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Recently published wave simulations from WaveWatch-III, corresponding to eight Coupled Model Intercompar-
ison Project Phase 6 (CMIP6) global climate models, were used to estimate the changes in the significant wave
height, mean wave period, wave energy flux, and sea surface winds in the Mediterranean basin projected for
2100. The resolution of the data was 0.5° x 0.5°, and projections were calculated for SSP126 and SSP585 shared
socioeconomic pathways. With respect to the current situation, for the Shared Socioeconomic Pathways 126
(SSP126 scenario), an almost static picture emerges, with some small areas in the East Mediterranean exhibit-
ing minor positive trends. Under the SSP585 scenario, significant negative trends are expected throughout the

Mediterranean region. Under this scenario, the 2010-2020 decade represents a tipping point in the Mediter-
ranean, in contrast to previous decades, where almost constant values were recorded.

1. Introduction
1.1. Climate models

The last assessment report (AR6) by the Intergovernmental Panel
on Climate Change (IPCC) IPCC (2022); Masson-Delmotte et al. (2021)
included the results of the most recent projections derived from the
CMIP6 (World Climate Research Program, 2021; Hellmuth et al., 2025)
for a large number of atmospheric variables. Several scenarios have
been considered depending on the future evolution of greenhouse gas
(GHG) emissions (O’Neill et al., 2016). From the entire set of shared
socioeconomic pathways, the so-called SSP126 (lowest emissions) and
SSP585 (the most pessimistic) (Van Vuuren et al., 2011, 2014; Kriegler
et al., 2014; Riahi et al., 2017) scenarios regarding future cuts in GHG
emissions (DKRZ, 2022) were the most extreme cases used in AR6. The
rest correspond to the socioeconomic pathways between both extremes.
CMIP3 (Meehl et al., 2020) and CMIP5 (Kajtar et al., 2021) represent
the two previous generations of integrations coordinated by the IPCC
over the past decade.

However, a comprehensive analysis of the impact of climate varia-
tion on seas and oceans requires both an evaluation of current and past
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observations and the use of wave models fed with wind outputs from
CMIP models to assess their future evolution.

The main variables of interest used to characterise the general phys-
ical behaviour of ocean basins are typically:

1. Significant wave height (H, m). Represents the average of the high-
est one third of the observed individual waves’ heights. It is widely
used in meteorology and also in navigation.

2. Mean wave period (T, s). At a given sea-state, it is the average pe-
riod of the recorded period between each pair of subsequent waves.

3. Wave energy flux (WEF, kW m~!). It is the main indicator used to de-
scribe the energy held by waves and is widely used as one of the main
indicators of feasibility for potential wave energy farms locations.

4. Because these oceanic variables originate from wind blowing above
the sea surface, the evolution of wind speed (U, ms~!) should also
be analysed if a complete picture of a sea basin is to be given.

After a preliminary evaluation of existing literature by basins, it was
detected that the Mediterranean Sea is the area where projections of
WEF, U, H, and T,, by 2100 exhibit the most negative decreasing trends
under the SSP585 scenario. Furthermore, according to some studies
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collected in a recent extensive review (Lionello et al., 2023), is also one
of the areas that has been warming more rapidly over the last decades.
For this reason, this study focuses on the Mediterranean Sea.

1.2. Past observations in the Mediterranean basin

Several studies have analysed the evolution of different oceanic vari-
ables in recent decades (Reguero et al., 2019; Odériz et al., 2021; Young
and Ribal, 2019), revealing important differences among ocean basins.

The studies for the Mediterranean have analysed the historical trends
since 1950 of H, using different divisions by sub-basins and sub-regions
(Barbariol et al., 2021; Elshinnawy and Antolinez, 2023). In some cases,
negative trends of H; have been reported (Elshinnawy and Antolinez,
2023), although a recent extensive review highlights the lack of consen-
sus among authors (De Leo et al., 2024). However, it must be noted that
based on the past evolution in the Mediterranean basin, other studies
(Reguero et al., 2019; Young and Ribal, 2019; Gao et al., 2021) focus-
ing on recent decades have described an almost static picture with minor
changes in the oceanic variables analysed here.

1.3. Current projections for the Mediterranean

A review of the literature available indicates that an analysis on the
future evolution of the Mediterranean should be first put in the context
of the global projections for the Earth’s oceans.

CMIP5-based studies (Patra et al., 2021b; Morim et al., 2020) suggest
for the 2081-2099 period an important geographical asymmetry for the
wave energy flux (WEF, kW m~!). These simulations project higher val-
ues in the Southern Hemisphere and lower values in the Northern Hemi-
sphere compared to the current-day values. Similarly, CMIP6-derived
projections of the significant wave height (H,, m) and mean wave pe-
riod (T, s) for the 2071-2100 period also indicate a similar asymmetry
between both hemispheres (Meucci et al., 2024), with important geo-
graphical differences. Regarding U, positive trends in wind speed for
most areas over the ocean have been reported for 1985-2018 (Young
and Ribal, 2019). Some projections of CMIP5 (Casas-Prat et al., 2018)
and CMIP6 (Meucci et al., 2024, 2023) for the last decades of the 21st
century over ocean areas indicate a general reduction in the average
wind speed values. Additionally, a recent extensive study by authors
combining 39 CMIP6 projections until 2100 (Esnaola et al., 2024) sug-
gested that the evolution of wind speed is not uniform throughout all
basins and is highly dependent on the final scenario.

