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Abstract: The present study aims to evaluate long-term wave power (Pwave) trends over the Mediter-
ranean Sea using innovative and classical trend analysis techniques, considering the annual and
seasonal means. For this purpose, the data were selected for the ERA5 reanalysis with 0.5° x 0.5° spa-
tial resolution and 1 h temporal resolution during 60 years between 1962 and 2021. Spatial assessment
of the annual and seasonal trends was first performed using the innovative trend analysis (ITA) and
Mann-Kendall (MK) test. To obtain more detailed information, innovative polygon trend analysis
(IPTA), improved visualization of innovative trend analysis (IV-ITA), and star graph methods were
applied to annual, seasonal, and monthly mean Pyave at 12 stations selected. The results allow us
to identify an increasing trend above the 10% change rate with the innovative method and above
the 95% confidence level with the Mann-Kendall test in mean wave power in the Levantine basin
and the Libyan Sea at all timescales. The use of various innovative methods offered similar results in
certain respects and complemented each other.
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1. Introduction

The Mediterranean Sea is defined as a main hot-spot according to the results of
the global climate change projection scenarios (Giorgi, 2006) [1]. As reported in the 6th
Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) (IPCC,
2022) [2], the temperatures over the Mediterranean basin increased approximately 20%
faster than the global average. The Mediterranean Sea, connected to the Atlantic Ocean
and one of the largest semienclosed seas, is strongly influenced by the local and global
climate (IPCC, 2022) [2]. Thus, it is regarded as one of the world’s most susceptible to
climate change’s effects (IPCC, 2013) [3]. Kaur et al. (2021) [4] highlighted that wave power
is an important climate indicator that provides information about current renewable energy
sources and variability. Therefore, to address the climate change challenge, using clean
and renewable energy is a promising solution to reduce the released harmful greenhouse
gases that contribute to climate change. For instance, wave energy is one of the promoted
renewable energy sources. However, future climate change may also affect renewable
energy resources and their exploitation. The optimal regions selected for exploiting wave
energy resources are mainly those characterized by high wave energy potential (Iglesias &
Carballo, 2010 [5]; Aristodemo & Algieri Ferraro, 2018 [6]).

Meanwhile, the projected change and statistical trends in wave climate reported by
several researchers may negatively impact the current wave energy resources. At some
locations of the globe, the wave energy resources present a significant negative trend of
the annual wave energy resources (Bromirski et al., 2013 [7]; Bromirski & Cayan, 2015 [8];
Simonetti & Cappietti, 2023 [9]) and a negative change in the future projections (Zheng
et al., 2019 [10]; Karunarathna et al., 2020 [11]; Pourali et al., 2023 [12]). The decrease in
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wave energy resources may considerably affect the sustainability and cost-effectiveness of
the wave energy converter systems. Thus, a significantly increasing trend in the annual
wave energy resources may be advantageous for some wave energy converters (WECs)
to ensure sustainable development. At the same time, it can still increase the risk of
instability and extreme events. In light of the energy crisis and environmental pollution,
variability in wave power potential is also crucial when choosing a location for a wave farm
(Shao et al., 2022) [13]. Thus, understanding long-term trends of wave climate parameters
and wave power (ocean wave energy) is essential to provide necessary information for
planning and designing future marine structures, protecting the coast from damage, and
also for WECs implementation (Iglesias & Carballo, 2010 [5]; De Leo et al., 2020 [14];
Caloiero et al., 2022 [15]). It is expected that the likely change in wave energy resources
would significantly impact the effectiveness of the planned or established wave energy
conversion plants.

Recently, several researchers have conducted trend studies on wave climate parameters
(Vanem & Walker, 2013 [16]; Anoop et al., 2015 [17]; Mao et al. (2016) [18]; Aydogan & Ayat,
2018 [19]; Caloiero et al., 2019 [20]; De Leo et al., 2020, 2021 [14,21]; Islek et al., 2020 [22];
Amarouche & Akpinar, 2021 [23]; Amarouche et al., 2021 [24]; Akcay et al., 2022 [25]; Acar
etal., 2023 [26]) and wave power (Reguero et al., 2019 [27]; Ahn & Neary, 2020 [28]; Divinsky
& Kosyan, 2020 [29]; Caloiero & Aristodemo, 2021 [30]; Caloiero et al., 2022 [15]; Hall et al.,
2022 [31]; Kamranzad et al., 2022 [32]) in different parts of the world. Mao et al. (2016) [18]
conducted wave climate pattern analysis in Lake Michigan from 2002-2012 for multiple
observed buoy stations ranging from deep to medium to shallow waters. Reguero et al.
(2019) [27] reported that wave power has increased by 0.4% globally since 1948 and can
be defined as a potential climate change indicator because global warming strengthens
waves. However, an increasing trend case is not observed at all locations. According to
Kamranzad et al. (2022) [32], the change in wave power is mainly related to the change in
the swell climate globally. Therefore, they pointed out the significance of focusing on these
long-term changes when choosing appropriate locations to install wave farms. However, it
is noticed that in the closed seas, such as the Mediterranean, swell may be less dominant
than windy seas (Barbariol et al., 2019) [33].

