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A B S T R A C T

Long-term ocean climate effects on wave energy are often analysed from the viewpoint of the well-known
increment of wave height over the decades. However, this increment associated with the increase of wave
energy flux and absorbed power does not consider the influence of variations in the wave period, whose
contribution is more important according to an adimensional performance analysis given by the capture width
ratio. This study identifies significant past variations in wave periods during the 20th and 21st centuries using
the reanalysis ERA-20C globally and at specific locations, such as Ireland, via calibration with ERA5. A more
specific analysis developed in this area shows very significant performance variations (up to 20%) for two
types of wave energy converters: oscillating water column devices and a floating body, in which laboratory
empirical equations have been used to compute their performance loss due to the deviation from its natural
resonance frequency or optimum working wave period. Thus, the performance measured as capture width
ratio is highly sensitive to wave period changes, even losing productivity for regions where the wave energy
potential is being incremented during the last decades.
1. Introduction

Decarbonisation of the energy sector is one of the most important
future actions of humanity in the coming decades to weaken the impact
of greenhouse gas emissions (GHGEs), as two-thirds of all GHGEs
stem from energy production [1]. The renewable share of the total
energy supply should therefore be drastically increased, which would
also involve other socio-economic benefits [2]. Hence, apart from the
well-known solar and onshore wind energy sources, less developed
technologies such as wave energy will also play an important role [3].

Although advances in wave energy converters still face surviv-
ability, maturity, and cost challenges, different types of technological
synergies can accelerate their real implementation in the near future.
The synergy between ocean wind and wave energy based on renewable
energy production, or the synergy between wave energy farms and
coastal protection according to mitigation of global warming effects on
the shoreline, both constitute promising co-lateral innovations in favour
of wave energy conversion technologies (WECs) [4–6].
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The synergy of wave energy with coastal mitigation effects contains
a fundamental aspect that requires long-term analysis of the resource
according to climate change. Several studies have already shown a
general increase in wave height and energy worldwide using past data
and future projections via the Coupled Model Intercomparison Project
Phases 5 and 6 (CMIP5 and CMIP6). Thus, a global average annual
increment of 0.4% has been identified since 1948 for wave power,
finding long-term correlations with sea surface temperatures, which
indicates that global warming is making waves stronger [7].

The Southern Ocean defined between latitudes of 40◦S and 80◦S
presents the highest changes increasing in the past 50 years from a
spatial average wave power of around 3105 kW/m to almost 5105

kW/m [7]. For specific grid points, differences in the mean wave
power during the decade of 1991–2000 with respect to the mean
value in 1981–1990 have reached 30 kW/m in the south of Australia,
Chile, and South Africa [8], which constitutes a huge value than can
increment the available power by 30%–40% in these sites. For future
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List of Abbreviations

AMETS Atlantic Marine Energy Test Site
BEM Boundary Element Method
FB Floating Body
CMIP5 Coupled Model Intercomparison Project Phase 5
CMIP6 Coupled Model Intercomparison Project Phase 6
ECMWF European Centre for Medium-Range Weather

Forecasts
ENSO El Ni o
ERA-20C ECMWF’s 20th century reanalysis
ERA5 ECMWF’s 5th reanalysis
GHGEs Greenhouse Gas Emissions
ICOADS International Comprehensive Ocean-Atmosphere

Data
ISPD International Surface Pressure Databank
OWC Oscillating Water Column
O-FB Oscillating Floating Body by Oigarden and Olsen
PTO Power Take-Off
RCP Representative Concentration Pathways
SAM Southern Annular Mode
SWAN Simulating Waves Nearshore
SSP Shared Socioeconomic Pathway
WEC Wave Energy Converter

