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A B S T R A C T   

This study investigates the impact of climate change on the wave energy potential along the Atlantic coast of the 
Iberian Peninsula, a region acknowledged for its high wave energy resource. The research focuses on the annual 
and intra-annual variations in wave power for the high-emission RCP8.5 global warming scenario over different 
time frames: historical, near-future, and far-future. The results show a decreasing trend in the wave energy 
resource throughout the study area, with the most notable reductions observed in the northwestern region. The 
reduction in maximum annual power ranges from 15.1 to 7.2 kW/m. Changes in atmospheric circulation patterns 
and ocean surface temperature gradients induced by climate change effects could explain these results. This 
study also discusses the impacts of wave power projections on the design of wave energy converters and their 
future operation. The outcomes are of high interest to adapt the renewable energy infrastructure to a changing 
climate, ultimately also aiding in the strategic planning and cost-effective design of future wave energy projects.   

1. Introduction 

Changes in ocean waves can cause changes to natural coastal pro-
cesses, which may have varying impacts on different human, economic, 
and environmental systems, including the prospective increase in crit-
ical coastal infrastructure at risk of erosion and/or inundation and the 
loss of coastal ecosystems, as well as alterations in the shipping sector 
and the available wave energy resource. The latter appears as a prom-
ising alternative form of renewable energy and has gained increasing 
attention in science and industry. However, in recent years, changes in 
the long-term wave climate have been revealed through the use of 
voluntary observing ships, satellite imagery, buoy measurements, 
reanalysis data, and numerical modeling (Shimura et al., 2015). As in-
vestment in ocean energy – including wave energy – increases, assess-
ments of the possible future evolution of ocean energy resources become 
essential. The relationship between climate change and the weather has 
become increasingly apparent, particularly as extreme weather events 
have become more frequent and severe (Tabari, 2020). Small changes in 

critical climate variables can have a significant impact on the frequency 
and pattern of extreme events (Hersher, 2023). Hence, many countries 
worldwide are taking action to mitigate climate change. 

The European Union member states have accepted long-term plans to 
make Europe the first world’s climate-neutral continent by 2050 (The 
European Green Deal, 2020). In this context, the European Green Deal 
focuses on various climate-related policies (Rusu, 2022), in which the 
transition to renewable energy sources emerges as pivotal in addressing 
the challenge of climate change. 

Wave energy has both advantages and disadvantages to consider 
when implementing it on a large scale. Wave energy is a predictable and 
consistent source of energy that produces no emissions or pollutants. 
This makes it a sustainable, low-carbon energy source that can help 
mitigate the negative impacts of climate change. Wave energy also has 
the potential to create jobs, boost economic growth, and reduce our 
dependence on imported fossil fuels, improving energy security (Lavaa, 
2023). On the other hand, wave energy has several limitations, such as 
being location-specific, and limiting its use to areas near the ocean 
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(Bingölbali et al., 2021; Majidi et al., 2020a, 2020b). Additionally, the 
deployed wave energy converters (WECs) may have a negative impact 
on the marine ecosystem, disturb private and commercial vessels, create 
noise and be aesthetically unpleasant. Finally, wave energy harvesting is 
highly dependent on the wavelength, and the performance of WECs 
drops significantly in rough weather. Harvesting technologies still 
remain expensive to produce, difficult to scale, and slow to improve. In 
fact, only a few pilot projects have been constructed globally, requiring 
further research to determine their impacts and associated costs Majidi 
et al. (2021b), 2021a, 2020, Lavaa, 2023Lavaa, 2023). Similarly, to 
other marine renewables, it is still challenging and expensive to trans-
port generated electricity over long distances. 

Climate change, already demonstrating its multifaceted impacts on 
the environment, has influenced the frequency of phenomena such as 
storm surges and wind waves. A recent critical evaluation conducted by 
Pavlova et al. (2022) examined these impacts, specifically on the Cas-
pian Sea. Despite observing no significant trends in storm activity, the 
study illuminated insights into extreme values and storm activities 
vis-a-vis the persistent climate change. Furthermore, this understanding 
of the maritime climate, inclusive of wave and storm regimes, has gained 
paramount importance in the design of coastal and offshore in-
frastructures. This factor is particularly vital for geographic entities like 
the Canary Islands, which heavily rely on maritime trade for sustenance 
and are characterized by distinct geographic features and construction 
challenges (Rodríguez-Martín et al., 2022). 