In previous studies, researchers generally used the classical Mann-Kendall test, Theil-
Sen method, and linear regression analysis. Apart from classical methods, the innovative
trend analysis (ITA) method, suggested by Sen (2012) [34], the innovative polygon trend
analysis (IPTA), the improved visualization of ITA (IV-ITA), and star graph methods
based on ITA have been the basis for several recent studies (Acar et al., 2022, 2023 [26,35];
Akgay et al., 2022) [25] and have provided greater clarity in the perception of long-term
climatic trends. The innovative methods are open to the visual interpretation of the results,
do not contain assumptions such as normal distribution and serial dependence, etc., and
are easy to apply. Information on data subclasses (low and high categories) can be accessed
directly with ITA as it can be expressed visually. Presently, few studies have used the
ITA method to investigate the trend of the significant wave height (De Leo et al., 2020,
2021) [14,21], and there is no study applying the ITA methods for wave power trend
assessment. Annual and seasonal trends for mean wave power over the Mediterranean
Sea based on 60-year (1962-2021) ERA5 reanalysis with 0.5° x 0.5° spatial resolution and
1 h temporal resolution were evaluated using the innovative trend analysis methods and
Mann-Kendall test during the present study. The change rates calculated according to ITA
were mapped for annual and seasonal scales. Furthermore, a detailed evaluation based on
graphical representations of innovative methods was performed at representative stations
selected in regions with a significant trend. IV-ITA and ITA graphs on an annual scale,
seasonal IPTA, and monthly star graphs were considered in the detailed analysis.

2. Data Used

The data needed to compute wave power trends over the Mediterranean Sea (Figure 1)
were obtained from the ERA5 reanalysis, a fifth-generation atmospheric reanalysis prod-
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uct. It has been produced by the European Center for Medium-Range Weather Forecasts
(ECMWEF) globally from 1959 to the present. It is based on a hybrid incremental 4D-Var
data assimilation system (Bonavita et al., 2016) [36]. ERAS is also produced using en-
semble data assimilation, enabling the assessment of reanalysis of product uncertainties
(Hersbach et al., 2018) [37]. The data provided for ocean waves in the ERA5 reanalysis
have a spatial resolution of 0.5° x 0.5° and a temporal resolution of 1 h. The necessary
parameters for calculating wave power (significant wave height Hs and peak period T})
were downloaded from Copernicus Climate Change Service (C3S) Climate Date Store
(https:/ /cds.climate.copernicus.eu/; last accessed in 10 September 2022) during 60 years
from 1962 to 2021.
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Figure 1. The Mediterranean Sea, its bathymetry, and the locations (green points) selected for the
detailed analysis.

The ERA5 wave reanalysis was recently used by several researchers (Barbariol et al.,
2021 [38]; Benetazzo et al., 2022 [39]; Karathanasi et al., 2022 [40]; Kozyrakis et al., 2023 [41])
for the evaluation of the offshore wave climate in the Mediterranean Sea. Thus, validation
of ERA5 wave data for the Mediterranean region was performed by Kardakaris et al.
(2021) [42] against seven wave buoys measurements in the Aegean Sea. Despite the
complex morphology of the Aegean Sea, the correlation obtained for significant wave
height data from ERAS5 was >0.95 with a bias of 0.03 m. The correlation for the energy
period from ERA5 was also >0.85. A good agreement between the in situ measurement
data of Greek and Italian buoys and the ERAS reanalysis dataset was found for the Eastern
Mediterranean by Karathanasi et al. (2022) [40], and the correlation for significant wave
height (peak period) was >0.95 (>0.80) with a bias of 0.027 m (0.239 s). Moreover, Abu
Zed et al. (2022) [43] stated that ERA5 is more suitable in the Southeast Mediterranean Sea.
In addition, Barbariol et al. (2021) [38] confirmed that the ERA5 dataset, verified against
satellite altimetry, currently represents the latest state of long-term atmospheric reanalysis
in the Mediterranean Sea and can be used for wind wave hindcast.

3. Methodology

In the present study, we first applied ITA and Mann-Kendall test to determine the
annual and seasonal trends in wave power and their significant level over the past 60 years.
Secondly, the locations characterized by a significant increase or decrease and no trend
based on both test results were subjected to a more detailed trend analysis by applying
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the innovative polygon trend analysis (IPTA) proposed by Sen et al. (2019) [44]. Detailed
information about selected locations can be found in Table 1. The methods used for trend
analysis are described in the following sections.

Table 1. Detailed information about selected locations.