Coming to the Mediterranean, the initial studies on the future evo-
lution of the Mediterranean, based on CMIP3 integrations, Mori et al.
(2013); Semedo et al. (2012) suggested negative trends of H; for this
basin. Later publications using CMIP5 (Casas-Prat et al., 2018; Lemos
et al., 2019; Lira-Loarca et al., 2021) and CMIP6 integrations for the
area (Rusu, 2025) also confirmed projected declining trends of H in the
Mediterranean Sea. Similarly, a recent study on the area (Rusu, 2024)
incorporated a SWAN (Holthuijsen et al., 2023) integration fed by the
CMIP6 model ALADIN (Spiridonov et al., 2023). The study suggested
a slight increase in WEF for 2041-2070 under the SSP585 scenario. In
the case of U, several CMIP6 projections (Esnaola et al., 2024; Martinez
and Iglesias, 2021, 2023) indicate negative trends in wind speed for the
Mediterranean basin under the SSP585 scenario by 2100.

1.4. Objectives

For the Mediterranean Sea, beyond the initial projections by 2100
commented above, a more comprehensive evaluation of trends corre-
sponding to the whole set of oceanic variables is needed, both at local
and basin level. To that purpose, here, the most recent CMIP6-derived
projections of WEF, U, H, and T,, from 2015 to 2100 have been used to
estimate changes in these oceanic variables by the end of the 21st cen-
tury. Researchers at CSIRO (Meucci et al., 2023) have obtained three-
hourly global wave data by feeding wind outputs from eight CMIP6
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models (World Climate Research Program, 2021) into the WaveWatch-
III (WW3) wave model (Wavewatch III Development Group, 2016). As
a result, wave data covering 1961-2100 are freely available to the sci-
entific community (Meucci et al., 2021b,a) and were used in this study,
focusing on the Mediterranean basin. These CMIP6-derived projections
provide the highest time (3 h) and space resolution (0.5°) obtained so far.
The results correspond to the two extremes (lowest and highest) shared
socioeconomic pathways (SSP126 and SSP585, respectively) available
from the CSIRO WaveWatch IlI-based wave simulations until 2100 for
the Mediterranean.

Following the generally accepted criteria (World Meteorological Or-
ganization, 2017; American Meteorological Society, 2022; ECMWF,
2021), a 30-year period was selected to characterise current-day con-
ditions. For this purpose, the averages for the 1985-2014 period of the
above mentioned four variables from the fifth-generation ECMWF re-
analysis, ERA5 (Hersbach et al., 2020; ECMWF, 2021), were adopted as
the baseline.

Given the different time coverage of data from the eight CMIP6 mod-
els, the general objective of this study was to assess the projections of
oceanic variables in the Mediterranean Sea by 2100 using two different
complementary approaches. The oceanic variables analysed were WEF,
U, H, and T,, with a special focus on significant averages and robust
trends. The specific objectives were as follows

1. For the eight CMIP6 models, 3-hourly WW3 integrations are avail-
able for the 1985-2014 (historical, adopted as a description of
current-day conditions) and 2071-2100 periods. In this case, spa-
tial averages for both periods were calculated and compared for the
Mediterranean Sea to detect significant changes in the overall re-
gional means.

2. Additionally, in the case of two of those models (EC-EARTH3
Doscher et al., 2021 and ACCESS-CM2 Bi et al., 2020), complete
WW3 integrations of 3-hourly data running from 1985 to 2100 are
also available. This has also made it possible to calculate grid point-
by-grid point trends for the whole period.

3. The consistency of the joint trends of WEF, U, H, and T,, were as-
sessed for all the grid points covering the Mediterranean basin.

4. The trends for the 2015-2100 period were discussed for both sce-
narios (SSP126 and SSP585) and in the light of the past behavior of
the Mediterranean Sea as reported for the previous decades before
2015.

The effects of sea level change (Lee and Romero, 2023), future pro-
jections of extremes (Vanem, 2017; Lobeto et al., 2021; Patra et al.,
2021a), and uncertainties derived from climate oscillations in the re-
turn period of waves (Ewans and Jonathan, 2023) fall beyond the scope
of this study. For all calculations, plots, tables, and text, authors adopted
the geographical boundaries of the Mediterranean basin as officially de-
fined by the IPCC (Iturbide et al., 2020).

The remainder of this paper is organised as follows: After this intro-
duction, in Section 2 data used and methodology followed are explained.
Results are presented in Section 3, are discussed in Section 4 and con-
clusions can be found in Section 5.

2. Data and methodology
This section describes the data and methodology used in the study.
2.1. Data

The Mediterranean basin data used in this study were obtained from
two sources:

1. ERAS reanalysis of hourly data with a 0.5° x 0.5° resolution corre-
sponding to the 1985-2014 period (ECMWF, 2024). The downloaded
variables include the following:
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a) significant height of combined swell and wind waves (H,)

b) mean wave period (7,,)

c) zonal component of wind speed 10 m above sea level

d) meridional component of wind speed 10 m above sea level.
ERAS did not provide a direct estimation of WEF values. There-

fore, the hourly wave energy flux was calculated using the deep-

water hypothesis for all the Mediterranean grid points according to

the following equation (Bidlot, 2016; Multon, 2013):

WEF =049 - T, - H? €Y

. Three-hourly zonal and meridional wind components, WEF, H, and
T,, values corresponding to the 2015-2100 projections from the
CSIRO repository (Meucci et al., 2023, 2021b). These are the WW3
outputs obtained after entering the wind outputs from the two CMIP6
models (EC-EARTH3 Doscher et al., 2021 and ACCESS-CM2 Bi et al.,
2020) under two scenarios (SSP126 and SSP585). In addition, the
historical three-hourly values of the same models for 1985-2014
were downloaded.

