθi is the j-th angular width of 
the density. 

The value of Te, which represents the variance-weighted mean period 
of the one-dimensional density spectrum, is given by the following 
equation: 

Te =
m− 1

m0
(3)  

being m-1 the minus-one spectral moment due to: 

Fig. 2. Characterization of the mean annual values of (a) Hs (b) Te and (c) P and of the maximum annual values of (d) Hs (e) Te and (f) P through boxplots.  
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m− 1 =
∑

ij
f − 1
i SijΔfiΔθj (4)  

where fi is the i-th frequency. 
The value of P is determined by the following general expression 

adopted for all water conditions (i.e. from deep to shallow): 

P=Ecg (5)  

where E is the wave energy expressed as: 

E =
ρg
16

H2
s (6)  

where ρ (density of salt water) ≈ 1025 kg/m3 and g (gravity accelera-
tion) ≈ 9.806 m/s2. 

The group celerity, cg, is given by: 

cg =
c
2

[

1+
2kd

sinh(2kd)

]

(7)  

where c (mean celerity) = Lm/Te, k (mean wave number) = 2π/Lm, d is 
the water depth and Lm is the mean wave length calculated by the linear 
dispersion relationship as: 

Lm =
gT2

e

2π tanh(kd) (8) 

A quadratic and linear dependency of P on Hs and Te, respectively, 
can be noted. 

The values of Hs and Te taken from the ECMWF dataset were subject 
to a processing phase in order to check their consistency for the subse-
quent analyses. Some criteria were adopted to eliminate not physical i-th 
wave parameters in the following manner (Algieri Ferraro et al., 2016): 

Fig. 3. Spatial distribution of the mean annual values of (a) Hs (b) Te and (c) P and of the maximum annual values of (d) Hs (e) Te and (f) P.  
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• appearing of Not a Numbers, zero and repeated values; 
• outlier data incompatible with their spatial location in the Mediter-

ranean Sea, i.e. values of Hs and Te greater than 10 m and 18 s, 
respectively;  

• |Hs,i+1-Hs,i| > 1.5 m with |θi+1-θi|< 30◦, whereθ is the mean wave 
direction;  

• Tp,i/Te,i > 2, where Tp is the peak period;  
• Hs,i/Lp,i < 0.1 (as in Miche, 1951). 

where Lp (peak wave length) = gTp
2tanh(kd)/(2π). 

Considering all ECMWF wave nodes, the mean efficiency given by 
the ratio between processed data and initial ones is generally good and 
equal to 99.94%. 

3.2. Mann-Kendall test 

The possible presence of temporal tendencies in the Hs, Te and P 
series has been assessed by means of two non-parametric tests. In 
particular, the statistical significance was assessed with the Mann- 
Kendall (MK) non-parametric test (Mann, 1945; Kendall, 1962). 

Equation (9) shows the MK statistic S, considering the null hypoth-
esis (H0) that the data come from a population whose random variables 
are independent and identically distributed, while the alternative hy-
pothesis (H1) represents the existence of a monotonic trend. 

S=
∑n− 1

i=1

∑n

j=i+1
sgn

(
xj − xi

)
; with sgn

(
xj − xi

)
=

⎧
⎨

⎩

1 if
(
xj − xi

)
> 0

0 if
(
xj − xi

)
= 0

− 1 if
(
xj − xi

)
< 0

(9)  

Fig. 4. (a) Seasonal and annual percentages of grid points presenting positive or negative trends in the Hs mean values and (b) spatial distribution of the annual trend 
of mean Hs. 
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where n is the size of the sample and sgn is the signal of the difference of 
subsequent data. 

For independent and randomly ordered values, the statistic S ap-
proximates to the normal distribution, for samples with n > 10, with 
mean and variance given by: 

E(S) = 0 (10)  

Var(S)=

[

n(n − 1)(2n+ 5) −
∑p

1=1
ti(ti − 1)(2ti + 5)

]/

18 (11)  

where E is the mean of S, Var is the variance of S, p is the number of tied 
groups and tj is the number of data of the j-order tied group. 

The standardized test statistic ZMK can be computed as: 

ZMK =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

S − 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(S)

√ for S > 0

0 for S = 0
S + 1
̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(S)

√ for S < 0

(12) 

By applying a two-tailed test, for a specified significance level α, the 
significance of the trend can be evaluated. In particular, in this work, the 
series of Hs, Te and P have been examined for a significance level equal to 
90%. 

3.3. Theil-Sen estimator 

The slopes of the trends were calculated by the Theil-Sen (TS) esti-
mator (Sen, 1968) which has been selected because it is more powerful 
than linear regression methods in the trend slope evaluation in the 
presence of outliers in the series. 

The first step in the calculation of the TS estimator is to evaluate the 
values of Qi, given N pairs of data: 

Qi =
xj − xk

j − k
for , i  =  1, ...,N (13)  

in which xj and xk are the data values at times j and k (with j>k), 
respectively. 

If there is only one datum in each time period, then N = n(n–1)/2, 

where n is the number of time periods. If there are multiple observations 
in one or more time periods, then N<n(n–1)/2, where n is the total 
number of observations. 

The TS estimator is then computed as the median Qmed of the N values 
of Qi, ranked from the smallest to the largest: 

Qmed =

⎧
⎪⎨

⎪⎩

Q[(N+1)/2] if N is odd

Q[N/2] + Q[(N+1)/2]

2
if N is even

(14) 

The Qmed sign reveals the trend behaviour, while its value indicates 
the magnitude of the trend. 

4. Results 

4.1. Wave climate analysis 

After the quality check of the ECMWF data, an assessment on the 
wave climate in the Mediterranean Sea was carried out through the 417 
grid series of Hs and Te and the obtained values of P by Eq. (5). This 
preliminary analysis proves to be useful to match the mean and 
maximum wave parameters with the projections obtained by the trend 
analysis. 