Locations Lon (°) Lat (°) Depth (m) Site

S1 0.5 39 752 Balearic Sea
S2 13 35.5 540 Strait of Sicily
S3 24.5 32.5 1800 Libyan Sea
S4 30.5 35 2413 Levantine Sea
S5 21.5 35 3339 Libyan Sea
S6 —4 36 1286.5 Alboran Sea
S7 16 425 128 Adriatic Sea
S8 6 42 2534 Gulf of Lion
S9 9 43.5 1971 Ligurian Sea
510 13 40 3595 Tyrrhenian Sea
S11 19 37 3465 Ionian Sea
S12 255 39 196 Aegean Sea

3.1. Wave Power Computations

Wave power (Pyg0e) over the Mediterranean Sea was calculated with a 1 h resolution
Hs and T, data from the ERA5 reanalysis. It is computed by the following equation
(Karimirad, 2014) [45]:
02
Pwave = %'TE'HSZ (1)
where p is the seawater density (1025 kg/m?), g is the gravity acceleration (9.81 m/s?), H;
is the significant wave height, and T, is the energy period that is accepted as T, ~ 0.9T,
(Amrutha & Sanil Kumar, 2016) [46]. A wave power dataset with a 1 h resolution and
60 years is obtained using Equation (1). Then, the hourly wave power data are reduced to
annual and seasonal mean wave power data for trend analysis.

3.2. Mann—Kendall Test for Trend Analysis

One of the methods used to assess the long-term variation of wave power is the
nonparametric Mann-Kendall test (Mann, 1945 [47]; Kendall, 1975 [48]), used frequently
by researchers to determine the significance of the trend. This method, which does not
require normality in the data distribution, depends on the Z value calculated based on
the Mann-Kendall test statistic (S), in which the trend is increasing (Z > 0), decreasing
(Z <0), or there is no trend (Z = 0). The calculated Z value is compared with standard
normal distribution with significance levels. If the absolute calculated Z value exceeds
the standard Z value, the null hypothesis (Hp) is rejected, and the trend is statistically
significant. Otherwise, H is accepted, and there is no significant trend. In this study, the
confidence (significance) level was considered 50% to 99.9% (x = 0.5 to o« = 0.001). At
confidence levels below 50%, it is considered that there is no significant trend. It was also
examined up to the 50% level to see the change in lower confidence levels.

3.3. Innovative Trend Analysis Methods

Innovative trend analysis is used to determine annual and seasonal mean wave
power trends. The innovative approach proposed by Sen (2012) [34] does not depend on
assumptions such as normal distribution, short data length, or serial dependence. In this
methodology, the time series is divided into two equal parts, and each part is sorted in
ascending order as {s1} and {sy}. The scatter plot is drawn with the first ({s;}) and second
({s2}) half on the x-axis and the y-axis, respectively. By adding the 1:1 (45°) line, it is
determined that if it is above (below) the 1:1 line, it indicates an increasing (decreasing)
trend, and if the data are very close to or just above the 1:1 line, there is no trend. With
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this method, it is possible to divide the time series into different subclasses, such as
low, medium, and high. It is also possible to calculate the trend change rate with the

equation (100~ @) (Sen, 2020) [49], where 57 and s; are the first and second half mean,

respectively. If 57 < 55 (57 > 53), the trend is increasing (decreasing). If the calculated value
is below £5%, it is considered that there is no significant trend in the given time series
(Sen, 2020) [49].

The ITA, which emerged in the last decade, has been frequently used by researchers,
and new methods have also been developed based on this method. Innovative polygon
trend analysis (IPTA), proposed by Sen et al. (2019) [44], investigates trend probabilities
and behaviors in time series on many timescales such as seasonal, monthly, and daily. In
the IPTA method, the time series is divided into two equal parts, as in ITA, and the basic
statistics for each month/season/day are calculated for both parts. In the scatter graph,
the values are marked so that the first (second) part is on the horizontal (vertical) axis. The
star graph related to the IPTA method, recommended by Sen (2021) [50], allows us to see
the variation of the variables by showing the temporal duration, the slope of the trend
between two consecutive months, and the distances to the consecutive months. In the
improved visualization of ITA (IV-ITA) method proposed by Giiglii (2020) [51], the data can
be statistically categorized as low values and high values by applying the Pettitt change
point test to the differences of the time series that are divided into two halves and ranked
in ascending order. Detailed information about the ITA, IPTA, IPTA with star graph, and
IV-ITA methods can be found in Acar et al. (2022, 2023) [26,35] and Akgay et al. (2022) [25].

Given the concept of this method, which is based on a graphical approach, it is not
practical to apply this type of analysis at the spatial level. This analysis is therefore applied
to the selected reference hot-spot locations, which are characterized by a significant trend
according to the results of the ITA and Mann-Kendall tests. Using these methods, we can
determine both the transitions in certain time intervals (monthly and seasonal) and their
changes, as well as the behavior of maximum and minimum values in the time series. In
some cases, while there is no trend in the time series, opposite trends can be seen in the low
and high categories.

4. Results and Discussion
4.1. Spatial Assessment of the Annual and Seasonal Trends

The maps containing the trend change rates determined by the ITA of the annual and
seasonal mean Py ave Over the Mediterranean Sea are presented in Figure 2, while the MK
test results are given at different confidence levels (CL) in Figure 3. Since the graphical
representation of spatial-scale data according to ITA would be quite challenging, a detailed
examination was made using different innovative methods for 12 representative stations.
Annual and seasonal ITA change rates for selected stations are presented in Table 2, and
MK-Z values are presented in Table 3.