Finally, WW3 outputs of the historical period (1985-2014) and
the final decades of the 21st century (2071-2100) corresponding
to six additional models (AWI-CM-1-1-MR, CMCC-CM2-SR5, IPSL-
CM6A-LR, KIOST-ESM, MPI-ESM1-2-LR, and MRI-ESM2-0), also
made available to the scientific community by CSIRO (Meucci et al.,
2023, 2021b), were used in this study.

CMIP6 projections corresponding to the eight CMIP6 models
were considered. These eight models cover different regions within
the range of Equilibrium Climate Sensitivities in the CMIP6 ensem-
ble (Meehl et al., 2020), ensuring that the results are not biased.
However, the availability of data from different periods and the in-
terest in a joint analysis incorporating all available models led to a
dual approach (see Section 2.2) to shed light on the future evolution
of oceanic variables in the Mediterranean basin by the end of the
21st century.

All variables were provided by CSIRO on the same 0.5° x 0.5° grid as
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Table 1

ERAS5 and CMIP6 models’ time resolution and periods used for the four
variables of this study (WEF, U, H,, and T,,). Mediterranean basin. Space
resolution is 0.5° X 0.5°.

SSP126 SSP585 Historical
ERA5 (ECMWF 1h) 1985-2014
EC-EARTH3 (CMIP6-WW3 3h) 2015-2100 2015-2100 1985-2014
ACCESS-CM (CMIP6-WW3 3h) 2015-2100 2015-2100 1985-2014
AWI-CM-1-1-MR (CMIP6-WW3 3h) 2071-2100 2071-2100 1985-2014
CMCC-CM2-SR5 (CMIP6-WW3 3h) 2071-2100 2071-2100 1985-2014
IPSL-CM6A-LR (CMIP6-WW3 3h) 2071-2100 2071-2100 1985-2014
KIOST-ESM (CMIP6-WW3 3h) 2071-2100 2071-2100 1985-2014
MPI-ESM1-2-LR (CMIP6-WW3 3h) 2071-2100 2071-2100 1985-2014
MRI-ESM2-0 (CMIP6-WW3 3h) 2071-2100 2071-2100 1985-2014

2.2. Methodology

The methodology used in this study consisted of six major steps.

. Characterisation of current-day values of WEF, U, H, and T,,.

Starting with ERAS hourly records at each grid point of the 0.5° x
0.5° grid, time averages corresponding to the 1985-2014 period were
computed.

As mentioned earlier, this period was adopted as the reference
period for characterising the current-day situation and evaluating
future departures. These averages were calculated both as yearly
averages (YE) (Fig. 1) and also by seasons of the year (Appendix A,
Figs. A1, A2, A3, and A4). For this purpose, the year was divided
into the four seasons for the Northern Hemisphere (Reguero et al.,
2015; Camus et al., 2019): summer (SU) running from June to
August; autumn (AU) from September to November; winter (WI)
from December to February; and spring (SP), from March to May.

. Calculation of monthly anomalies. For the four variables

analysed, eight models, and two scenarios, monthly averages
were computed for the 1985-2100 period. Then, using only the
1985-2014 period for the CMIP6 models (historical) as a reference,
monthly averages were calculated to characterise the seasonal cycle
at each ocean grid point. Finally, monthly anomalies of WEF, U, H|

ERADS, thus making unnecessary a regridding stage to project data from
all sources onto a common grid. A summary of the variables, periods
and models can be seen in Table 1.

and T,, were computed by subtracting the seasonal cycles obtained
from the monthly averages derived from the WW3 outputs.

-10° 0° 10° 20° 30° 40°

0 5 10 15 20 25 0 3 6 9 12
1985-2014 average WEF [kW/m] 1985-2014 average U [m/s]

(a) WEF averages. 1985-2014. (b) U averages. 1985-2014.
0 .

10° 20° 30° 40° -10° 0 10° 20° 30° 40°

1985-2014 Significant wave height [m]
(c) H averages. 1985-2014.

1985-2014 Mean wave period [s]
(d) T,, averages. 1985-2014.

Fig. 1. ERAS baseline averages for the Mediterranean basin. Period: 1985-2014.
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3. Comparison of aggregated

Author

regional averages between
1985-2014 and 2071-2100. Since the evolution of geophysi-
cal fields is not expected to follow a linear evolution under the
different shared socioeconomic pathways, it is often considered that
the evolution of spatial monthly or yearly averages of the different
geophysical fields is indicative of the time evolution. For instance,
refer to the Sixth Assessment Report of the IPCC (Masson-Delmotte
et al., 2021). In this study, since the gridded data span different lat-
itudes, it must be considered that the spatial average cannot consist
of a direct average of the elements in the grid. This weighting by
the latitude of every grid point is typical when working with regular
longitude/latitude grids, whether for averaging (Gleisner, 2011) or
for EOF calculation (North et al., 1982). For every grid cell centred
in the longitude 1, and latitude 6, of a regular latitude-longitude
grid with resolution given by A1 and A6, the area corresponding to
every grid cell can be expressed as a function of the latitude of the
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central point in the grid element 6, using the equation

@

Therefore, when calculating spatial averages, such as in Fig. 2,
the spatial value of the field is first calculated by determining the
weighted average that considers the different sizes of every grid cell.
Then, the confidence intervals (C.I.) of the trends or the changes
in the mean are calculated to obtain spatial averages by bootstrap
resampling with 1000 resamples in all cases.