Fig. 2 highlights the spatial distribution of the mean and maximum 
Hs, Te and P series in the Mediterranean basin at yearly scale. Specif-
ically, all the left subplots refer to the mean values, while all the right 
subplots refer to the maximum ones. With reference to the mean Hs 
series (Fig. 2a), the largest values, i.e. greater than 1 m, occurred be-
tween the Algerian Sea and the southern part of France (Gulf of Lion), in 
the Southern zone of the Tyrrhenian and Ionian seas and between the 
Aegean and Levantine seas. This spatial distribution is quite similar to 
that simulated using the WAM model and observed satellite data from 
ESA-CNES network (Lionello et al., 2008; Galanis et al., 2012). The peak 
of the mean Hs values is 1.26 m and was identified in the northern part of 
the Algerian basin. The lowest mean Hs values, i.e. less than 0.4 m, were 
detected in the northern areas of the Ionian and Adriatic seas. Except for 
few cases, close to the coasts, the mean values of Hs were smaller than 
those observed in the open seas. In detail, the mean value of Hs in the 
open seas is 0.94 m. Regarding the mean Te values (Fig. 2b), this wave 
parameter showed lesser spatial variability with respect to Hs, with the 
greatest values, i.e. larger than 4.5 s, diffused in a large area belonging to 

Fig. 5. Spatial distribution of the seasonal trend of the mean Hs values for (a) winter, (b) spring, (c) summer and (d) autumn.  
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the central and southern Mediterranean basin. The lowest mean Te series 
were substantially identified in the Adriatic Sea, especially in its 
northern part, with the smallest value equal to 2.97 s located in the same 
node where the lowest mean Hs value occurred. Paying attention to the 
mean P values (Fig. 2c), their spatial variability is more relevant than the 
Hs and Te ones. Average wave powers greater than 6 kW/m were 
concentrated between the Algerian basin and the southern part of France 
and close to the Strait of Sicily, with a peak value of 9.16 kW/m indi-
viduated in the northern part of the Algerian Sea. The lowest P values, i. 
e. less than 3 kW/m, were detected in the Balearic, Ligurian and Adriatic 
seas, and in the northern areas of the Tyrrhenian, Ionian, Aegean and 
Levantine seas, particularly for the grid points near the coasts. The 
above results on mean P values agree with the wave energy assessments 
for electricity purposes performed in the Mediterranean Sea by Liberti 
et al. (2013), Besio et al. (2016) and Vannucchi and Cappietti (2016) 
using other wave databases. 

Concerning the spatial distribution of the maximum series, a larger 

variability in the data occurred when compared to the mean ones. As 
also observed by Lionello et al. (2008), the areas with the largest 
maximum values of Hs, i.e. greater than 7 m, correspond to those 
observed for the mean values (Fig. 2d). For example, the maximum 
value of Hs (8.59 m) has been identified in the northern part of the 
Algerian basin. A similar correspondence has been detected between the 
lowest maximum, i.e. less than 4 m, and minimum values of Hs. Indeed, 
except for some grid points located in the northern parts of Aegean and 
Levantine seas, the majority of the mentioned values were mainly 
detected in the northern areas of Ionian and Adriatic basins. Fig. 2e 
shows a different spatial distribution of the maximum Te values than the 
mean ones. In fact, the highest values, i.e. larger than 12 s, were 
concentrated in the Alboran Sea, with a peak equal to 15.95 s, while 
lower values, ranging from 11 s to 12 s, were detected in the Algerian 
basin and between the Ionian and the Levantine seas. With respect to the 
spatial distribution of the maximum P (Fig. 2f), values larger than 250 
kW/m occur in the Algerian Sea (maximum value of 357.3 kW/m), as in 

Fig. 6. (a) Seasonal and annual percentages of grid points presenting positive or negative trends in the Te mean values and (b) spatial distribution of the annual trend 
of mean Te. 
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the case of the corresponding mean values, in the Ionian Sea and in the 
Libyan coasts. The lowest P values, i.e. less than 100 kW/m, were 
observed in some parts of Ligurian, Ionian, Aegean and Levantine basins 
and in the Adriatic Sea. 

In Fig. 3, the mean and maximum Hs, Te and P series have been 
characterized at seasonal and annual scales through boxplots. The bot-
tom and top of the box represent the second and third quartiles, the band 
within the box represents the median and the ends of the whiskers are 
the minimum and maximum of all of the wave nodes. As in Fig. 2, all the 
left subplots refer to the mean values, while all right subplots refer to the 
maximum ones. Fig. 3a, b and 3c show the seasonal and yearly mean Hs, 
Te and P values, respectively. As expected, for all the variables the 
greatest values were observed during winter, while the lowest ones were 
identified in summer. Similarly, considering the variability of the 
different variables, in winter and in summer the largest and the smaller 
variabilities have been identified, respectively. This seasonal behaviour 
could be linked to the climate of the Mediterranean basin and, in 
particular, to the local wind patterns and the magnitude of the marginal 
Seas, i.e., the extension of the fetches. In fact, the western Mediterranean 
basin is exposed to different strong winds (i.e. the Vendaval wind from 
the South West of the Balearic basin, the Ponente wind from the West 
through the Straits of Gibraltar, the Mistral wind from the North West, 
the Sirocco wind from the South and South East, the Levant wind from 
East and North East, the Libeccio wind from South West in Corsica and 
the Tyrrhenian basin, the Tramontane wind from the North, and the 
Marin from the South West of the Gulf of Lion) whose intensity differ 
among the several seasons (Amarouche and Akpınar, 2021). 