Table 2. The heatmap of the ITA change rate for selected locations (values greater than 5% are
expressed in bold and italic and the blue and red gradations indicate the decreasing and increasing
trends, respectively).
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Figure 2. Innovative trend analysis (ITA) results for the period 1962-2021 of annual (a) and seasonal
(b—e) mean wave power.
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Figure 3. Mann-Kendall test results for the period 1962-2021 of annual (a) and seasonal (b—e) mean
wave power.
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Table 3. The heatmap of the MK-Z values for selected locations (values greater than 1.96 (95% CL) are
expressed in bold and italic and the blue and red gradations indicate the decreasing and increasing
trends, respectively).

S1 S2 S3 S4 S5 Sé S7 S8 S9 S10 S11 S12
Annual —-0.012 —0.632 W —1.263 —1.276 —1.178 1.118 0.437
Winter —0.607 © —0.802 —0. —1.105 —1.008 —0.875 0.024 0.547
Spring 0.328 0.814 —0.765 0.304 0.255
Summer . 1.178 0.231 —0.474
Autumn _ 0.972 0583 |ENSEEN 0158
¥ 7 I |
=
—
D : [oN) Yo} Yo} o g} Lo 0 :
&3 7 22 X FIRRE R % IR 2% % 707
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S

According to ITA, it is noteworthy that the change rate did not generally exceed £15%
in all periods. There is usually a 5% increase in annual mean Pyyave in the Balearic, Ionian,
Aegean, and Libyan Seas, as seen in Figure 2a. The change in the remaining regions is
decreasing and does not exceed —7.5%.

In the winter season, there is a generally decreasing trend in mean Pyayve, with the
change rate remaining in the band between 2.5% and 10%. At the same time, it tends to
increase in the Libyan and Aegean Seas (Figure 2b). In spring, there is an increasing trend
not exceeding 10% in the western Mediterranean Sea and 7.5% in the Aegean, Libyan,
and Ionian Seas (Figure 2c). The trend patterns of the summer (Figure 2d) and the spring
seasons are quite similar. However, the increasing trend observed in the spring was realized
in a decreasing direction in the summer months in the Ionian and Tyrrhenian Seas. It was
also noted that the positive change rate was over 10%. In autumn, the mean Pyy,ve tends
to increase with a 10% change rate in almost the entire Mediterranean Sea (Figure 2e). In
addition, the Aegean and Alboran Seas and the Gulf of Gabes have a decreasing trend
of 5%.

MK trend results for annual mean Pyy,ve sShowed an increasing trend in the Libyan Sea
(95% CL) and Balearic Sea (90% CL) (Figure 3a). A decreasing trend was also detected in the
Adriatic, Tyrrhenian, and Ligurian Seas and in the area between Tunisia and Sicily, which
does not exceed 80% CL. Seasonal MK test results are presented in Figure 3b—e. It is detected
that the confidence level is generally below 50%, according to the MK test. The increasing
trend above the 90% confidence level in the Libyan Sea in winter, the Balearic and Libyan
Seas in spring, and the Tyrrhenian Sea in autumn are noteworthy. It is interesting that the
decreasing trend, which is dominant, especially in the eastern and central Mediterranean
Sea, during the summer season, CL is up to 99.9%.

The variation in wind and waves in the Mediterranean Sea is linked to several climate
patterns. Nissen et al., (2010) [52] linked the cyclonic activity causing wind storm in the
Mediterranean Sea to the North Atlantic Oscillation (NAO) and the East Atlantic/West
Russia EA/WR patterns. Thus, other climate models can also be linked to the Mediter-
ranean wave regime, such as the Scandinavian model (SCA) and the East Atlantic model
(EA), according to Lionello & Galati, (2008) [53]. It is thought that the wave power in
the Mediterranean Sea is affected by the Etesian winds, which affect the Levantine Basin
by blowing strongly, especially in summer, Mistral blowing from the north/northwest
direction, which affects the Balearic, Ligurian, and Tyrrhenian Seas and blowing stronger
and colder, especially in winter, Libeccio and Sirocco winds blowing over the Alboran Sea
to the Levantine, Tyrrhenian, and Ionian seas, and Bora blowing towards the northwest
over the Adriatic Sea (Barbariol et al., 2021) [38]. The observed increasing and decreasing
trend(s) in the Mediterranean sub-basins depend on the change in wind regime and the
variability in the linked climate patterns. An assessment of the teleconnection between
the climates patterns and the wave energy variation in the different Mediterranean Sea
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sub-basins may allow us to understand the reason behind the opposing trend direction
observed in different regions of the Mediterranean Sea.

Contrary to our findings, Caloiero et al. (2022) [15] stated that the annual and seasonal
mean Pyayve trends are increasing over almost the entire Mediterranean Sea based on
MK and Theil-Sen tests. They also emphasized that annual trends of mean Pyave were
significant and positive in approximately 80% of the study area. However, with the MK test,
they accepted the CL as 90%, and it was determined that the MK findings of the present
study were on an annual basis just in the Libyan, Adriatic, Balearic, and Levantine Seas in
terms of CL, but differed in terms of trend type. This striking difference is because both
studies’ dataset, period, spatial, and temporal resolution parameters differ. They used the
ERA-Interim reanalysis dataset with a spatial resolution of 0.75° x 0.75° and a temporal
resolution of 6 h for 40 years (1979-2018). Caloiero et al. (2021) [30] found that the annual
and seasonal mean Pyave Were significant at almost all points and were under the effect of
an increasing trend not exceeding 0.4 kW/m /10 years according to the Theil-Sen method
for the 1979-2018 period in the central Mediterranean region. However, these results were
also inconsistent with the current study. It can only be said that a result compatible with the
increasing trend determined by the ITA was obtained in the autumn (Figure 2e); however,
this study diverges from Mann-Kendall test results, as trends often occur at 50-75% CLs.
Since the datasets used in both studies mentioned above differ in time intervals, results
that are quite inconsistent with the current study, it will be useful to make the necessary
analyses by dividing the long time interval investigated into certain periods.