5(0,) = R2Azsin (%) cos6,.

. Calculation of robust trends (2015-2100) relative to 1985-2014

historical ERAS5 values. Using monthly anomalies for the
2015-2100 period, robust Theil-Sen trends (Theil, 1950; Kumar,
1968) were calculated at each grid point for the four variables
analysed, along with two models and scenarios. The Theil-Sen ap-
proach involves the calculation of multiple trends computed on
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Average trends (EC-EARTH3 and ACCESS-CM2) for both scenarios in the Mediterranean basin for the 2015-2100 period in percentage terms per decade relative
to the 1985-2014 reference period. The average trends are calculated only on grid points (GP) with a significant trend. Percentage of oceanic grid points without
significant trends (No_trend), positive trends (Pos_trend), and negative trends (Neg_trend) are also provided.

SSP126 SSP585
Trend No_trend Pos_trend Neg_trend Trend No_trend Pos_trend Neg_trend
Variable [%/dec] [%]GP [%]GP [%]GP [%/dec] [%]GP [%]GP [%]GP
WEF —-0.45 90.96 1.09 7.95 -1.21 7.70 0.00 92.30
U -0.52 98.58 0.08 1.34 -0.89 22.43 0.00 77.57
Yearly H, -0.83 99.33 0.00 0.67 -1.70 25.52 0.00 74.48
T, -0.14 99.41 0.08 0.50 —-0.58 29.87 0.00 70.13
WEF -0.39 98.83 0.08 1.09 -1.85 17.24 0.00 82.76
Summer U 0.06 93.56 3.93 2.51 —-0.55 31.38 3.68 64.94
(Su) H, 0.37 98.83 1.00 0.17 -1.18 24.77 0.25 74.98
T, 0.01 97.41 1.17 1.42 —0.38 21.17 0.17 78.66
WEF -1.77 69.21 0.00 30.79 —2.66 15.90 0.00 84.10
Autumn U —-0.50 60.84 0.17 39.00 -0.76 10.79 0.00 89.21
(AU) H -0.98 57.82 0.00 42.18 -1.50 8.20 0.00 91.80
T, -0.30 61.26 0.00 38.74 -0.53 8.03 0.00 91.97
WEF -1.01 99.16 0.08 0.75 -1.94 50.79 0.00 49.21
Winter U -0.08 88.20 4.27 7.53 -0.62 9.04 0.00 90.96
(WD H, -0.18 86.95 3.26 9.79 -1.12 9.71 0.00 90.29
T, —-0.06 86.11 3.01 10.88 -0.42 5.52 0.00 94.48
WEF 1.48 94.39 5.61 0.00 —2.52 51.80 0.00 48.20
Spring U 0.26 88.54 11.21 0.25 -0.71 50.71 0.42 48.87
(SP) H, 0.56 95.15 4.85 0.00 -1.21 37.74 0.25 62.01
T, 0.21 93.47 6.44 0.08 -0.43 26.61 0.17 73.22

every possible couple of cases on the database. The median of this
statistical distribution of trends is taken as the actual trend, and its
significance is estimated based on the 95 % boundaries of the group
of trends calculated.

Here, only statistically significant Theil-Sen trends at a 95 % con-
fidence level were considered. Then, at each grid point, the aver-
age trends for each scenario were calculated since both models (EC-
EARTH3 and ACCESS-CM2) were considered equally reliable. The
values of these trends for both scenarios (SSP126 and SSP585) and
the four variables (WEF, U, H, and T,,) at each ocean grid point
were computed and expressed in percentage terms per decade rel-
ative to current-day (1985-2014) ERAS baseline values. The mean
wave period adopted in this study (7,,) corresponds to that used in
the ERA5 wave model, denominated as the energy period (Bidlot,
2016). This energy period was used to calculate ERA5 WEF values
Eq. (1).

However, the mean wave period output obtained from WW3
(T,,02) is calculated differently (Wavewatch III Development Group,
2016). To provide trend values of 7, in percentage terms, this
difference was corrected at each grid point by comparing ERAS
and average models’ outputs during the common historical period
(1985-2014). This typically yielded a factor between 0.9 and 0.7
with small variations around these values, showing a general agree-
ment with the ratios published by other authors (Cahill and Lewis,
2014; Gao et al., 2021). This grid point-by-grid point correction of
T, 0, allowed for the calculation of T), trends in percentage terms
relative to current-day ERA5 T,, averages.

As a result, for each grid point, projected trends of WEF, U, H|
and T,, were calculated for the 2015-2100 period, considering two
models and two scenarios (SSP126 and SSP585).

. Calculation of latitude-corrected trends for the Mediterranean
grid points. To provide a more aggregated view of the Mediter-
ranean, average values of trends from the two models were combined
and computed for both scenarios. Additionally, the proportions of
grid points with no trend, positive trends, and negative trends were
also calculated for the Mediterranean basin.

To calculate these geographically aggregated trends, surface-
weighted averages were used to account for the differences in the

3.

areas, depending on the latitude for the regular longitude-latitude
0.5° x 0.5° grid, as mentioned above.

The results (see Section 3) of the trends for the two scenarios are
presented in Table 2, Fig. 3, and Appendices B and C.