In particular, considering the three variables, the wave power is 
characterized by the greatest seasonal variability, while an opposite 
behaviour has been observed for the energy period. Furthermore, for all 
the variables, the yearly mean distributions were very close to those 
detected in spring. Fig. 3d, e and 3f describe the seasonal and yearly 
maximum Hs, Te and P values, respectively. Also for this analysis, the 
largest values were detected in winter, as well as the highest variability, 
which occurred in this season and for the wave power. Also, the yearly 
maximum Hs, Te and P values corresponded to those obtained during 
winter. In addition, the maximum Hs, Te and P values during spring and 
autumn are similar, particularly for Te. These results are consistent with 
a number of investigations conducted in shelf seas (e.g., Neill and 
Hashemi, 2013; Guillou and Chapalain, 2020) such as the 

Mediterranean Sea (Liberti et al., 2013; Besio et al., 2016). 
In order to investigate the inter-annual and seasonal variability that 

can influence the optimal selection of a site for WEC installations, an 
analysis of the coefficient of variation and the seasonal variability index 
was carried out on the basis of the mean wave power at annual and 
seasonal scales (see Appendix A). Furthermore, the spatial and temporal 
correlations between the involved three wave parameters, i.e. Hs–Te, 
Hs–P and Te–P, have been identified through the determination of the 
Pearson correlation coefficient. Considering mean and maximum values 
of Hs, Te and P at yearly scale, these correlations are shown in Appendix 
B. 

4.2. Trend analysis of mean values 

The results of the trend analysis applied to the annual and seasonal 
mean Hs values are presented in Fig. 4 and Fig. 5. In particular, Fig. 4a 
shows the percentages of grid points with a positive or negative trend for 
Hs. As a result, at annual scale, a marked positive trend was detected. In 
fact, about 90% of the grid points showed a positive trend, while sig-
nificant negative trends were identified in only 2.4% of the grid points. 

The positive trend of yearly mean Hs values is spatially distributed 
throughout the entire study area, with the highest increment detected in 
the western part of the Mediterranean basin, in front of Algeria, where 
the application of the Theil-Sen estimator has allowed the authors to 
identify an increase of more than 0.04 m/10 years (Fig. 4b). It is worth 
noting that, in Fig. 4b, as well as in the following Figures explaining the 
spatial distribution of the trends, squares dimension indicates the sig-
nificance level (SL) of the trend. In particular, large squares dimension 
suggests a significant trend (SL = 90%), while small squares otherwise, i. 
e. a not significant trend. A lower increasing trend of Hs was detected in 
the central zone of the Mediterranean Sea and the western parts of the 
Tyrrhenian and Levantine seas, with a magnitude greater than 0.02 m/ 
10 year (Fig. 4b). As regards the Aegean Sea, this is the only area in the 
Mediterranean basin where a negative trend of the annual mean Hs 
values was identified, with a maximum reduction of − 0.016 m/10 years 
(Fig. 4b). 

As shown in Fig. 4a, the trend analysis performed at seasonal scale 
confirmed the results obtained at annual scale, with a marked positive 
trend of the mean Hs values, even though with a different behaviour 
from season to season. In winter, about 55% of the grid points showed 

Fig. 7. Spatial distribution of the seasonal trend of the mean Te values for (a) winter, (b) spring, (c) summer and (d) autumn.  
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significant positive trends. Similarly, in spring only significant positive 
trends were obtained, involving more than 74% of the grid points. 
Conversely, in summer and in autumn both positive (more than 70% and 
80% of the grid points, respectively) and negative (2.4% and 2.9% of the 
grid points, respectively) trends of the mean Hs values were detected. 

As regards the seasonal analysis, Fig. 5 shows the spatial distribution 
of the results in the Mediterranean Sea, confirming different trend be-
haviours of Hs in the several seasons. In fact, during winter (Fig. 5a) 
positive trend values of Hs were mainly detected in the Algerian, Tyr-
rhenian and Levantine basins, with increases of more than 0.06 m/10 

years, more than 0.03 m/10 years and more than 0.02 m/10 years, 
respectively. During spring, relevant positive trends (more than 0.03 m/ 
10 years) were identified in the southern part of the Algerian basin and 
in the Ionian basin (Fig. 5b). In summer, the trend behaviour is similar to 
the one obtained for spring, with the highest values (more than 0.04 m/ 
10 years) detected in both the southern part of the Algerian basin and in 
the Ionian basin. Differently from the spring trend, in summer negative 
trends (more than − 0.01 m/10 years) have been identified between the 
Aegean and the Levantine basins (Fig. 5c). Finally, concerning autumn, a 
marked positive trend (maximum magnitude equal to about 0.05 m/10 

Fig. 8. (a) Seasonal and annual percentages of grid points presenting positive or negative trends in the P mean values and (b) spatial distribution of the annual trend 
of mean P. 
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years) of Hs has been highlighted with the exception of the Aegean Sea, 
where a negative trend was detected, with a maximum reduction of 
more than − 0.04 m/10 years (Fig. 5d). 

The trend analysis was also performed for the yearly and seasonal 
mean Te values (Figs. 6 and 7). Fig. 6a highlights the percentages of 
wave nodes with a positive or negative trend using Te. When compared 
to Hs, a marked and significant positive trend for all the temporal ag-
gregations is evident. Specifically, at annual scale, 99.5% of the wave 
nodes denoted a significant positive trend. 

Fig. 6b shows the spatial distribution of the trends for the yearly 
mean Te values in the Mediterranean Sea. Positive trends with different 
magnitudes occurred in the entire studied basin. Highest positive trends 
of about 0.15 s/10 years appeared in the Algerian Sea, in the entire 
Tyrrhenian Sea and in the most part of the Ionian and Levantine seas. 

The seasonal analysis of the trends applied to mean Te values high-
lighted a similar behaviour of that performed at annual scale (Fig. 6a). 
The percentage of grid points having a significant positive trend was 
greater than 90% for all seasons. Specifically, percentages correspond-
ing to 95.2%, 98.6%, 94.5% and 95.9% of the wave nodes were observed 
during winter, spring, summer and autumn, respectively. 