The ramifications of climate change introduce additional un-
certainties that underscore the need for assessing the wave energy 
resource under diverse climate change scenarios. Several reasons un-
derpin this relevance. Primarily, understanding how climate change 
might influence the availability and variability of wave energy is vital 
for both developers and policymakers. This knowledge forms the 
bedrock of planning investments in wave energy projects, ensuring their 
successful performance and long-term viability. Moreover, compre-
hending the implications of climate change on the wave energy resource 
can unveil potential risks and opportunities about this renewable energy 
source. Alterations in wave patterns and intensity might lead to a shift in 
optimal locations for wave energy installations or even uncover previ-
ously unsuitable locations now fitting due to the evolving wave condi-
tions. This information can be leveraged to prioritize wave energy 
investments, formulate incentive programs, and establish regulations 
that foster the sustainable growth of this promising renewable energy 
source (Reguero et al., 2019). As a result, comprehending the potential 
impact of climate change on wave energy resources becomes pivotal for 
informed decision-making about its future implementation. Subse-
quently, numerous recent studies have explored the wave energy po-
tential in different regions under varying climate scenarios. 

Based on the study conducted by (Goharnejad et al., 2021), it was 
found that the Persian Gulf region along the southern coasts of Iran 
presents good potential for wave energy exploitation. The study 
analyzed wave energy at six different points in the region over a time-
frame of 30 years using numerical modeling and wind field data. This 
study revealed an ascending trend in mean annual wave power for the 
historical timeframe, while both climate change scenarios considered, 
RCP8.5 and RCP4.5, have descending trends, with the trend for RCP4.5 
being milder. 

(Rusu, 2019a) also evaluated the near future wave power resources 
in the Black Sea using a wave modeling system forced with wind fields 
provided by a regional climate model. The study found an increase in the 
mean wave power (Pw) under the RCP4.5 scenario in almost all the 
western parts of the Black Sea and the northeastern area, while under 
RCP8.5, Pw nearly doubles its value in comparison with the current 
scenario. This work highlights the importance of assessing the impact of 
climate change on the wave energy resource and provides valuable in-
formation for future planning and management of wave energy in the 
Black Sea region. 

A recent study investigated the long-term sustainability of the wave 

energy resource in the northern part of the Gulf of Oman, considering 
the impact of climate change under the Socio-economic Pathway sce-
narios (SSP5-8.5). The study employed a third-generation wave model 
forced by a near-surface wind speed dataset from a high-resolution 
climate change model. The results suggest an increase in future Pw 
ranging from 21 to 45% under a high-emission scenario (Pourali et al., 
2023). 

Charles et al. (2012) investigated the evolution of offshore and 
coastal wave climates in the Bay of Biscay and the French Atlantic coast. 
They built a high spatial resolution dataset of wave conditions for three 
future greenhouse gas emission scenarios using dynamical downscaling. 
The study found a general decrease in wave heights (up to − 20 cm 
during summer within the Bay of Biscay). 

In addition to the studies mentioned earlier, several other studies 
(Chini et al., 2010; Lionello et al., 2008; Reeve et al., 2011; Rusu, 2019b; 
Sierra et al., 2017) have also aimed to assess the impact of climate 
change on wave resources in different regions. These studies provide 
insights into the potential effects of climate change on wave energy 
resources in various locations, highlighting patterns and trends that can 
inform future research and planning in the renewable energy sector. 

The current study aims to fill an existing research gap by conducting 
a high-resolution and long-term assessment of wave energy resources in 
the coastal area of the Iberian Peninsula, one of the areas with the largest 
wave energy potential in continental Europe (Mørk et al., 2010; Silva 
et al., 2015). Rusu (2022) implemented a new wave modeling system in 
the North Atlantic Ocean and conducted simulations for two 20-year 
time intervals to assess wave climate and wave power (Pw) resources 
along the coastal environment of the Iberian Peninsula under the RCP4.5 
climate change scenario. The study found that Pw values decreased from 
12% to 20% on the western Iberian coast, with a seasonal variability of 
these values, highlighting the variability of Pw resources as an important 
consideration for their exploitation. Another study conducted by Ribeiro 
et al. (2020) assessed the potential changes in wave energy resources in 
the coastal region of the Iberian Peninsula under future climate change 
scenarios (RCP8.5) for the near future timeframe of 2026–2045. The 
study utilized a high-resolution regional wave model and a regional 
wind model to assess the wave and wind energy potential in the region. 
The results indicated that the combination of wave and wind energy 
could provide a more stable and reliable source of renewable energy, 
particularly during the winter months when the wind and wave climates 
are more favorable. Despite the existence of previous studies on the 
wave energy potential of the Atlantic Coast of the Iberian Peninsula, the 
potential impact of climate change on this renewable energy source has 
not been fully evaluated. This research addresses this gap by examining 
the effects of the RCP8.5 climate change scenario on wave power across 
various timeframes, providing valuable insights into the future of wave 
energy production in the region. 