. Assessment of the relative influence of H, and T,, trends on the

observed WEF trends. Starting from Eq. (1), it is possible to as-
sess the evolution of WEF during the projected decades and obtain a
mathematical expression of how it relates to the evolution of H, and
T,,. Thus, the derivatives of Eq. (1) with time can be used to relate
WEF trends with H; and T,, changes:

dWEF dH, , dT,
= 2.049-T,-H,- — +049.- H>. —2 3
dt "4t S dt &)

By multiplying and dividing by H, and 7,,, the two elements of

the right side, the following Eq. (4) is obtained:

dH dT,
M:Z-WEF~ *_ + WEF - i
dt H, - dt T, - dr
Finally, by dividing both sides by WEF, the following Eq. (5) is
obtained, expressed as a relationship between differentials:

dWEF _, dH,  dT, ©
WEF - dt H, -dt " T, -di
This equation indicates that the impact of H, changes on the long-
term trends of WEF is twice as significant as that of T,,. Eq. (5) has
also been used to provide a general idea of consistency in the results,
if as in this case, the trends are shown as [%] per decade for the three
variables.

@

Results

After calculating the anomalies of WEF, U, H, and T,, for the eight

models and two scenarios (SSP126 and SSP585), the temporal and spa-
tial averages for the Mediterranean basin were computed for the three
periods: 1985-2014 (historical or baseline), 2031-2060 (mid-century),
and 2071-2100 (end of the century). In Fig. 2, each colour bar represents
the 95 % confidence boundaries of the aggregated spatial averages for
each model and period. As mentioned above, for the 2031-2060 period,
only data corresponding to the EC-EARTH3 and ACCESS-CM2 integra-
tions were available.
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Fig. 3. CMIP6-derived 2015-2100 trends [%/decade] with respect to the 1985-2014 period. SSP126 and SSP585 scenarios.

Fig. 2 shows the information corresponding to each of the three
periods for the two scenarios, making it possible to detect the overall
changes in the Mediterranean basin. The overlapping colour bars cor-
responding to two different periods indicated non-significant changes,
whereas disjoint colour segments indicated significant changes at the
95 % confidence level. After calculating the Theil-sen trends at each grid
point, the latitude-corrected average trends for the Mediterranean were
determined and are presented in Table 2, while Fig. 3 shows their spatial
distribution. These results are analysed for the two scenarios considered.

1. Changes until 2071-2100 under the SSP126 scenario.

For the SSP126 scenario, out of the eight models, seven indicated
no significant changes in the aggregated averages of WEF, U, H,
and T7,, throughout the Mediterranean at a 95% confidence level.
The only model with non-overlapping 95 % confidence bars between
1985-2014 and 2071-2100 was the CMCC-CM2-SR5. Therefore, this
analysis suggested decreasing values of WEF, U, H, and T,, by the
end of the 21st century for the Mediterranean basin.

Under this scenario, the projections of the EC-EARTH3 and
ACCESS-CM2 models for the 2031-2060 period also indicated no

significant changes in the averages for the Mediterranean Sea.
These results strongly implied an overall static picture for the
Mediterranean basin taken as a whole during the 21%' century
relative to the historical or baseline period (1985-2014) for the
SSP126 scenario. Table 2 confirmed the results with a percentage
ranging from 90% (WEF) to 99% (T,,) of grid points with no
significant trend in the Mediterranean Sea area. In Fig. 3, it can be
observed that under the SSP126 scenario, a small number of grid
points in the Aegean and Adriatic seas and East Mediterranean area
exhibited small positive individual trends, all well below 1% per
decade. Similarly, in the Central and Southern Mediterranean, some
small areas showed negative trends. As a result, average trends
computed only on significant trends (either positive or negative)
adopt a value around 1 % for WEF and much smaller values for the
rest (U, H,, and T,,). Since WEF, H,, and T,, were mainly driven
by surface winds, U trends exhibited both a general and spatial
coherence with the oceanic variable trends. It must be highlighted
that when this analysis is carried out by season, the observed trends
were concentrated in Autumnn (Fig. 3 (Appendix B, Figs. B1, B2, B3,
and B4)). For the SSP126 scenario, all the results above provided
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a consistent projection, showing no changes until the end of the
century.

2. Changes until 2071-2100 under the SSP585 scenario.

Under the SSP585 scenario, in the case of WEF, seven models in-
dicated lower regional averages for the final part of the 21st century
(Fig. 2). The only model that suggested no changes was the AWI-CM-
1-1-MR. For the remaining variables analysed (U, H,, and T},), all the
models indicated regional lower averages by the end of the century.
The 2031-2060 period averages (only EC-EARTH3 and ACCESS-CM2
integrations) also indicated declining averages for this intermediate
period. Decadal trends until 2100, relative to 1985-2014 period, for
the SSP585 scenario are shown in Fig. 3. Appendix C shows the
trends by season. Table 2 shows that at the 95 % confidence level in
the case of WEF, negative trends were projected at most grid points
for all four variables analysed. The most negative values [% /decade]
were concentrated in the variables WEF and T,,, particularly in au-
tumn and summer. Thus, under this scenario, the above results were
consistent with a significant reduction of U, WEF, H,, and 7,, by
2100.

Compared to the current-day ERAS observations, in which all
variables exhibited important differences throughout the Mediter-
ranean Sea (Fig. 1), the projected trends showed a far more homo-
geneous spatial distribution, although they tended to concentrate in
the Southern part of the Mediterranean.