Fig. 7 describes the spatial variation of the seasonal trend analysis on 
the mean Te values in the Mediterranean Sea. For all the seasons, posi-
tive trends occurred in almost all areas of the Mediterranean Sea, except 
for some nodes in the Aegean Sea where no trends were observed. In 
particular, during winter (Fig. 7a), a maximum positive trends of Te of 
more than 0.17 s/10 years was observed in the Algerian Sea. The spatial 
trend behaviour in spring (Fig. 7b) is similar to the winter one (Fig. 7a), 
with the exception of a higher concentration of positive trends in the 
Ionian and Levantine basins. The greatest increment is equal to 0.18 s/ 
10 years and located in the Balearic Sea. During summer (Fig. 7c), 
positive trends were mainly detected in the Algerian and Tyrrhenian 
seas and in the Southern area of the Ionian Sea, with a maximum in-
crease of 0.17 s/10 years occurring in the Tyrrhenian one. In the last 
analysed season, i.e. autumn, a significant percentage of grid points 
showed positive trends with a magnitude ranging from 0.1 s to 0.2 s/10 
years, especially in the Algerian, Balearic, Tyrrhenian and Ionian seas 
and the eastern part of the Levantine Sea where a magnitude slightly 
greater than 0.2 s/10 years has been identified (Fig. 7d). 

Fig. 8 and Fig. 9 describe the results of the trend analysis performed 
on the yearly and seasonal mean P values. In particular, Fig. 8a shows 

the percentages of grid points with a positive or negative trend consid-
ering P. Owing to the quadratic dependency on Hs and the linear de-
pendency on Te, there is a prevalence of positive trends for this involved 
quantity. In fact, at annual scale, 79% of the grid points highlighted a 
positive trend, while a percentage of 1.9% of the grid points denoted a 
negative trend. 

Fig. 8b shows the spatial distribution of the trends for the yearly 
mean P values in the Mediterranean basin. As a result, a marked per-
centage of wave nodes with positive trends has been observed, with a 
maximum value equal to 0.53 kW/m/10 years identified in the Algerian 
Sea. Negative trends occurred in the central part of the Aegean Sea with 
a maximum magnitude equal to − 0.12 kW/m/10 years. 

At seasonal scale, the percentage of wave nodes presenting a sig-
nificant trend decreases with respect to the annual scale (Fig. 8a). Spe-
cifically, significant positive trends associated to winter, spring, summer 
and autumn occurred in 34.5%, 49.9%, 68.1% and 57.9% of the wave 
nodes, respectively. Significant negative trends appeared only in sum-
mer and autumn with a percentage equal to 5% and 3.8%, respectively. 

Fig. 9 illustrates the spatial variation of the trends for the seasonal 
mean P values in the Mediterranean Sea. As a result, a relevant spatial 
variation of the trends during the four seasons was obtained. In winter 
(Fig. 9a), the highest positive trends were identified in the Algerian Sea, 
reaching a maximum value slightly larger than 1 kW/m/10 years. 
During spring (Fig. 9b), the spatial distribution of the trend evaluated for 
mean P values was characterized by a prevalence of positive values 
oscillating from 0 to 0.4 kW/m/10 years and mainly concentrated in the 
Balearic, Algerian, Tyrrhenian and Ionian seas. In summer (Fig. 9c), a 
dominance of positive trends oscillating between 0 and 0.4 kW/m/10 
years, principally distributed in the central part of the Mediterranean 
basin, has been highlighted. A maximum trend magnitude of 0.24 kW/ 
m/10 years has been identified in the Ionian Sea. Between the Aegean 
and Levantine seas, some wave nodes showed negative trends, with a 
maximum value equal to − 0.14 kW/m/10 years. Similarly to spring and 
summer, during autumn (Fig. 9d) positive trends characterized the most 
part of the wave nodes, mainly in the Adriatic, Tyrrhenian and Ionian 
seas and especially in the Algerian Sea, with the greatest value equal to 
0.64 kW/m/10 years. Similarly to summer, negative trends occurred in 
the Aegean Sea, where one wave node showed the greatest negative 
trend in this season, namely − 0.47 kW/m/10 years. 

Fig. 9. Spatial distribution of the seasonal trend of the mean P values for (a) winter, (b) spring, (c) summer and (d) autumn.  
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4.3. Trend analysis of maximum values 

Concerning the yearly and seasonal maximum Hs values, the ob-
tained results of the trend analysis are shown in Fig. 10 and Fig. 11, 
respectively. Fig. 10a shows the percentages of wave nodes having 
positive or negative trends. At yearly scale, a strong reduction of sig-
nificant positive trends was noticed in comparison with the mean values, 
leading to a percentage limited to 7% of the grid points. As in the case of 
the mean Hs values, the percentage of significant negative trends of the 
maximum Hs values was lower than the positive one and equal to 4.3% 

of the wave nodes. 
The spatial distribution of the trend analysis performed on the yearly 

maximum Hs values is shown in Fig. 10b. In this case, the highest pos-
itive trends were substantially observed in the Algerian, Adriatic and 
Levantine seas, with a maximum value equal to 0.18 m/10 years 
detected in the Algerian one. Negative trends were concentrated in the 
Tyrrhenian Sea, with an extreme value corresponding to − 0.24 m/10 
years. 

The trend analysis carried out at seasonal scale showed a general 
increase in significant positive trends of the maximum Hs values when 

Fig. 10. (a) Seasonal and annual percentages of grid points presenting positive or negative trends in the Hs maximum values and (b) spatial distribution of the annual 
trend of maximum Hs. 
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compared to the annual ones, particularly in summer and autumn 
(Fig. 10a). In fact, the percentages of significant positive trends reached 
values equal to 7.6%, 15.9%, 33.3% and 31.8% of the grid points during 
winter, spring, summer and autumn, respectively. Significant negative 
trends were observed for a percentage of grid points oscillating between 
1.7% (spring) and 7.9% (summer). 