Nomenclature

𝑎, 𝑏, 𝑐, 𝑑, 𝑓 Results of empirical equations
𝐵 OWC Cavity length (m)
𝐶𝑊 Capture Width (m)
𝐶𝑊𝑅 Capture Width Ratio
𝐶𝑊𝑅𝑓𝑏 CWR of the floating body
𝐶𝑊𝑅𝑂𝑊 𝐶 CWR of the OWC
𝐷 OWC Cavity draught (m)
𝐷𝑥 Adimensional draught
𝐻𝑠 Significant wave height
ℎ𝑥 Relative depth
ℎ Depth (m)
𝐾 Damping coefficient (Ns/m)
𝑘 Wave number (m−1)
𝐾𝑥 Adimensional damping
𝑃𝑎𝑏𝑠 Absorbed power (kW)
𝑃𝑤𝑎𝑣𝑒 Wave energy flux (kW/m)
𝑃𝑖, 𝑄𝑖 𝑖 ∈ {1, 14} Empirical numerical parameters
𝑇𝑝 Peak wave period (s)
𝑇𝑚 Mean wave period (s)
𝑇𝑒 Energy period (s)
𝑊 OWC Cavity width (m)
𝑊𝑥 Adimensional width
𝑊𝐸𝐹 Wave Energy Flux (kW/m)
𝜆 Wave length (m)
𝜌𝑎 Air density (kg∕m3)

projections of wave extremes using CMIP5, the Southern Ocean is
again the area with the highest increment in extreme waves [9]. These
trends have been corroborated using different data sources such as
satellites [10], in-situ measurements [11], and visual observations [12],
observing, for instance, an increment of approximately 5 cm/decade in
2

the North Atlantic. Furthermore, several authors have already shown a
general increment of wave height and, therefore, wave energy, around
the planet using past data and future projections via Coupled Model
Intercomparison Project Phase 5 and 6 (CMIP5 and CMIP6) [13].

The effects of these historical increments on the energy production
of different wave energy converters have been analysed by the authors
in Ireland [14], Chile [15], Iceland [16] or Gulf of Biscay [17] using re-
analysis data of ERA-20C (last century) calibrated against ERA-Interim.
In these previous cases, significant wave height (𝐻𝑠) or directly Wave
Energy Flux (WEF) were analysed according to their trends and histor-
ical evolution, introducing them in the energy capture hydrodynamic
models of different WECs.

However, very few specific studies on wave period can be found
in the literature [18–22], and most do not show a long-term study
on the historical trends, with the exception of [23], which shows
an interesting hemispheric asymmetry of future wave trends: North
Hemisphere shows an slow decreasing trend of wave period, while
the Southern Ocean increases its period mainly during the austral
winter. CMIP5 projections also confirm the different behaviour of the
wave period in both hemispheres during the 21st Century [23,24]. A
similar asymmetry for the peak period has also been reported in the
literature [25]. Changes in different wave parameters, including mean
wave period seem to be driven by large circulation patterns like El Niño
(ENSO) and the Southern Annular Mode (SAM) [26].

Nevertheless, the literature generally lack an explicit study of wave
period trends, given its importance to estimate the coupling of the
ocean resource with the natural frequency of the device, that is, the
resonance effect that should be found by the WEC to maximise the
power absorption. In fact, the Cummins equation, which describes the
motion of ships under the influence of incoming waves is used for the
description of floating bodies in wave energy studies, but seeking the
resonance by means suitable control systems instead of seeking the
equilibrium [27,28]. Thus, the importance of wave period is crucial,
mainly if we analyse the WEC’s performance using adimensional ratios
relative to the available power such as the Capture Width Ratio (𝐶𝑊𝑅)
described in Section 2.2.3. For instance, this aspect has been recently
underlined by Fox et al. [29], who analysed Oscillating Water Column
device (OWC) configurations in breakwaters, showing that these de-
vices have a higher hydrodynamic efficiency in climates with low wave
periods such as the Mediterranean.

The relative value of 𝐶𝑊𝑅 as a performance indicator of the
productivity of a given WEC is therefore more interesting to analyse
the long-term evolution of wave energy than the usual trend analysis
of the wave energy flux. A complete analysis of wave energy trends
needs a further step to treat the historical variations of real wave energy
production in terms of electricity production and the corresponding
techno-economic assessment.

Two CWR estimation models were used here based on empirical
studies: one for an OWC modelled in the wave tank of Florence [30],
and the other for a patent based on a floating body that can be
filled with water to change its inertial moment and consequently its
natural frequency [31]. The discussion in Section 4 also explains the
importance of the deviation from the resonance point in a qualitative
manner, showing the influence of the identified wave period changes
on the power matrices of floating bodies of different sizes.