4. Discussion

At a global level, several studies have analysed the evolution of wave
energy fluxes (WEF, kW m~!) and ocean surface winds (U, ms~!) during
the last few decades (Reguero et al., 2019; Odériz et al., 2021; Young
and Ribal, 2019; Reguero et al., 2015; Erikson et al., 2022). All studies
agreed that until the first decades of the 21st century, increases in WEF,
U, and H, (Liu et al., 2023) have been observed, showing important
differences among regions. In the Southern Hemisphere, most areas ex-
hibited a growing trend until 2010 (Reguero et al., 2015); however, in
the Northern Hemisphere, some areas exhibited positive trends in WEF
(Penalba et al., 2020), H,, and T,, (Ulazia et al., 2017). A more specific
analysis (Reguero et al., 2019) detected a positive trend in WEF, con-
cluding that since 1948, a global average increase of 4.8 % per decade
occurred in the ocean until 2008. Regarding U, positive trends in wind
speed for most areas over the oceans have been reported for 1985-2018
(Young and Ribal, 2019). In the case of the mean wave period, au-
thors have also reported a global increase in 7,, during the 20th cen-
tury (Ulazia et al., 2023), although some studies have suggested im-
portant regional differences (Gao et al., 2021) with the highest values
recorded in the Southern Hemisphere. However, future projections sug-
gest for the 2081-2099 period (Patra et al., 2021b; Meucci et al., 2024;
Casas-Prat et al., 2018; Meucci et al., 2023; Erikson et al., 2022; Odériz
et al., 2022; Pourali et al., 2023) suggested an substantial geographical
asymmetry in WEF values. For the Southern Hemisphere, higher val-
ues of WEF and H, (Lobeto et al., 2021) than current-day observations
were predicted, whereas lower values were expected for the Northern
Hemisphere.

In this general scheme, the Mediterranean basin appeared to follow
a distinctive pattern, which, as discussed in Section 1, was characterised
by a static pattern over the last few decades. However, under the SSP585
scenario, it shared major declining trends with the rest of the Northern
Hemisphere until the end of the 21th century. Under the SSP126 sce-
nario, an almost static picture emerged for the 2015-2100 period, with
non-significant trends for most Mediterranean grid points.

The resolution of this study is for the four variables analyzed of
0.5° x 0.5°. Increasing the resolution of these results would perhaps pro-
vide a better assessment in some particular geographical areas, but it
would involve a huge computational effort since ERA5 and the 8 CMIP6
models’ integrations -both already projected onto the same geographi-
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cal grid- would not be readily available as now. At a further step, we
would still have to replicate all the study as shown in here.

However, it must also be noted that specially under the SSP585 sce-
nario, a rather uniform picture emerges throughout different regions of
the Mediterranean and therefore, it is reasonable to expect that with a
higher resolution, the results would to a certain extent at least, repro-
duce the general patterns observed. Along these lines, this study repre-
sents a compromise between data availability, resolution and a realistic
estimation of computational capacities.

The mechanisms driving the trends observed in this study require fur-
ther investigation. Some studies suggest that the observed trends of H
in the Mediterranean basin may be driven by the evolution of the Scan-
dinavian index (Barbariol et al., 2021; Elshinnawy and Antolinez, 2023)
At the regional level (Penalba et al., 2020; Saenz-Aguirre et al., 2022a)
and in other studies with a more global focus (Reguero et al., 2015;
Odériz et al., 2022), the authors found a relationship between several
atmospheric patterns (including El Nifio Liu et al., 2023; Odériz et al.,
2020; Ramos et al., 2021) and WEF. However, global warming appeared
to affect the Southern Annual Mode (SAM) and meridional surface tem-
perature gradient (MTG), which could explain the projected differences
between the two hemispheres (Patra et al., 2021b). While these findings
explain the general evolution of the Northern Hemisphere and could be
applied to the Mediterranean, more specific research is needed for the
Mediterranean basin and the whole set of variables incorporated into
this work.

Ocean wind waves are surface gravity waves generated by the ac-
tion of the wind. The significant wave height (H,) is proportional to the
square of the 10-meter surface wind speed (U). In this analysis, both
(H,) and the mean wave period (7,,) reflect a combination of locally
generated wind waves and swell, waves that propagated from distant
storms. Swell typically consists of longer-period waves ( > 8 s). The av-
erage (T,,) across the entire Mediterranean basin is around 6 seconds,
indicating that the sea state is predominantly locally generated wind
waves, as expected in a small, semi-enclosed basin and already pointed
out by other authors (Barbariol et al., 2021). This also explains the
strong spatial correlation observed between (U) and H| climate patterns
(Fig. 1).

In a relatively small and enclosed sea like the Mediterranean Sea, the
driving mechanisms behind the evolution of oceanic variables analysed
tend to equalise and make the spatial distribution of changes more uni-
form, as seen in this study. This also applied to the much smaller Black
Sea where non-significant changes are projected. The most important
changes are projected to occur in autumn, with the highest number of
grid points simultaneously exhibiting significant trends in of WEF, U,
H and T,, (Fig. C4).

Because all trends were given in [%/decade], Eq. (5) can be used
to test the joint consistency of the WEF, Tm, and H, trends throughout
the Mediterranean region. At this point, it must be noted that WW3 cal-
culates WEF from the wave spectrum. In contrast, ERA5-derived WEF
values have been calculated using Eq. (1) after correcting for the wave
period. It also must be noted that Theil-Sen trends are calculated from
medians (not averages) and have been obtained by combining two dif-
ferent WW3 integrations (EC-EARTH3 and ACCESS-CM2) as well as
ERAS data. The agreement between the two sides of the equation yielded
a correlation coefficient of 0.78. Despite the differences between the two
sides of the equation, the correlation coefficient obtained provides rea-
sonable confirmation of the joint consistency of the trends calculated
for WEF, Tm, and H|, with changes in H, being twice as influential on
WEF trends as Tm.