While values above 5% are considered significant in the ITA approach, researchers
usually consider the 95% CL significant for MK. There are significant trends according
to ITA in all selected stations (Table 2). However, the MK test’s CL is mostly below 95%
(Table 3). Considering the type of trend, if there is a decreasing (increasing) trend according
to the MK test, a decreasing (increasing) trend was also detected with ITA. In addition, the
change rate was generally above 5% in regions with high confidence levels.

4.2. Detailed Assessment Based on the Innovative Methods for the Hot-Spot Locations

The graphs obtained by applying the innovative trend analysis methods to the mean
Pyave at 12 locations representing the regions showing a trend above the 5% change rate
are given in Figures 4 and 5 for the five locations selected. The results for the other seven
locations can be found in the Appendix A.

The general findings are supported by other innovative trend methods applied to the
mean Py.ve at selected locations. For instance, as seen in Table 2 at location S1, the annual
mean Pyave is increasing with a change rate of 3.96%. In the IV-ITA method (Figure 4a),
which statistically divides the data into low and high subclasses, a change point was
determined in the 24th datum of the difference series. Accordingly, the low (high) category
annual mean Py ave showed an increasing (decreasing) trend with a change rate of 6.69%
(3.26%). According to the seasonal IPTA (Figure 5a), there is a decreasing trend in the
winter season, while there is an increasing trend in the spring, summer, and autumn seasons
for mean Pyaye. This result for location S1 is also clearly demonstrated in Figure 2b—e.
Although an increasing trend of more than 10% emerged in the spring, summer, and
autumn seasons, it was determined that the effect of the increasing trend in the summer
season was less with the seasonal IPTA. The monthly IPTA graph (Figure 5f) shows a
decreasing trend in December and February in winter, while there is an increasing trend in
January. Despite this, it is seen with the seasonal IPTA that there is a decreasing trend in the
winter season. The increasing trend in the March-May period affects the spring. In the star
graph (Figure 4k), monthly passes usually stay in (I) and (III) regions. It means that there is
an increase (decrease) in both the first and second time periods in the I (III) region. Notably,
the first and second halves increased in all intermonth transitions from July to December.



Sustainability 2023, 15, 8590

90f18

®  First Half
35001 g ocond Hal (a)
= ®  Differences
§ 3000 H
=
5 2500
s
o 2000
&
b=} H
€ 1500 ® H
] Low Caty  High
egory :
Sl & 1000 iCnltgllr‘v
=
o” 500
2
bl 0
=500
0 5 10 15 20 25 30
Data Number
®  First Haif i
®  Second Half
£ 6000 ®  Differences .
z
=5000
5 e (1L
B 1t
O 4000
2
= .
£ 3000
82 g Law Categary High Category
= 2000 x
z
o
1000
3 R KT ~6.39%
[ R vl A
b T T PP Y T .
H [ ]
0 5 10 15 20 25 30
Data Number
®  First Half H
55001 &  second Half (c) ;.'
£ 5000 ®  Differences %
@° .
83 3 2500 Higl
< Low Category Catégory
£ 2000
z
01500
w
E 1000 o0 2349%
500 %e F S —— PP P
Ll Tayw
0 5 10 15 20 25 30
Data Number
- First Half
o seonarar (d) .
FE000F e Diflerences
=
25000
3
B
a
=)
£
h=4
c
@ H
S4 ] | High
“EZODD Low Category | Category
£, i
o
vy 1000
g ~6.60% -9.95%
w

0 5 10 15 20 25 30
Data Number
9000 @ FirstHal +
®  Second Hall (€) ]
E 8000 ®  Differsnces H M
§ 7000
B 6000
S
2 5000
2
4000
S5 8 High
‘E 3000 Low Category Category
a"2000
§ 1000 ~1.55%

5 10 15 20
Data Number

Second Half (1992-2021) P, (kWim)

(KW/m)

w

Second Half (1992-2021) P,

{kWim)

Second Half (1992-2021) P,

w

Second Half (1982-2021) P (kW/m)

w

Second Half (1992-2021) P (KW/m)

3600

3200
3000
2800
2600
2400
2200
2000

.
1800

1600

7000

6500

6000

5500

5000

4500

4000

High Category

1500 2000 2500 3000 3500

First Half (1962-1991) P (kW/m)

(@ |

Low Category
High Category
~1.04% :
—4.90%

3500 |

8000

5500

5000

4500

4000

3500

3500 4000 4500 5000 5500 6000 6500 7000
First Half (1962-1991) P, (k\W/m)

M.