The coastal area of the Iberian Peninsula has one of the largest wave 
energy resources in continental Europe and, over the last years, it has 
attracted the interest of WEC developers such as CorPower, EcoWave-
Power, and WaveRoller (CorPower Ocean, 2023; Eco Wave Power, 
2023; AW-Energy, 2023). Climate change could lead to changes in the 
wind climate, potentially impacting wave energy resources in the re-
gion. This study evaluates the changes in wave energy resources in the 
coastal area of the Iberian Peninsula due to changes in the wind climate, 
using the SWAN numerical wave model (Booij et al., 1999; “SWAN 
Team,” 2020), forced with wind data from the global wind projection 
model CMIP5 (Taylor et al., 2012) under the RCP8.5 scenario (Riahi 
et al., 2011a). The model is calibrated and validated against 10 wave 
buoy measurements based on ERA5 wind and wave reanalysis (Hersbach 
et al., 2020) data using an unstructured mesh (SWAN + ADCIRC 
methodology) (Dietrich et al., 2012; Luettich et al., 1992) and GEBCO 
bathymetry data (Weatherall et al., 2015). The study assesses the vari-
ations of the wave resource under different timeframes which can 
contribute to implementing strategies to optimize energy extraction in 
long-term horizons. The use of numerical wave models, such as SWAN, 
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which can be used for both forecasting and hindcasting simulations (Li 
et al., 2016; Rusu, 2020; Rusu and GuedesSoares, 2014), has proven to 
be an effective tool in assessing the wave energy potential of the region 
and evaluating the potential impact of climate change on these resources 
(Ramos et al., 2017; Silva et al., 2018). 

The potential influence of climate change on wave energy resources 
is a topic that requires in-depth investigation. In this study, the potential 
changes of the wave energy resource across the Iberian Peninsula’s 
Atlantic coast are assessed for the high-emission RCP8.5 global warming 
scenario. To overcome the inherent difficulties of modeling climate 
change effects, the present work uses a carefully calibrated/validated 
wave model, accounting for several key parameters and sensitivities, to 
provide reliable wave power projections. In addition, several timeframes 
(i.e., historical, near-future, and far-future periods) are assessed in 
detail. 

2. Model implementation 

For the present work, an unstructured mesh-based third-generation 
spectral phase-averaged wave model (SWAN), is used to compute the 
wave climate of the study area (Mazzolari, 2013; Amarouche et al., 
2021; Hoque et al., 2020; Zijlema, 2010). This approach allows to 
capture of critical local physics, such as bathymetric features and 
coastlines while maintaining computational efficiency. Utilizing an un-
structured grid enables superior congruence with coastal topography 
and grid resolution is duly adjusted according to the water depth. The 
unstructured grid system utilized in this study is composed of 114518 
vertices, 220485 internal cells, 4261 boundary cells, 334975 internal 
faces, and 4288 boundary faces. The model forced with ERA5 reanalysis 
data was previously calibrated and validated using observation for 10 
different locations and the results are published in (Majidi et al., 2023). 
For the calibration of the model variables, the wind-scaling factor and 
the wind drag formulations were tuned. These are known to be the most 
sensitive calibration parameters within the ST6 physics package of the 
SWAN model. The maximum grid size was 0.26◦, while the minimum 
grid size was 0.002◦. The bathymetry data utilized to create the un-
structured mesh grid (Fig. 1) was obtained from the GEBCO datasets 

(Weatherall et al., 2015). Additionally, wind data projections under the 
RCP8.5 emission scenario (Riahi et al., 2011b) were used in this study 
for three different timeframes, 1979–1998, 2026–2045, and 2081–2100, 
from now on referred to as His, Med, and End, respectively. These 
datasets were produced by the Mediterranean Centre for Climate 
Change (CMCC) with a spatial resolution of 0.75◦ × 0.75◦ and a tem-
poral resolution of 3 h. The SWAN model’s boundary conditions were 
derived from the Model for Interdisciplinary Research on Climate 
(MRI-CGCM3) global wave projection model, which has a 1-degree 
spatial resolution and a 6-h temporal resolution and was developed by 
the Centre for Global Climate Research (CGCM). Therefore, a spatially 
varying boundary condition was defined, imposing incoming wave 
conditions for 28 locations with a 1-degree distance alongside the open 
boundary (Yukimoto et al., 2012). The boundary conditions were pre-
pared assuming a JONSWAP (Joint North Sea Wave Project) spectrum 
(Mazzaretto et al., 2022), with the sea state conditions defined by the 
most relevant parameter for assessing the wave energy resource: sig-
nificant wave height (Hm0), mean wave period, peak wave direction, and 
directional spreading. The choice of the JONSWAP spectrum was driven 
by its suitability for simulating wind-generated waves in the open ocean, 
which characterizes the conditions on the Atlantic coast of the Iberian 
Peninsula. 