Nevertheless, in the context of global warming, a more comprehen-
sive analysis that combines the elements known to be involved in the
evolution of oceanic variables is required to explain future projections
presented in this study. An analysis of trend evolution by season under
the SSP585 scenario showed significant departures from the average,
mainly in autumn. This may indicate a higher frequency of low-energy
events and a lower occurrence of extremes. However, it should be noted
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that the future evolution of extremes (Lobeto et al., 2021) requires a
specific analysis that falls beyond the scope of this study.

The implications of the results of this study should be evaluated from
several perspectives. One is the impact on the future development of the
offshore renewable energy industry (wind and waves). Recently, exten-
sive research outputs (Ibarra-Berastegui et al., 2023) on offshore can-
didate areas worldwide have been published by authors. For this pur-
pose, the CMIP6-derived long-term trends of offshore energy production
were computed. The results suggested that under the SSP126 scenario,
almost no changes could be expected, whereas for the SSP585 scenario,
significant changes in electricity production were projected in only a
small proportion (15%) of the existing or candidate areas. It can be
concluded that the effects of global warming on the oceans are unlikely
to compromise future development of offshore renewable energy facili-
ties, which are expected to play a major role in reducing CO, emissions.
However, future studies on extremes could help identify ocean regions
that, with current technological development, may experience severe
episodes, making certain locations practically unavailable.

Another issue is the evolution of the typical lifespan of a WEC or off-
shore wind turbine due to fatigue related to extreme events. This is an
important issue considering the life-cycle assessment of marine renew-
able technologies. Recent studies have shown that historical projections
over the last few decades have significantly worsened the structural
damage caused by fatigue loads (Saenz-Aguirre et al., 2022b; Ulazia
et al., 2024). Nevertheless, to the best of authors’ knowledge, no spe-
cific studies have been conducted for the Mediterranean.

The historical trend of wind-wave energy hybridisation has also
changed significantly in recent decades, and the co-location feasibility
of wave energy converters and offshore wind turbines may be impacted
in the future (Ulazia et al., 2023a). In light of previous work by the au-
thors (Ulazia et al., 2023), it should be highlighted that future variations
in wave periods at given locations can have more significant impact on
the efficiency of wave energy converters (WEC) than wave height varia-
tions, due to displacement of the operational resonance point. However,
long-term impacts of oceanic variables on future generation of a certain
WEC depend heavily on the technology employed.

For this reason, the future techno-economic evolution of facilities
that are already successfully operational requires specific studies, such
as those carried out by Mutriku (Carreno-Madinabeitia et al., 2024),
the only wave farm in the world currently supplying electricity for over
ten years. However, in the Mediterranean, after a six-year test period in
Gibraltar, the first fully operational wave farm in the Middle East (Jaffa,
Israel) has recently come into operation and begun to supply electricity
to the grid (Power, 2024). Its technology differs from that of Mutriku,
as it relies on the motion of a set of pistons driven by the wave height.
Although further research is needed, a declining trend of H, as shown in
this study under the SSP585 scenario represents a major technological
challenge in the long term for the Jaffa wave farm, which may require
a redesign of its operational working point.

Another important aspect is how these changes may affect naviga-
tion. The most relevant variable is the significant wave height (Kim
et al., 2023). H, exhibited negative trends in the Mediterranean Sea
with a reduction of more than 1% per decade under the SSP585 sce-
nario. Seasonal analysis of these trends (Appendix C and Figs. C1, C2,
C3, and C4) indicated an important global reduction in H, during winter
and autumn, mainly in the central area of the Mediterranean basin. The
projected changes in ocean currents in the Mediterranean Sea remain
unexplored, which could also affect navigation. In this sense, important
benefits and cost reductions can be expected from more fluid navigation
owing to the lower values of H, in the Mediterranean. Because of its
connection with the Suez Canal, the Mediterranean route is an essential
element in global maritime traffic, and reductions in wave heights can
reduce costs and travel times. However, it can also lead to illegal activ-
ities involving navigation, such as arms, drugs, and human trafficking,
thus posing an additional security challenge for authorities. The maps
show that under the SSP585 scenario, H, reductions are expected to be
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more intense in the Central Mediterranean and autumn, which could
redefine the preferential navigation routes and schedules for both legal
and illegal activities.

5. Conclusions and future outlook

The combination of data from various sources, starting from the 20th
century and future projections until 2100, was addressed collectively. A
threefold approach was then used to characterise the future projections
of oceanic variables:

i) Aggregated averages to compare the historical period (1985-2014)
and the end of the century (2071-2100)
ii) Grid point-by-grid point robust trends from 2015 to 2100
iii) Latitude-corrected spatially-averaged trends for the whole Mediter-
ranean Sea

This combined approach makes the conclusions obtained here robust
and can be summarized as follows:

1. For the Mediterranean basin, this is the first comprehensive study
using a complete set of 8 CMIP6 models providing projections until
2100 in terms of both, decadal trends and/or changes in significant
time slices for the 21st century. Eq. (5) provides a confirmation of
consistency for the results obtained and indicates that trends in H,
are twice as important as 7,, at explaining the WEF trends.

2. These projections have been obtained for the two most representa-
tive scenarios: SSP126 and SSP585

3. The variables selected for this study are WEF, U, H, and T,, so thata
full picture for the future evolution of the oceanic behaviour in the
Mediterranean can be confidently provided

4. These future trends have been obtained for both an average repre-
sentative assessment of the Mediterranean and also throughout the
basin with a resolution of 0.5° x 0.5°.