The spatial results of the trend analysis on the seasonal maximum Hs 
values are illustrated in Fig. 11. In general, a relevant spatial variability 
of positive or negative trends among the seasons has been noticed. In 
winter (Fig. 11a), a similar spatial distribution than the yearly maximum 
Hs values has been observed, particularly for the negative trends with a 
maximum negative trend value equal to − 0.28 m/10 years and identi-
fied in the southern area of the Tyrrhenian Sea. Conversely, positive 
trends ranging from 0 to 0.2 m/10 years were detected in some wave 
nodes in the Levantine, Ionian, Aegean and Balearic seas where the 
highest magnitude (0.13 m/10 year) has been identified. During spring 
(Fig. 11b), the spatial distribution of positive or negative trends was 
quite different from that observed in winter. In fact, positive trends with 
a peak value equal to 0.16 m/10 years mainly occurred in the western- 
central area of the Mediterranean Sea, including the Alboran, Balearic, 
Algerian and Tyrrhenian seas, while negative trends up to − 0.13 m/10 
years were identified in some wave nodes belonging to the western part 
of the Levantine basin. In summer, as opposed to the previous months, 
the highest positive trends, i.e. between 0.1 and 0.2 m/10 years, were 
concentrated in the central area of the Algerian Sea and in the Ionian 
Sea, near the Libyan coast, with a maximum magnitude equal to 0.17 m/ 
10 years (Fig. 11c). Negative trends were detected in the western-central 
area of the Levantine basin, with an extreme value corresponding to 
− 0.09 s/10 years (Fig. 11c). In autumn (Fig. 11d), the highest positive 
trend magnitude for the maximum seasonal Hs values occurred. This 
value was equal to 0.21 m/10 years, and has been observed in the 
northern area of the Algerian Sea and, specifically, close to the island of 
Corsica. Negative trends of about − 0.2 m/10 years were instead 
concentrated in the western zone of the Levantine Sea. 

Paying attention to the annual and seasonal maximum Te values, the 
results deduced from the trend analysis are illustrated in Fig. 12 and 
Fig. 13, respectively. In particular, Fig. 12a highlights the percentages of 
grid points presenting positive or negative trends. As a result, at annual 
scale, a less marked positive trend has been identified when compared to 
the results obtained for the annual mean Te values. Indeed, only 30.2% 

of the wave data showed a significant positive trend. Conversely, the 
percentage of significant negative trends was very low and equal to 
0.2%. 

Based on the trend analysis, the resulting spatial assessment for the 
yearly maximum Te values is described in Fig. 12b. Positive trends 
occurred in various areas of the Mediterranean basin and, specifically, 
along the Balearic and Ligurian seas, in the northern parts of the Adriatic 
Sea, near the Tunisian coasts and especially in the Ionian basin with a 
maximum magnitude of 0.43 s/10 years. A negative trend of − 0.05 s/10 
years emerged only for one node in the Tyrrhenian Sea. 

Also at seasonal scale, a marked reduction of significant positive 
trends passing from mean to maximum Te values was generally noticed 
(Fig. 12a). In winter, a percentage of grid points equal to 19.2% and 
0.2% showed significant positive and negative trends, respectively. 
During spring, an increase in the maximum Te values has been detected 
in 39.9% of the grid points, while 0.5% of the grid points showed an 
opposite behaviour. In summer (72.8%), and in autumn (68.8%) the 
majority of the grid points evidenced a positive trend of the maximum Te 
values, while the percentage of grid points with significant negative 
trends was very low and equal to 0.2% for both the seasons. 

From a spatial point of view, during winter (Fig. 13a), positive trends 
of maximum Te values were detected in few parts of the Mediterranean 
basin, especially close to the coastal areas. In particular, increment 
greater than 0.2 s/10 years were concentrated in the Balearic, Ligurian, 
Adriatic and Ionian seas, with a maximum value of 0.4 s/10 years cor-
responding to a wave node located in the northern part of the Ionian Sea. 
Concerning the spring season (Fig. 13b), the highest positive trend was 
equal to 0.40 s/10 years and was observed in the Ligurian Sea, while in 
only two wave nodes in the Aegean Sea negative trends have been 
detected, with a peak value equal to − 0.1 s/10 years. In summer 
(Fig. 13c), a marked positive trend has been highlighted particularly in 
the Balearic and Ionian seas where, very close to the western Greek 
coast, the highest value of 0.37 s/10 years has been detected. A negative 
trend was observed in only one node placed in the Aegean basin, with a 
value equal to − 0.04 s/10 years. During autumn (Fig. 13d), the highest 
positive trends were detected in the western-central zone of the Medi-
terranean Sea, especially in the Alboran (0.43 s/10 years), Balearic and 
Ligurian seas. As in the case of summer, only one node in the Aegean Sea 
evidenced a negative trend, equal to − 0.09 s/10 years. 

Results of the trend assessment of the annual and seasonal maximum 

Fig. 11. Spatial distribution of the seasonal trend of the maximum Hs values for (a) winter, (b) spring, (c) summer and (d) autumn.  
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P values are shown in Fig. 14 and Fig. 15. As regards the percentage of 
grid points showing positive or negative trends in the annual maximum 
P values (Fig. 14a), only 5.6% and 4.1% of the wave nodes evidenced 
positive and negative trends, respectively. 

The spatial distribution of the trends related to the annual maximum 
P values is shown in Fig. 14b. Positive trends, between 5 and 10 kW/m/ 
10 years, were mainly detected in some grid points belonging to the 
Algerian Sea, with a peak value equal to 9.94 kW/m/10 years. Negative 
trends with magnitude ranging from − 10 to 0 kW/10 years, were indi-
viduated in one node near the southern coast of Sicily and in the Tyr-
rhenian Sea where a maximum negative value was equal to − 9.97 kW/ 
m/10 years has been identified. 

The percentages of grid points with positive or negative trends at 
seasonal scale regarding the maximum P values are illustrated in 
Fig. 14a. The percentages of significant positive trends was lower than 

that detected for the mean P values. Specifically, 8.1%, 17%, 34.8% and 
31.7% of the wave nodes showed increasing trends during winter, 
spring, summer and autumn, respectively. Conversely, a rise in the 
significant negative trends in comparison with those noticed for the 
mean P values was detected during all the seasons. In fact, negative 
tendencies were evidenced in 7.1%, 1.5%, 6.5% and 8.4% of the grid 
points for winter, spring, summer and autumn, respectively. The large 
variability of P values is due to the combination of Hs and Te, based on 
equation (5). 