3. Results 

The impact of climate change on the wave resource on the Atlantic 
coast of the Iberian Peninsula is investigated by comparing historical 
climate data (His) with climate projections for two timeframes (Med and 
End). The spatially varying analysis is conducted at the study domain 
scale and at the local scale, based on high-resolution wave model results. 
As mentioned earlier, three different 20-year timeframes (His, Med, and 
End) are considered in this study. The spatial plots in this section display 
the average wave power (Pw) for the considered timeframes, along with 
the differences between different timeframes. The spatial results suggest 
that the projected changes in wave parameters vary significantly among 
different seasons and over the year. In general, the winter and spring 
seasons show a greater decline in wave resources than the summer and 

Fig. 1. The defined unstructured mesh grid system and bathymetry of the study area.  
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autumn seasons. The following section presents a detailed discussion of 
the results and their implications. 

3.1. Spatial analysis 

Fig. 2 shows the spatial distribution of the average Pw during the 
spring season and the deviation of the average Pw for His, Med, and End 
timeframes, with a focus on the Atlantic coastal region of the Iberian 
Peninsula. 

According to the results shown in Fig. 2, the maximum Pw in the 
spring season in the region of study is 73.71 kW/m for the His, 62.15 
kW/m for the Med, and 52.86 kW/m for the End timeframes, respec-
tively. The highest Pw in all timeframes is presented at the northwest of 
the study area, while the lowest Pw is at the south and southwest. From 
the past to the future timeframes, as time goes forward, Pw decreases. 
The results shown in Fig. 2 also demonstrate a significant shift in the 
difference of Pw in the spring season. When comparing the Med and His 
timeframes, the maximum decrease was found to be 12.4 kW/m. Simi-
larly, when comparing the End and Med timeframes, the maximum 
decrease was 9.29 kW/m, and when comparing the End to His data, the 
maximum decrease was 20.86 kW/m. These changes were found to be 
most prominent in the northwest region of the study domain, which has 
the highest Pw potential. Overall, the study domain shows a decrease 
during the spring season in all timeframes, except for a small area near 
the Strait of Gibraltar, where an increase of around 2 kW/m was 
observed in the difference between the Med and His timeframes. 

Similarly, the spatial results of mean values of Pw and their corre-
sponding deviations for the considered timeframes are presented in 
Fig. 3. The results shown in Fig. 3 present important findings on the 
variability of Pw in the summer season when considering different 

timeframes. The top row of Fig. 3 shows the variability of mean Pw in the 
study region for the His, Med, and End timeframes. The maximum Pw in 
the His, Med, and End timeframes were found to be 12.94 kW/m, 14.31 
kW/m, and 14.28 kW/m, respectively. The highest Pw in the His time 
slice was found to be in the west of the study area, while the highest Pw 
for the Med and End were in the southwest of the study area. The lowest 
Pw was found to be in the southeast and northwest of the study area. 
When comparing the Med and His timeframes, the maximum increase 
was found to be 1.59 kW/m in the southwestern regions. Conversely, 
when comparing the End and Med timeframes, there is a maximum 
decrease of 1.83 kW/m in the northwest region, and when comparing 
the End and His timeframes, again, the maximum increase in the study 
area was found to be 2.57 kW/m in the southwest of the study domain. 
From the past to the future timeframes, the spatial distribution of Pw 
follows an opposite pattern in comparison with the spring season 
(Fig. 2), with the highest values of Pw concentrated in the southern re-
gions of the study area and increasing slightly for the long-term horizon. 

For the autumn season, the spatial distribution of the mean values of 
Pw, together with the difference for the different timeframes, are shown 
in Fig. 4. 