5. The results indicate that under the SSP126 scenario a static picture
emerges without significant changes until 2100

6. However, under the SSP585 scenario, a declining trend for the
Mediterranean basin can be devised for the 2015-2100 period.

7. Previous studies by many authors for the last decades indicate that
until the 2010 decade, WEF, U, H, and T,, have remained constant
in general terms.

8. For this reason, under the SSP585 scenario, the 2010 decade repre-
sents a tipping point in which, coming from decades with constant
or static values of WEF, U, H, and T,,, negative trends are projected
until 2100 starting from 2015.

9. In general terms, reductions in H, will make navigation easier and in
this context, preferential maritime routes, both for legal and illegal
activities may change

Since a trend-based approach covering the period 2015-2100 was
used in this study, it was also possible that oscillations around the trends
obtained may also occur in the intermediate decades, but these were not
captured. The first approach was carried out using 2031-2060 averages
with only two models; however, a more in-depth analysis is required to
characterise the evolution decade by decade. The use of loess, another
regression technique used in climate studies (Clarke and Richardson,
2021), may increase the temporal resolution of future WW3 projections
and provide a more detailed picture of their evolution over the next
few decades. The results of this study for the variables analysed also
suggested a tipping point around the 2010-2020 decade, connecting a
previous period (1985-2014) with a static picture and declining trends
until 2100.

Another aspect to be considered is that the current generation of
models in CMIP6 does not directly provide the outputs of oceanic vari-
ables, such as those used in this study: WEF, U, H, and T,,. Consequently,
the wind output of CMIP6 needs to be fed into the wave model. The
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conclusions obtained herein were based on the largest set of available,
homogeneously run wave models (Meucci et al., 2024). However, as
more researchers using different wave models make their ocean inte-
grations available (Jiang et al., 2023), these projections will need to be
incorporated into the analysis after a detailed comparison and bias cor-
rection phase to homogenise the results by basin. Another challenge that
deserves attention is the geographical evolution of extremes and their
impacts on coastal and offshore facilities.

Currently, we are working along these lines to provide a more ac-
curate and broader understanding of the evolution of oceanic variables
and their implications for the Mediterranean (Table 3).

List of abbreviations

Table 3

List of abbreviations.

Acronym

AR6 Sixth Assessment Report

C.lL Confidence intervals. In all cases in this paper, at a 95 % confidence
level

CMIP3 Coupled Model Intercomparison Project Phase 4 (AR4)

CMIP5 Coupled Model Intercomparison Project Phase 5

CMIP6 Coupled Model Intercomparison Project Phase 6

CSIRO Commonwealth Scientific and Industrial Research Organisation

ECMWF European Centre for Medium-Range Weather Forecasts

ERAS Latest reanalysis by the ECMWF

GHG Greenhouse gases

IPCC Intergovernmental Panel on Climate Change

T, Mean wave period (s)

SSP126 Shared Socioeconomic Pathway #1 with a 2100 forcing level of
2.6 W/m2

SSP585 Shared Socioeconomic Pathway #5 with a 2100 forcing level of
8.5W/m2

H, Significant height of combined wind waves and swell (m)

T, Energy mean wave period used by ERA5 and also adopted for this
study (s)

T2 Second-order mean wave period used by WW3 (s)

WEC Wave energy converter

WEF Wave Energy Flux (kWm™")

WWw3 WaveWatch III Model

U Wind speed 10 m above sea level (ms™')
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A. ERAS5 1985-2100 seasonal averages for the four variables analysed: WEF, U, H,, and T,,.
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Fig. A1. ERAS winter averages. 1985-2014.
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Fig. A2. ERAS spring averages. 1985-2014.
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Fig. A3. ERAS5 summer averages. 1985-2014.
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Appendix B. Seasonal trends. SSP126

B. 2015-2100 seasonal trends for the four variables and the SSP126 scenario.
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Fig. B1. CMIP6-derived 2015-2100 winter seasonal trends [%]/decade with respect to the 1985-2014 period. SSP126 scenario.
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Fig. B2. CMIP6-derived 2015-2100 spring seasonal trends [%]/decade with respect to the 1985-2014 period. SSP126 scenario.
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(a) WEF summer seasonal trends. SSP126 scenario (b) U summer seasonal trends. SSP126 scenario
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Fig. B3. CMIP6-derived 2015-2100 summer seasonal trends [%]/decade with respect to the 1985-2014 period. SSP126 scenario.
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Fig. B4. CMIP6-derived 2015-2100 autumn seasonal trends [%]/decade with respect to the 1985-2014 period. SSP126 scenario.
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Appendix C. Seasonal trends. SSP585

C. 2015-2100 seasonal trends for the four variables and the SSP585 scenario.
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Fig. C1. CMIP6-derived 2015-2100 winter seasonal trends [%]/decade with respect to the 1985-2014 period. SSP585 scenario.
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Fig. C2. CMIP6-derived 2015-2100 spring seasonal trends [%]/decade with respect to the 1985-2014 period. SSP585 scenario.
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Fig. C3. CMIP6-derived 2015-2100 summer seasonal trends [%]/decade with respect to the 1985-2014 period. SSP585 scenario.
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Fig. C4. CMIP6-derived 2015-2100 autumn seasonal trends [%]/decade with respect to the 1985-2014 period. SSP585 scenario.
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