The spatial distribution of the trends linked to the seasonal maximum 
P values is illustrated in Fig. 15. A marked variability among the seasons, 
and a general difference with the trend distribution detected for the 
seasonal mean P values, were observed. Due to its quadratic dependency 
on Hs, the present spatial behaviour resembles the one observed for the 
seasonal extreme Hs values (see Fig. 11). In winter (Fig. 15a), positive 

Fig. 12. (a) Seasonal and annual percentages of grid points presenting positive or negative trends in the Te maximum values and (b) spatial distribution of the annual 
trend of maximum Te. 
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trends were detected in some areas of the Balearic, Ionian, Aegean and 
Levantine seas, with a maximum value equal to 4.8 kW/m/10 years and 
observed in the Balearic basin. Negative trends were instead detected 
between Sicily and Libya and in the Tyrrhenian Sea were the maximum 
reduction of − 13.03 kW/m/10 years has been identified. A different 
spatial distribution was observed in spring when compared to the winter 
season (Fig. 15b), with a larger occurrence of positive trends in the 
western-central area of the Mediterranean basin and the eastern part of 
the Levantine Sea. The maximum positive trend was equal to 7.09 kW/ 
m/10 years and was detected in the northern part of the Algerian Sea, 
close to the Corsica Island. Concerning the negative trends, they were 
concentrated in the western area of the Levantine Sea, with a maximum 
reduction of − 3.69 kW/m/10 years. In summer (Fig. 15c), a maximum 
positive trend value equal to 5.17 kW/m/10 years has been detected in 
the Algerian Sea. Negative trends, instead, were observed in the Alboran 
Sea and in the central zone of the Levantine Sea with a maximum 
reduction of − 1.15 kW/m/10. As shown in Fig. 15d, the autumn season 
was characterized by the highest percentage of positive trends with 
respect to the other seasons. These trends were principally detected in 
the Algerian and Ionian seas, with a maximum increase equal to 9.22 
kW/m/10 years located in the southern part of the Algerian Sea. Simi-
larly to the summer season, the negative trends in autumn were 
concentrated in the Levantine Sea, with a peak value equal to − 5.98 
kW/m/10 years. 

5. Discussion 

In this Section, a discussion of the obtained results on the wave 
trends in comparison with literature studies was performed. 

With reference to the Eastern Mediterranean, involving the Ionian, 
Aegean and Levantine seas, the present findings related to the trends of 
mean wave parameters, with the exception of the Aegean basin, were 
different from that observed by Musić and Nicković (2008) who detected 
negative trends in the 50th percentile of Hs. The obtained results, 
instead, substantially agree with the ones obtained by Martucci et al. 
(2010) and Pomaro et al. (2017), who analysed the temporal evolution 
Hs for the Italian seas evaluated from different wave datasets in the 
periods 1958–1999 and 1979–2015, respectively. In particular, Mar-
tucci et al. (2010) evidenced an increasing trend in the yearly mean Hs 
series starting from 1989, while Pomaro et al. (2017) highlighted an 

increase in the 50th percentile of Hs. The analyses performed at a global 
scale by Young et al. (2011) revealed a positive trend on average Hs 
series in the most part of the Mediterranean Sea, with exclusion of some 
limited zones belonging to the Ionian, Ligurian, Levantine and Aegean 
seas. The obtained positive trends on mean Hs values also agreed with 
those obtained by De Leo et al. (2020) with reference to the Algerian and 
Ionian seas and the western area of the Levantine Sea, while they were in 
contrast in some areas such as the Ligurian Sea and the eastern part of 
the Levantine basin. 

With reference to Hs, the comparisons with the current results at a 
seasonal scale were limited to the analysis of Casas-Prat and Sierra 
(2013) in the Balearic Sea and the Gulf of Lion for summer and winter, 
and of Pomaro et al. (2017) in a unique point belonging to the Northern 
area of the Adriatic Sea. Both the former work and the present modeling 
reveal a prevalence of positive trends and, conversely, an occurrence of 
negative trends in some scattered areas. As in the latter study, the pre-
sent analysis also evidenced an increase in the 50th percentile of Hs in all 
seasons. 

The results obtained by the current analysis with reference to the 
trends of yearly maximum values of Hs were similar with those observed 
by Musić and Nicković (2008) in the Eastern Mediterranean where 
slightly positive and negative trends appeared in the 90th and 99th 
percentile. Considering the whole Mediterranean Sea, Young et al. 
(2011) highlighted an overall positive trend in the 99th percentile of Hs 
at yearly scale, which substantially disagrees with the results obtained 
here, except for some areas belonging to the Adriatic, Ligurian, Algerian 
and Levantine seas. This discrepancy could be due to a coarse spatial 
resolution of the input database (2◦ × 2◦). For the northern Adriatic Sea, 
where positive trends on the annual and seasonal maximum values of Hs 
were noticed, Pomaro et al. (2017), instead, detected overall negative 
trends considering the 95th and the 99th percentile, but using a tem-
poral aggregation of 3 h. De Leo et al. (2020) analysed the yearly 
maximum Hs in the entire Mediterranean basin using hourly wave data 
with a spatial resolution of about 0.1◦ × 0.1◦. Results showed a high 
percentage of not significant trends, as in the present study, with a 
general decreasing trend in the Tyrrhenian Sea, and in some zones of the 
Ionian, Adriatic and Levantine seas, not detected in this work. Moreover, 
as in the current analysis, positive trends were detected in the northern 
Adriatic Sea and in the Ligurian and Levantine seas, while those related 
in the Balearic and Aegean Sea were here not detected. 