The results obtained give significant insights into the variability of Pw 
in the autumn season when analyzed over different timeframes. The top 
row of Fig. 4 displays the fluctuations in the mean Pw in the study region 
for the His, Med, and End timeframes. The maximum mean Pw recorded 
in the His, Med, and End timeframes were 70.01 kW/m, 74.19 kW/m, 
and 60.06 kW/m, respectively. The highest Pw was observed in the 
northwest of the study area, while the lowest Pw was located in the 
southeast of the study area for all timeframes. Comparing the Med and 
His timeframes, it was found that there was an increase, in contrast to 
the summer and spring seasons (Figs. 2 and 3), with a maximum increase 

Fig. 2. The top row displays the spatial distribution of average Pw in kW/m for His, Med, and End (from left to right), while the bottom row exhibits the difference of 
average Pw in kW/m for Med-His, End-Med, and End-His timeframes (from left to right), during the spring season, respectively. 
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of 4.42 kW/m. However, when comparing the End and Med timeframes, 
a decrease was observed across the entire domain with a maximum 
decrease of 14.72 kW/m. Furthermore, when comparing the End and His 
datasets, a similar pattern emerged with a maximum decrease of 10.81 
kW/m. During the autumn season, the most prominent increases or 
decreases were observed in the northwest region of the study domain, 
which presents the highest values of Pw during this timeframe. 

Fig. 5 presents the results obtained for the winter regarding the 
spatial variation of mean values of Pw and the corresponding deviations 
between the different timeframes. 

The top row of Fig. 5 shows the spatial changes of mean values of Pw 
for the His, Med, and End timeframes, which were found to be 158.00 
kW/m, 131.69 kW/m, and 131.03 kW/m, respectively. The highest Pw in 
all timeframes was found in the northwest of the study area, while the 
lowest Pw was observed in the south and northeast of the study area. 
When comparing the Med and His datasets, the maximum decrease was 
found to be 26.31 kW/m, and when comparing the End and His time-
frames, the maximum decrease was 26.97 kW/m. These changes were 
found to be most pronounced in the northwest region of the study 
domain, which has the highest Pw. The results demonstrate a general 
trend towards a decrease in Pw from the His to the Med and End time-
frames. When comparing the End to the Med, the maximum decrease was 
5.82 kW/m, with no significant changes observed across the rest of the 
study domain. It is worth noting that an increase in the difference of Pw 
was observed in the south of Portugal near the Strait of Gibraltar, where 
the Med and His data comparison indicates an increase of around 2 kW/ 
m. The difference of End-Med in the winter season is also mostly pre-
senting increased Pw across the entire study domain. The increased Pw in 
some seasons may have been caused by a regional increase in wind speed 
under the RCP8.5 climate change scenario. 

Finally, the results for the annual analysis are presented in Fig. 6 and 
the results obtained reveal that the mean annual Pw distribution for the 
His, Med, and End timeframes reach the spatial maximum values of 
78.27 kW/m, 69.71 kW/m, and 63.23 kW/m, respectively. The higher 
values of Pw across all timeframes were observed in the northwest region 
of the study area, while the lower values of Pw were found in the south 
and northeast of the study area. When comparing the Med to the His 
data, the maximum decrease in Pw observed is 8.56 kW/m. Similarly, the 
comparison between the End and Med datasets showed a maximum 
decrease of 7.18 kW/m. Lastly, the comparison of the End and His 
timeframes revealed a maximum decrease in Pw of 15.05 kW/m. These 
decreases in Pw were found to be most prominent in the northwest region 
of the study domain, which has the highest Pw potential. The results of 
the study indicate a general trend towards a decrease in Pw from the His 
to the Med and End timeframes. Overall, the study results demonstrate a 
decrease in Pw over the annual time scale in all timeframes. The decline 
in Pw can be attributed to the climate projections under the RCP8.5 
emission scenario and the corresponding increased warming. 

3.2. Local analysis 

In order to gain a more thorough understanding of the time-series of 
mean Pw and wave directions, a representative nearshore location, 
longitude of − 8.829◦W, and latitude of 41.511◦N, at 32 m water depth, 
was chosen to conduct a local analysis. The intra-annual mean Pw at this 
location is shown in Fig. 7. 

Through analysis of the moving average Pw shown in Fig. 7, it can be 
observed that: His has the highest average wave power throughout the 
year, except in late February where it is the lowest. This suggests that the 
wave power decreased slightly in late February compared to the rest of 

Fig. 3. The top row displays the spatial distribution of average Pw in kW/m for His, Med, and End (from left to right), while the bottom row exhibits the difference of 
average Pw in kW/m for Med-His, End-Med, and End-His timeframes (from left to right), during the summer season, respectively. 
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the year. Med has the lowest average Pw in the first half of January, but 
then it increases rapidly to become the highest in late February to early 
March. This peak in Pw coincides with a dip in Pw for His. After March, 
Med gradually decreases in Pw until it becomes the lowest again in April. 
It then remains in the middle of the two time-series until November, 
when it becomes the highest until the end of the year. This suggests that 
there is a seasonal variation in wave power for Med. End is in the middle 
of the two time-series for most of the year, except for the first half of 
February where it is the lowest, and the first 10 days of December where 
it is the highest. This suggests that there are brief periods of higher and 
lower wave power for End. 