The remainder of this paper is organised as follows: Section 2.1
presents the data and methodology for the study of wave trends;
Section 2.2 describes the method to obtain the decadal changes in
the percentage of wave period globally, the calibration technique via
quantile matching, and empirical models of an OWC and a floating
body; Section 3 introduces the corresponding results with the maps and
behaviour of the two WECs’ CWR; Section 4 discusses these results; and
Section 5 presents the main conclusions and suggests future lines of
research. Thus, the narrative logic is as follows: rough reanalysis data
are used in the first global results for the identification of a relevant
location according to wave period variation. Subsequently, a finer study
based on calibration and real wave energy production for two different

WECs was developed at these paradigmatic points.
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2. Data and methodology

2.1. Data

2.1.1. ERA-20C
For data from the last century, the reanalysis ERA-20C of the

ECMWF were used [32]. The observations assimilated are surface and
mean sea level pressures from ISPDv3.2.6 and ICOADSv2.5.1, and
surface marine winds from ICOADSv2.5.1., and the spatio-temporal
evolution of background errors were produced a priori [33,34].

The temporal resolution of this model covers the period of 1900–
2010 and his spatial resolution is approximately 125 km. ERA-20C was
developed via IFS-Cy38r1, and a coupled Atmosphere/Land-surface/
Ocean-waves model was used to assimilate surface observations. There
are 91 levels in the vertical direction, the land-surface is distributed on
four soil layers, and the ocean waves are distributed on 25 frequencies
and 12 directions.

Monthly means were used for the analysis of trends of peak period,
and for the particular analysis of energy production and capture width
ratio at key locations three-hourly data is used, introducing the signif-
icant wave height for these cases. Finally, annual averages have been
used to represent the trends of capture width given the usual annual
character of energy production indexes.

According to the World Meteorological Organization, a 30-year
period must be used for the analysis of climatologies [35]. Considering
the years available in this dataset, the data from years 1981 to 2010
covers the last available 30-years period. Then, two additional non-
overlapping 30-year periods have been defined going backwards from
the most recent one, 1951–1980 and 1921–1950.

2.1.2. ERA5
The global trend analysis for the wave period was performed using

rough ERA-20C data, but for locations of interest, where important
historical and future wave period variations have been identified, ERA-
20C was calibrated against ERA5 reanalysis [33], the most advanced
reanalysis of the ECMWF. It covers the period from 1950 to the present,
and thus, the calibration period was adopted between 1980–2009
(40 years). Produced by the Copernicus Climate Change Service at the
ECMWF, this reanalysis presents 1-hourly temporal resolution and a
spatial grid of 30 km for the atmosphere, and 80 km for ocean waves.
It is therefore expected that this calibration procedure versus ERA5 will
improve the ERA-20C historical data, given its good validations against
wind and wave observations shown in the recent literature [16,36–41].

2.2. Methodology

2.2.1. Global changes
The median values of the peak wave period from ERA-20C were

calculated at the global scale for the 30-year periods 1921–1950 (used
as a reference) and the percent changes of the median period at every
point with respect to this reference period were computed for the thirty-
year periods 1951–1980 and 1981–2010. The use of the median in
this computation leads to more robust results, because this quantity
is less sensitive to outliers and the wave period distribution is not a
normal distribution. The use of a 30-year period for the definitions of
climatology is customary in climatological literature, and considers the
recommendations of the World Meteorological Organization [35].

Thus, given 1921–1950, 1951–1980, and 1981–2010 time-intervals,
the variation in percent of the median of the second period with respect
to the first one for a parameter 𝑇 is

𝛥𝑇% = 100 ×
𝑃1951−1980 − 𝑃1921−1950

𝑃1921−1950
(1)

This percentage representation based on median has been applied
in Fig. 2 for the variation of the second and third 30-year time-interval
versus the first one.
3

Fig. 1. Main geometrical parameters of an OWC according to its dimensions: chamber
length 𝐵 and width 𝑊 , water draught 𝐷, and water depth ℎ.