Low Category

High
Category

3000 [

6500

5500

5000

4500

4000

3500

9000

8500

8000

7500

7000

6500

6000

5500
.

5000

3000 3500 4000 4500 5000 5500 6000

First Half (1962-1991) P, (kW/m)

W

Low Category
High Category

3500 4000 4500 5000 5500 6000 6500

First Half (1962-1991) P,_ (kW/m)

@

Low Category

Category

5000 G000 7000 8000 9000
First Half (1962-1991) P, (kW/m)

Figure 4. Trends of mean wave power (Py) at location S1-S5 in the Mediterranean Sea according to
innovative methods; (a—e) IV-ITA graph for annual Py, (f) ITA graph for annual Py, (graph includes

change rates for low (left line), high (right line), and all (black line) value categories and the green

and red lines represent the increasing and decreasing trends, respectively).



Sustainability 2023, 15, 8590

10 0of 18

2000 T (19922021

4500 | (k) OcNov ()
= = 1500 - / P
H 3 4000
= < 1000 / {

= ] .

o’ o 3500 rugn S0t
£ g 500 Nov-Dec|
& & 3000 ——
g g =

s1 H & 250 Decelat g, o AR 19621991
= = -500 ayfhun 1
5 s Mar-apr 77 ] .
= £ 2000( 4 Janer
H 2 sep 1000 Apr-May . 1
g S 1500} } /2 .

8 2 Ntay - ..
I 3 :‘»/ Y _tso0 .
i 1000 gFaE iy vy,
2000
1000 1500 2000 2500 3000 3500 4000 1000 2000 3000 4000 -2000  -1000 0 1000 2000
First Half (1962-1981) P, (kW/m) First Half (1962-1991) P,, (kW/m)

10000 T T 4 —A [P 5000 0 9922021 7
_ (b) Wintér, 10000 (8) 4000 i |
£ 9000 - E - <
s F 3000 < Oct-Nov, -~ Nov-Dec|
<, 00 =, 5000 hS <

s s
o o 2000 " Aug-Scy /
S oo f S 7000 1000 S Zaid
S S ~ |

y 6000 y 6000 0 Jan-Fgh .

32 g g Jungu GO (1962 1991)
T 5000 = 5000 ~1000 = |
3 K] May-yun .

z T a000 ~2000 | Apr-May /7 Feb-Ma
4000 pr-May
Ele H Mar-Apr
L 3000 .
§ st | 3 3000 sep 5
P 2000 " ua —00f v |
2000 [ K ummer ] Panx —so00 P avy.,
2000 4000 6000 8000 10000 2000 4000 600D 8000 10000 -5000  -2500 0 2500 5000
First Half (1962-1991) P, (kKWim) First Half (1962-1991) P, (kWim)
- - - — 5000 -
Winter Fen 9 Tlan . (19922021, 7
8000 | (c) yau 4000 m)(@ 0
/e ™ g
000k / 3000

£
=
=
o 2000
& 6000 Mar 1000
8
S
& 0
53 § 5000
E ~1000
5
I 4000} =2000
2 o
g 3000 7 Kebar
3000 - .
@ -4000 ~
qin .
—-5000
3000 4000 5000 €000 7000 8000 2000 3000 4000 5000 €000 7000 8000 -5000 —2500 0 2500 5000
First Half (1962-1991) P, (KWVim) First Half (1962-1991) P, (<W/m)
T i 5000 = T (I992-2021) T A
@ Wi aooo | (o) K
= 8000 Winteg N
£ 2000 - Nov-Deg
H i oo
0% 7000 2000 S ecadan
S 1000 rugsep, | [
& 6000 MBS -l
& N i
sS4 2 TutAug| 1962-1991)
< s000 1000 7 eproct {
= AprMay 77/
kS ~2000 >,
2 4o00) Mar-Afr Feb-Mar
g Autum, ~3000
&
N 2 -4000 [ - |
1A Gammer ] ™,
C 5000
3000 4000 5000 60O 7000 8000 2000 4000 6000 8000 -5000  -2500 0 2500 5000
First Hall (1962-1991) P (KWim) First Half (1962-1991) P, (kWim)
| 10t
14000 I [T T T Jai . T i992-2021 T 1
© Winge 12000 - () Frh,,};f 0 (A0 EUN
£ £ /o .. -
S 12000 H /o D 06 "
g H o
= 4 04
2 10000 =4
& a8 02
8 8
8 g
S5 & 8000 & N
3 3
= = -02
£ 600 £ -0.4
2 2
5 H -
S 4000 g 06
@ & -
-08f . ]
v
2000 | 2000 w¥{4L B (i vy, |
2000 4000 6000 8000 10000 12000 1400( 2000 4000 6000 8000 10000 12000 14000 -1 -05 0 05 1

First Half (1962-1991) P (KWim) First Half (1962-1991) P, (KWim)

Figure 5. Trends of mean wave power (Py) at location S1-S5 in the Mediterranean Sea according to
IPTA methods; (a—e) IPTA graph for seasonal Py, (f—j) IPTA graph for monthly Py, and (k—o) star
graph for monthly Py,.