Based on these observations, it appears that there are distinct pat-
terns in the Pw time-series for each of the three timeframes. The His time- 
series consistently shows the highest Pw values throughout the year, 
while the Med and End time-series show more variation, with Med being 
highest during late winter and early spring. These differences suggest 
that Pw may be affected by a range of factors, including seasonal 
changes, regional variations, and the RCP8.5 climate change pattern. 

Fig. 8 presents the exceedance percentiles of Hm0 and energy period 
(Te) for the same nearshore location, in order to provide an under-
standing of the distribution of the accumulated data (58440 values) over 
20 years for the His, Med, and End timeframes. 

The 50th exceedance probability values of Hm0 exhibit a downward 
trend from 1.94 m to 1.90 m and to 1.82 m, for the His, Med, and End 
timeframes, respectively. Similarly, the 5th exceedance probability 
values of Hm0 decrease from 4.49 m to 4.24 m and 4.06 m, for the 
timeframes of His, Med, and End, respectively. These findings suggest a 
decrease in the average values of Hm0 over time, as demonstrated by the 
reduction in both the 50th and 5th exceedance percentiles from the His 
to End timeframes. 

Likewise, the 50th exceedance probability values of Te exhibit a 
decreasing trend from 9.22 s to 9.18 s and 9.04 s, for the His, Med, and 
End timeframes, respectively. The 5th exceedance probability values of 
Te also show a decreasing trend (ranging from 14.15 s to 13.87 s and 
13.70 s for the His, Med, and End timeframes, respectively). Conse-
quently, the results obtained suggest a decline in the average values of 
Hm0 and Te over time, as evidenced by the decrease in both the 50th and 
5th exceedance percentiles from His to End. The wave roses in Fig. 9 
illustrate the directional characteristics of waves with different Hm0 
during His, Med, and End timeframes at the study location. 

The wave roses in Fig. 9 reveal that the dominant wave direction 
remains constant across all three timeframes, with the highest occur-
rence of waves coming from the west. However, as time advances from 
His to End, a reduction in wave heights can be observed, as indicated by 
the colormap of the wave rose plot. Furthermore, in the outer circle of 
the wave roses, the percentage of waves with a west direction exhibits a 
decline from 65% for the His timeframe to 57% for the Med timeframe 
and further to 55% for the End timeframe. This suggests a shift in the 
incoming wave direction over time (with a larger number of waves 
presenting an incoming Northwest direction). Moreover, the percent-
ages of waves with magnitudes below 3 m coming from the northwest 
for the His, Med, and End timeframes are 33%, 38%, and 42%, respec-
tively. This indicates a relative increase in the frequency of occurrence of 
these waves as time progresses from His to End. Overall, these findings 
demonstrate a shift in the wave climate over time, with a decrease in 
wave heights and a change in the relative proportions of wave 
directions. 

The findings of this study reveal a dominant wave direction from the 
west across all three timeframes, consisting of a total of 58,440 data 
points. However, the expected dominant wave direction in this location, 

Fig. 4. The top row displays the spatial distribution of average Pw in kW/m for His, Med, and End (from left to right), while the bottom row exhibits the difference of 
average Pw in kW/m for Med-His, End-Med, and End-His timeframes (from left to right), during the autumn season, respectively. 
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based on reanalysis data, is from the northwest. This discrepancy may be 
attributed to potential inaccuracies in the climate projection scenario 
RCP8.5 used in this study. It is important to acknowledge that un-
certainties and limitations in climate projection scenarios can impact the 
accuracy of wave direction predictions. Furthermore, other factors such 
as local variations, geographical features, temporal fluctuations, and 
unanticipated changes in the climate system may also contribute to the 
observed deviation. Additionally, it is noteworthy that the objective of 
this study is to conduct a comparative analysis of outcomes generated by 
a singular climate projection model and evaluate the variations that may 
arise across various time periods. 

Table 1 (Med-His), 2 (End-Med), and 3 (End-His) provide a compari-
son of the wave resource matrices for the chosen location between the 
timeframes considered in this study. The objective of these tables is to 
provide insight into the changes projected to occur in the different sea 
states over time. 