Fig. 13. Spatial distribution of the seasonal trend of the maximum Te values for (a) winter, (b) spring, (c) summer and (d) autumn.  
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In order to better appreciate the results of this study, an important 
remark must be made concerning some uncertainty issues. In fact, 
reanalysis data, such as the ERA-Interim, because of some advantages 
such as coverage, availability and costs are largely used in research 
studies. However, they should only be used with a proper understanding 
of their limitations and uncertainties (Tarek et al., 2020). Indeed, un-
certainty estimation help understand the relative accuracy of the data, 
thus allowing to identify the areas or the periods where the products are 
thought to be less or more reliable (such as for recent dates compared to 
30 years ago when fewer observations were available). Unfortunately, 
an uncertainty estimate has not been provided for the ERA-Interim and, 
thus, the results of this study are characterized by the uncertainties 
associated with random error (e.g., Hersbach et al., 2020). In fact, the 

uncertainty estimates mostly account for random errors and not for 
systematic ones. In order to overcome such a problem, the new rean-
alysis dataset ERA5 by the ECMWF includes information about un-
certainties for all variables at reduced temporal resolutions (Hersbach 
et al., 2020). 

6. Conclusions 

A statistical trend analysis of mean and maximum values of signifi-
cant wave height, energy period and wave power at yearly and seasonal 
scale has been conducted in the Mediterranean basin. To perform this 
analysis, a 40-year long time series, obtained through the global atmo-
spheric reanalysis ERA-Interim by the ECMWF, has been used. The 

Fig. 14. (a) Seasonal and annual percentages of grid points presenting positive or negative trends in the P maximum values and (b) spatial distribution of the annual 
trend of maximum P. 
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Mann-Kendall nonparametric test has been applied to detect possible 
trends at yearly and seasonal scales. The quantification of the magnitude 
of positive or negative trends has been carried out through the Theil-Sen 
estimator. 

Concerning the trends of the mean values, the obtained results 
showed a general increase in the involved wave quantities at annual 
scale, mainly detected in the Algerian and Ionian seas. This positive 
trend was particularly evident for the energy period. The significant 
wave height was instead the quantity with the greatest trend variability. 
A decrease in significant wave height and wave power was observed in a 
limited area of the Aegean Sea. On a seasonal scale, positive trends were 
detected on the majority of the wave nodes. The highest increases of the 
significant wave height have been obtained during spring and autumn, 
and principally detected in the southern zone of the Mediterranean 
basin. Concerning the energy period, increases were spatially distrib-
uted in all seasons, while positive trends of the wave power were mainly 
observed during spring, summer and autumn. Paying attention to the 
results obtained by the trends of maximum values, a different feature 
was observed when compared to the analysis of the mean values. Indeed, 
significant trends of the considered three wave parameters were 
restricted to small zones of the Mediterranean basin, especially at yearly 
scale. However, the percentage of positive trends overcomes that of 
negative ones, which have been substantially detected in the Tyrrhenian 
and Levantine seas. The energy period represents the wave parameter 
with the highest percentage of significant trends. Considering the sea-
sonal analysis, the trend variability among the seasons proved to be 
high, particularly for the significant wave height and the wave power. 

The resulting analyses on Hs, Te and P can have a relevant impact on 
different operations in various areas belonging to the Mediterranean 
Sea. The possible increase in future of the mean values could lead to an 
increase in coastal vulnerability with a resulting long-term shoreline 
retreat (e.g., Martins et al., 2017). Simultaneously, the positive trend of 
mean values of P can offer an improvement of the performance of WECs 
(e.g., Aristodemo and Algieri Ferraro, 2018). However, the inter-annual 
and seasonal variability of the mean values of P should be considered. 
Indeed, the area with the highest wave power, i.e. the Algerian Sea, is 
affected by a moderate inter-annual and seasonal variability which can 
influence the optimal extraction of the wave power over the year. The 

other area with a consistent wave power, i.e. the central zone of the 
Ionian Sea, is subject to a significant seasonal variability, with potential 
negative implications for a stable extraction of the wave energy. Owing 
to the small inter-annual and seasonal variability, the western part of the 
Levantine Sea and the Ligurian Sea can be considered good locations for 
future WEC installations. 

Conversely, the small increase of maximum wave parameters, except 
for some isolated areas in the Mediterranean basin, weakly influences 
the magnitude of the design waves and then the sizing of offshore and 
coastal structures, and also the occurrence of coastal flooding due to 
extreme sea storms (e.g., Foti et al., 2020). 

Further analyses will be dedicated to investigate trends of mean and 
maximum values of Hs, Te and P in the Mediterranean basin at a higher 
space-time resolution with respect to the present wave dataset. In 
particular, wave databases such as ERA5 by ECMWF (e.g., Hersbach 
et al., 2020) and that provided by the hindcasting service of the Uni-
versity of Genoa (e.g., Mentaschi et al., 2015) will be considered. 
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Fig. 15. Spatial distribution of the seasonal trend of the maximum P values for (a) winter, (b) spring, (c) summer and (d) autumn.  
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Appendix A. Variability indicators for wave energy resource 

The temporal variability of the wave power proves to be an important indicator to understand the feasibility of field installations of WECs. To 
investigate this aspect, the mean wave power at annual and seasonal scales was considered in order to calculate two important metrics: the coefficient 
of variation (CV) and the seasonal variability index (SV) (Cornett, 2008). The first one allows to determine the amount of variability of P with respect 
to its average value as follows: 

CV =
σP

Pmean
(A.1)  

where σP represents the standard deviation of the mean annual wave power Pmean. 
Values of CV = 0 mean the absence of variability, while values of CV = 1 mean that the standard deviation equals the average. Figure A1 shows the 

spatial distribution of the coefficient of variation of the mean annual P values. In the investigated area, the values of CV oscillate about between 0.08 
and 0.3. This analysis allows to identify the areas more affected by the inter-annual variability. They substantially refer to the central Tyrrhenian Sea 
and the northern area of the Adriatic and Ionian seas, which are characterized by an overall low Pmean, also due to their proximity to the coasts. The 
lowest inter-annual variability is linked to the Alboran Sea, the northern part of the Algerian Sea, the western part of the Levantine Sea and below the 
Strait of Sicily. The areas characterized by high values of Pmean, i.e. Algerian Sea and the central part of the Ionian Sea, highlight values of CV ranging 
from 0.1 to 0.15. 