Location S2 near Malta is located in an area where the mean annual Py ave shows a
decreasing trend (—4.90%) according to ITA (Table 2). It is noteworthy that the decreasing
pattern in the low category Pyave with a —1.04% trend and in the high category Pyave with
a —6.39% trend, which is more significant, is dominant in the subcategories by IV-ITA
(Figure 4b,g). According to seasonal IPTA (Figure 5b,g), the mean Pyy,ve decreases in winter,
spring, and summer, while it increases slightly in autumn. The decreasing trend in the
March-May period and in June and August resulted in the decreasing trend spring and
summer seasons, respectively. As in location S1, the monthly transitions in the star graph
(Figure 51) take place in the regions (I) and (III) at location S2. While the first and second
half values increase at the same rate in the monthly transitions of September—October,
and October-November, which are almost above the 1:1 line, the March—April transition
decreases at the same rate.
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An increasing trend was detected in the low (9.40%) and high (2.49%) categories at
location S3 in the Libyan Sea (Table 2). When we evaluate the whole series, the change rate
is 7.96%. The effect of the mean Pyyaye in the low category is greater for this (Figure 4h). In
Figure 5¢, according to seasonal IPTA, there is an increasing trend in all seasons, and the
most significant effect is in the winter season. We were looking at the seasonal ITA results
between Figure 3b,e, which can confirm the increasing trends for mean Pyave at location
53. An increasing trend was determined in all months except for March and December
(Figure 5h). While an increase is observed in both time series in the monthly transitions
between June—July and September—January, it is especially striking in the star graph that
the November-December transition has a very high value (Figure 5m).

At location 54 in north of the Levantine basin, the change rate for mean Pyave is
—8.21% according to ITA, while it is —6.60% in the low category and —9.95% in the high
category (Figure 4d,i). Seasonally, the mean Pyyave decreases in winter, spring, and summer
and increases slightly in autumn (Figure 5d). Except for May, September, and November,
a decreasing trend is observed in the mean Pyave, staying below the 1:1 line. In the star
graph (Figure 5n), the monthly transitions occur in the regions (I) and (III), generally.

In location S5, where the annual mean Pyaye change rate is at £0.5% (Table 2), the
change rate is 1.06% for the low category and —1.55% for the high category (Figure 4e)j).
On a seasonal basis, there is no significant trend, except for a slight decrease in winter
(Figure 5e). However, interestingly, an increasing trend higher than a 5% change rate (8.47%)
in summer (Table 2) was detected, even though the point of summer was so close to the 1:1
line according to IPTA. Moreover, as other stations draw attention, the values are pretty
close during summer (June—August). This is because the values are very close and low in
the summer months, as seen in Figure 5j, and a slight change creates a significant effect in
percentage. Notably, the mean Py ave showed an increasing trend in all annual and seasonal
periods, especially in the Libyan Sea, where the location S5 is located, and significant trends
above 95% CL emerged. According to innovative trend test results, low-category annual
mean Py ave increased while high-category annual mean Py ave decreased at Stations 1 and
5. In the others, while the low category increased (decreased), an increase (decrease) was
observed in the high category. According to the seasonal analysis, it is seen that mean
Pwave is closer to each other in autumn and spring, lower in summer, and much higher in
winter. It was noted that monthly mean Py,ve decreased in January—July and increased in
August-December.

De Leo et al. (2020) [14] also stated an increasing trend in the Libyan and Tyrrhenian
Seas in the mean H;, whereby it is known that the square of Hs is directly related to the
wave power. This increasing trend in wave power may cause damage to existing coastal
and marine structures. In addition, the results can be beneficial in designing future coastal
structures, developing existing structures, and operating ships and ports. As is known,
hot-spot regions with high energy potential are preferred for installing WECs and wave
farms (Iglesias & Carballo, 2010 [5]; Aristodemo & Algieri Ferraro, 2018 [6]). Thus, areas
with an increasing trend over all periods may be considered suitable sites for installing
WECs. Locations that exhibit a consistently increasing trend may reflect more sustainability
of the energy resources. However, the designs of the WECs structures in those locations
should be performed by considering the likely trend in the extreme wave that can affect the
stability and the durability of the WEC infrastructure. Increased availability and decreased
dependence on fossil fuels are two significant advantages of expanding renewable energy
sources. In addition, countries will become more self-sufficient due to wave energy for
electricity by using WECs (Pecher & Kofoed, 2017) [54].

Moreover, Reguero et al. (2019) [27] underlined that increasing global wave power is
linked to global warming. Kamranzad et al. (2022) [32] showed that the change in Pwave is
mainly related to the global swell climate. In addition, they found a decreasing change in
the western and eastern Mediterranean Sea and an increasing change in the central Mediter-
ranean Sea when the mean annual Pyayve was compared over 30-year periods. Their result
is similar to our ITA results, except for the trend type in the western Mediterranean Sea.
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The graphs of locations S6 and S12 presented in the Appendix A show that the annual
mean Pyave decreases in the Alboran, Adriatic, Ligurian, and Tyrrhenian Seas and the Gulf
of Lion and increases in the Ionian and Aegean Seas. While low- and high-category Pyave
decreases at the locations S6, S9, and 510, which show a decreasing trend on an annual
scale, low-category Pyave increases and high-category Pywave decreases at the locations
57 and S8. In location S11 (512), where the annual mean Pyave is increasing, the low-
category Pyave showed an increasing (decreasing) trend, while the high-category Pyave
showed a decreasing (increasing) trend. The decrease in the winter season is more impacted
by the locations with a decreasing trend, as shown in the seasonal and monthly IPTA graphs.