The presented difference matrices of the wave resources in 
Tables 1–3 suggest that the wave power levels on the Atlantic coast of 
the Iberian Peninsula will change in the future under the RCP8.5 climate 
change scenario. Each cell of the tables corresponds to specific ranges of 
Hm0 and Te and the positive values (%) are roughly ranged between Hm0 
(2–5 m) and Te (6–10 s), Hm0 (1–2 m) and Te (4–6 s), and Hm0 (2–4 m) 
and Te (4–13 s) for Tables 1–3, respectively. Positive values in each table 
indicate an increase in the probability of occurrence for the corre-
sponding sea states, while negative values indicate a decrease in the 
probability of occurrence for the corresponding sea state. There is a 
decreasing trend for higher Hm0 and Te values, particularly for cells with 
less probability of occurrence, suggesting that the extreme sea states are 
decreasing in the future. On the other hand, an increasing trend is 
observed in sea states for waves with lower Hm0 and Te values. 

It is important to note that the difference may vary across locations 
and timeframes, and can be influenced by local bathymetry, wind pat-
terns, and other site-specific characteristics. Therefore, these analyses 
should be considered when applying WECs to understand the impact of 
climate change on the specific sea state classes dominant in the power 
matrix of the selected WEC at the location of interest. 

4. Discussion 

A high-resolution unstructured wave model was successfully applied, 
after calibration and validation against field data from 10 different lo-
cations across the study area (Majidi et al., 2023). This approach 
allowed a very detailed examination of climate change’s impact on wave 
energy resources at both regional and local scales. A comprehensive 
overview of projected changes on annual and intra-annual scales was 
achieved by comparing three different timeframes. 

Due to uncertainties associated with climate change projections, in 
this work, it was decided to study the most extreme climate change 
scenario to obtain conservative outcomes (i.e., “upper boundary” of 
expected changes). Uncertainties are present in all works dealing with 
projections; therefore this “limitation” applies to projections based on 
RCP8.5 and the other scenarios. 

A notable decrease in wave power over the various timeframes was 
observed in this study, with the reduction being more pronounced 
during winter and spring seasons compared to summer and autumn. 
Higher Pw values were consistently registered in the northwest region. 
An unexpected increment in Pw in the vicinity of the Strait of Gibraltar 
was noted when the Med to His timeframes were compared, potentially 
attributed to regional increases in wind speed under the RCP8.5 climate 
change scenario. 

Fig. 5. The top row displays the spatial distribution of average Pw in kW/m for His, Med, and End (from left to right), while the bottom row exhibits the difference of 
average Pw in kW/m for Med-His, End-Med, and End-His timeframes (from left to right) during the winter season, respectively. 
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Previous works, such as that of Rusu (2022) projected near-future 
(2026–2045) wave power using the less severe RCP4.5 scenario, while 
Ribeiro et al. (2020) investigated the near-future hybrid wind-wave 
energy resource for the northwest coast of Iberian Peninsula using a 
Delphi method to classify wind and wave energy resources between 
2026 and 2045. The relevance of these findings for the wave energy 
community is clear, highlighting potential future challenges for the 
wave energy industry in the long term under the severe RCP8.5 climate 
change scenario. 

Compared to previous research work, a distinctive feature of the 
present study is that it provides a comprehensive examination of the 
impact of the RCP8.5 climate change scenario on the wave resources 
along the Atlantic coast of the Iberian Peninsula, employing a high- 
resolution and unstructured meshed SWAN model. Spatial variations 

of this impact under the severe RCP8.5 scenario were explored, high-
lighting that climate change effects can vary significantly between 
regions. 

Under the RCP8.5 scenario, it was inferred that climate change could 
lead to a decrease in the wave power resource along the Atlantic coast of 
the Iberian Peninsula. This reduction could be associated with predicted 
lower regional changes in atmospheric pressure due to global warming, 
which could decrease wind speeds and consequently the energy driving 
ocean waves. This decrease in wind speeds, in turn, results in a decline in 
the energy that boosts ocean waves, ultimately leading to lower values 
of Pw (Pryor et al., 2020; National Geography, 2023). It is important to 
note that the decrease in Pw has implications for wave energy farms. 
Therefore, it is crucial to monitor and assess the changes in Pw as a result 
of climate change in order to adapt and plan accordingly for future 

Fig. 6. The top row displays the spatial distribution of average Pw in kW/m for His, Med, and End (from left to right), while the bottom row exhibits the difference of 
average Pw in kW/m for Med-His, End-Med, and End-His timeframes (from left to right), during the whole year, respectively. 