The second metric considered in this study is the seasonal variability index which represents the rate of variation of P on a seasonal basis. This 
parameter is evaluated as: 

SV =
PS,max − PS,min

Pmean
(A.2)  

where PS,max and PS,min are the mean wave powers for the most and the least energetic seasons. 
Figure A2 describes the spatial distribution of the season variability index of the mean P values. It emerges that winter always represents the most 

energetic season, while the least energetic one is summer for about 90% of the grid points and spring for remaining grid points, mainly placed in the 
Aegean Sea and in the southern area of the Ionian Sea. The values of SV range about from 0.6 to 1.7. In this case, the most variable areas, i.e. highest 
SV, are associated to the central and southern Ionian Sea. The Alboran Sea is the portion of the Mediterranean basin with the lowest SV. The zone with 
the highest Pmean, i.e. the Algerian Sea, is characterized by a moderate seasonal variability, with values of SV just greater than 1. 

The obtained results on CV and SV prove to be quite comparable in terms of magnitude and spatial location with those determined through 
different hindcast datasets by Besio et al. (2016) at the Mediterranean scale and by Liberti et al. (2013) along the Italian seas. 

Appendix B. Correlations between the wave parameters 

The correlations between the involved three wave parameters is here analysed in terms of the Pearson correlation coefficient considering two 
variable at a time, namely Hs and Te, Hs and P, and Te and P. The analysis was carried out through the mean and maximum values of the wave pa-
rameters at yearly scale. 

Given a pair of generic variables X and Y, the Pearson correlation coefficient (CC) is evaluated as: 

CC =
cov(XY)

σXσY
(B.1)  

where cov(XY) is the covariance between the two variables, while σX and σY are respectively the standard deviations of X and Y. 
Figure B1 shows the spatial distribution of Pearson correlation coefficient between the mean and maximum annual values of Hs and Te, Hs and P, 

and Te and P. As highlighted in Figure B1a, an overall good correlation between the mean values of Hs and Te has been identified, especially in the 
Algerian and Ionian seas with CC larger than 0.9. A quite scattered distribution of CC has been found considering the maximum values of Hs and Te, 
with greatest CC observed in the Aegean Sea and smallest CC observed along some grid points close to the coasts (Figure B1b). As expected, due to the 
quadratic dependency of P on Hs, a strong correlation has been detected among these two parameters for both the mean (CC higher than 0.70) and the 
maximum values (CC higher than 0.95) in the whole Mediterranean basin (see Figures B1c and d). Regarding the correlation between Te and P, the 
values of CC are generally lower than those detected for P and Hs. The mean values of Te and P are well correlated in the same locations observed for 
the corresponding values of Hs and Te, even if with a lower value of CC, i.e. greater than 0.8 (Figure B1e). The correlation between the maximum values 
of Te and P is quite similar in terms of magnitude and placement of that identified for the corresponding values of Hs and Te (Figure B1f). 
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Fig. A.1. Spatial distribution of the coefficient of variation of the mean annual P values. .  

Fig. A.2. Spatial distribution of the seasonal variability index of the mean P values. .   
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Fig. B.1. Spatial distribution of Pearson correlation coefficient between the mean annual values of (a) Hs and Te (b) Hs and P (c) Te and P and the maximum annual 
values of (d) Hs and Te (e) Hs and P (f) Te and P. . 

References 

Aarnes, O.J., Abdalla, S., Bidlot, J.R., Breivik, O., 2015. Marine wind and wave height 
trends at different ERA-Interim forecast ranges. J. Clim. 28, 819–837. https://doi. 
org/10.1175/JCLI-D-14-00470.1. 

Algieri Ferraro, D., Aristodemo, F., Veltri, P., 2016. Wave energy resources along 
Calabrian coasts (Italy). Proc. of 35th International Conference on Coastal Eng., 
Antalya, Turkey 1–12. https://doi.org/10.9753/icce.v35.waves.5. 

Amarouche, K., Akpınar, A., 2021. Increasing trend on storm wave intensity in the 
western mediterranean. Climate 9, 11. https://doi.org/10.3390/cli9010011. 

Aristodemo, F., Algieri Ferraro, D., 2018. Feasibility of WEC installations for domestic 
and public electrical supplies: a case study off the Calabrian coast. Renew. Energy 
121, 261–285. https://doi.org/10.1016/j.renene.2018.01.012. 

Besio, G., Mentaschi, L., Mazzino, A., 2016. Wave energy resource assessment in the 
Mediterranean Sea on the basis of a 35-year hindcast. Energy 94, 50–63. https://doi. 
org/10.1016/j.energy.2015.10.044. 

Caloiero, T., Aristodemo, F., Algieri Ferraro, D., 2019. Trend analysis of significant wave 
height and energy period in Southern Italy. Theor. Appl. Climatol. 138, 917–930. 
https://doi.org/10.1007/s00704-019-02879-9. 

Caloiero, T., Aristodemo, F., 2021. Trend detection of wave parameters along the Italian 
seas. Water 13 (12), 1634. https://doi.org/10.3390/w13121634. 

Casas-Prat, M., Sierra, J.P., 2013. Projected future wave climate in the NW 
Mediterranean Sea. J. Geophyis. Res. Oceans 118, 3548–3568. https://doi.org/ 
10.1002/jgrc.20233. 

Castelle, B., Dodet, G., Masselink, G., Scott, T., 2018. Increased winter-mean wave 
height, variability and periodicity in the Northeast Atlantic over 1949-2017. 
Geophys. Res. Lett. 45, 3586–3596. https://doi.org/10.1002/2017GL076884. 

Chini, N., Stansby, P.K., 2012. Extreme values of coastal wave overtopping accounting 
for climate change and sea level rise. Coast. Eng. 65, 27–37. https://doi.org/ 
10.1016/j.coastaleng.2012.02.009. 

Clément, A., McCullen, P., Falcão, A., Fiorentino, A., Gardner, F., Hammarlund, K., 
Lemonis, G., Lewis, T., Nielsen, K., Petroncini, S., Pontes, M.T., Schild, P., 
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