5. Conclusions

The present study involves the long-term trend analysis of mean wave power in the
Mediterranean Sea. Annual and seasonal mean wave power covering the last 60 years
were calculated using the datasets of significant wave height and peak period from the
ERADS reanalysis. In addition to the innovative trend analysis (ITA) results presented at
a spatial scale, innovative polygon trend analysis (IPTA), improved visualization (ITA),
and star graph methods that count more detailed information were applied to 12 selected
stations and visualized on a graphical basis. Moreover, evaluation was made with the
Mann-Kendall test, often used in the literature to express the significance of the trend.

According to the ITA, it was noteworthy that an increasing trend was observed in
the western Mediterranean and the Libyan Sea in all periods (except for the winter season
in the western Mediterranean). In addition, the Mann-Kendall test revealed significant
trends in the Levantine and Libyan Seas above the 95% confidence level. In the summer
and autumn seasons, the trend of the mean Pyave, which has a change rate of over 15%
with ITA and over 95% confidence level with Mann—Kendall, is noteworthy. However,
IPTA results show that the mean Py ave is low in the summer and autumn seasons, while
the winter season has the highest effect on the annual trend. Thus, although there was
a small increase/decrease in the summer and autumn seasons, a higher rate of change
was obtained. More detailed information about the trend determined by using different
innovative methods has emerged, and the results are mutually supportive. In addition,
quite different results were obtained from other studies in the literature, probably due to
the difference in the dataset used, the temporal and spatial resolutions of the data used,
period ranges, and the length of the time series.

It is highly advised to consider these findings for coastal and offshore structures’
sustainable development and to determine the Mediterranean Sea’s link to global climate
change. The results shed light on establishing WECs in regions with high energy potential.
In addition, examining the interannual trends in different period ranges, for example,
20-year or 30-year trends, can be considered as the subject of future work since the ERA5
dataset has a very long period, and it is difficult to detect the change in the last decades.
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Figure A1. Trends of mean wave power (Py) at location S6 (36° N, 4° W) in the Alboran Sea according
to in-novative methods; (a) change rate map of annual Py, according to ITA (the location is enclosed

in black square), (b) IV-ITA graph for annual Py, (c) ITA graph for annual Py, (graph includes change

rates for low (left line), high (right line) and all (black line) value categories and the green (red) line

represents the increasing (decreasing) trend), (d) IPTA graph for seasonal Py, (e) IPTA graph for

monthly Py, and (f) star graph for monthly Py,.
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Figure A2. Trends of mean wave power (Py) at location S7 (42.5° N, 16° E) in the Adriatic Sea
according to innovative methods; (a) change rate map of annual Py, according to ITA (the location

is enclosed in black square), (b) IV-ITA graph for annual Py, (c) ITA graph for annual Py, (graph

includes change rates for low (left line), high (right line) and all (black line) value categories and

the green (red) line represents the increasing (decreasing) trend), (d) IPTA graph for seasonal Py,

(e) IPTA graph for monthly Py, and (f) star graph for monthly Py, .
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categories and the green and red lines represent the increasing and decreasing trends, respectively),
(d) IPTA graph for seasonal Py, (e) IPTA graph for monthly Py, and (f) star graph for monthly Py, .
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Figure A4. Trends of mean wave power (Py) at location S9 (43.5 °N, 9° E) in the Ligurian Sea
according to innovative methods; (a) change rate map of annual Py, according to ITA (the location
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green and red lines represent the increasing and decreasing trends, respectively), (d) IPTA graph for
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Figure A6. Trends of mean wave power (Py) at location 511 (37° N, 19° E) in the Ionian Sea according
to innovative methods; (a) change rate map of annual Py, according to ITA (the location is enclosed in
black square), (b) IV-ITA graph for annual Py, (c) ITA graph for annual Py, (graph includes change
rates for low (left line), high (right line) and all (black line) value categories and the green and red

lines represent the increasing and decreasing trends, respectively), (d) IPTA graph for seasonal Py,
(e) IPTA graph for monthly Py, and (f) star graph for monthly Pyy.
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Figure A7. Trends of mean wave power (Py) at location 512 (39° N, 25.5 °E) in the Aegean Sea
according to innovative methods; (a) change rate map of annual Py, according to ITA (the location
is enclosed in black square), (b) IV-ITA graph for annual Py, (c) ITA graph for annual Py, (graph
includes change rates for low (left line), high (right line) and all (black line) value categories and the
green and red lines represent the increasing and decreasing trends, respectively), (d) IPTA graph for
seasonal Py, (e) IPTA graph for monthly Py, and (f) star graph for monthly Py, .
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