Fig. 7. The 3-hourly time-series and moving average with a window size of 100 point-data for mean Pw for His, Med, and End.  
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developments of WECs and wave farms. 
In summary, significant implications arise for the wave energy 

sector, especially for farms to be situated along the Atlantic coast of the 
Iberian Peninsula. The projected decrease in wave power calls for stra-
tegic positioning of wave energy converters to optimize performance 
under changing conditions. In this context, future research is suggested 
to incorporate more diverse climate projection scenarios, capturing a 
wider range of potential outcomes. 

5. Conclusion 

In general, the present study provides valuable insights into the 
potential impacts of climate change on the wave resource (Pw) on the 
Atlantic coast of the Iberian Peninsula. The findings attained indicate a 
potential decline in the wave energy resource, more pronounced in the 
northwestern region, emphasizing the urgency of further research and 
strategic planning in wave energy sectors, particularly in regions of 
significant wave power reductions. 

The results indicate an overall decrease in Pw over time, except for 

Fig. 8. The exceedance percentiles of Hm0 (left plot) and Te (right plot) for His, Med, and End data series.  

Fig. 9. The wave rose of incoming waves at the chosen location for His (left plot), Med (middle plot), and End (right plot).  

Table 1 
The difference of the wave resource matrix (%) of Med compared to His at the selected location (Med–His).    

Te (s)  

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

Hm0 (m) 0  0.01 -0.01 -0.05 -0.09 -0.07 -0.03            
1   -0.01 -0.18 -0.02 -0.22 -0.35 -0.05 -0.05 0.03 0.01        
2    0.02 -0.16 -0.44 0.40 0.51 -0.14 -0.03 -0.05 0.01 0.01      
3      -0.21 -0.06 0.54 0.98 0.79 0.32 0.17 0.09 0.04 0.01    
4      -0.02 -0.06 0.22 0.23 0.17 0.22 0.04 0.19 0.20 0.02    
5       0.01 0.12 0.11 -0.19 -0.37 0.03 0.47 0.26 -0.01 -0.01   
6        0.01 -0.02 -0.15 -0.34 -0.39 -0.04 0.05 -0.08 -0.01 -0.02  
7        -0.01 -0.08 -0.12 -0.15 -0.19 -0.07 0.03  -0.02 -0.01  
8         -0.03 -0.12 -0.05 -0.10 -0.17  0.03 -0.04 -0.05 -0.01 
9         -0.01 -0.04 -0.03 -0.01 -0.07 -0.09 -0.07 -0.08 -0.04  
10           -0.03 -0.03 -0.01 -0.04 -0.08 -0.08 -0.04  
11          0.01  -0.01 -0.02 -0.03 -0.03 -0.02 -0.02 -0.01 
12              -0.05 -0.04 -0.01 -0.01  
13            -0.01 -0.01 -0.01 -0.03 -0.02 -0.01  
14               -0.02 -0.02 -0.01  
15                -0.01 -0.01   
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the area situated in the southern region of Portugal near the Strait of 
Gibraltar, where an increase in Pw is expected in future timeframes. This 
trend is attributed to the projected increase in global warming and the 
associated decrease in the local wind speeds, which may be caused by a 
reduction in changes in regional atmospheric pressure. The decrease in 
Pw over time may result in decreases in energy production and reduced 
economic benefits for wave energy investors. Changes in Pw may also 
have an impact on coastal infrastructure, as lower wave energy may 
result in reduced wave-loading on coastal structures. Therefore, the 
findings of this study emphasize the need to further consider the im-
plications of changing Pw on both wave energy production and coastal 
infrastructure. 

The numerical wave model used in this study, along with the high- 
resolution and long-term assessment of wave resources, provides an 
important contribution to the understanding of Pw in the Atlantic coastal 
region of the Iberian Peninsula. By utilizing the SWAN model with the 
high-resolution unstructured mesh, the study could capture the complex 
dynamics of wave propagation in the region. 

Overall, this study provides a useful foundation for future research 
on Pw in the Atlantic coastal area of the Iberian Peninsula, particularly in 
the face of a changing climate. It highlights the importance of continued 
research and monitoring to plan and understand the impact of climate 
change on the Pw generation. Coastal communities and wave energy 
power plants must be prepared to adapt to potential changes in Pw. 
Finally, the findings in this study have important implications for the 
sustainable development of the coastal regions in the Iberian Peninsula. 
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