2.2.2. Calibration via quantile mapping
Quantile mapping was used for the calibration of the above men-

tioned reanalyses: ERA-20C versus ERA5 nearest gridpoint within the
1981–2010 period (40 years) selecting 3-hourly data for ERA5 in order
to match ERA-20C time resolution (116800 cases analysed at a selected
gridpoint). The authors have used this technique for wave energy
potential studies over the past decades [14,15,17], mainly calibrat-
ing ERA-20C versus ERA-Interim [42], the previous reanalysis of the
ECMWF.

This bias correction method based on the matching of the same
quantile of two time series creating a transference function for each
element of the series (from ERA-20C to ERA5 in our case) has differ-
ent names in the literature: quantile mapping [43], probability map-
ping [44], statistical downscaling [45] and histogram equalisation [46].
The literature provides numerous examples of quantile mapping for
temperature, precipitation, wind speed or other parameters [38,47–51].
Therefore, the calibration of the wave data can be considered a novelty
previously introduced by these authors in the context of renewable
marine energy capture.

2.2.3. Capture width ratio estimation model for OWC
The absorption width (𝐵), length (𝑊 ), draft (𝐷), and the water

depth (h) define the main geometrical parameters of an OWC according
to the dimensions of its inferior cavity and the distances with respect
to the water level (Fig. 1). For simplicity, the width and length are
considered equal (𝐵 = 𝑊 , square cavity base) in this study.

Table 1 shows the set of equations presented in [30] according to
their experiments in the Florence wave tank for OWC devices. The first
column shows the main input parameters with assignment of typical
values and ranges. The definitions of each parameter can be found
in the Nomenclature table. In the second column, the correspond-
ing non-dimensional parameters are defined, and a list of numerical
coefficients is included. Finally, the third column shows the new pa-
rameters (𝑎, 𝑏, 𝑐, 𝑑, 𝑓1, 𝑓2, 𝑓3) as a function of the numerical coefficients
empirically obtained in the laboratory experiments (𝑃𝑖, 𝑄𝑖). This set
of equations has been recently been used to optimise the OWC width
according to the arriving wavelength [37], which can be expressed as
a function of the wave period for high intermediate or deep waters
according to the dispersion relation, in which tanh(𝑘ℎ) ≈ 1 [52], 𝑘 =
2𝜋∕𝜆, and 𝑔 is the gravitational acceleration.

𝜆 =
𝑔
2𝜋

𝑇 2
𝑝 = 1.56𝑇 2

𝑝 (2)

This final set of equations provides the main performance param-
eter of a wave energy converter, that is, the capture width ratio
(𝐶𝑊𝑅𝑂𝑊 𝐶 ), defined and computed as follows:
𝑓1 = 𝐶𝑊𝑅𝑂𝑊 𝐶 =

𝑃𝑎𝑏𝑠 =
𝑃𝑎𝑏𝑠 (3)
𝑓2𝑓3𝑐 𝑃𝑤𝑎𝑣𝑒 𝑊𝐸𝐹 ⋅ 𝐵
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Table 1
Main input, adimensional, and numerical parameters and the corresponding equations
of the empirical OWC model to obtain its CWR.

Parameters Adimensional par. Empirical equations

H=3 m ℎ𝑥 = 𝑘ℎ 𝑎 = 𝑃3ℎ𝑥+𝑃4

ℎ2
𝑥+𝑄3ℎ𝑥+𝑄4

𝜆=[50,150] m 𝐷𝑥 = 𝐷
𝐻𝑐𝑜𝑠ℎ(𝑘(ℎ−𝐷))𝑐𝑜𝑠ℎ(𝑘ℎ)

𝑏 = 𝑃5ℎ2
𝑥 + 𝑃6ℎ𝑥 + 𝑃7

𝑘 = 2𝜋∕𝜆 𝑊𝑥 = 𝑊 ∕𝜆 𝑐 = 𝑃8(ℎ𝑥 + 𝑃9) + 𝑃10

𝑔 = 9.8m∕s2 𝐾𝑥 = 𝐾𝐵𝑊
𝜌1∕2𝑎

𝑑 = 𝑃11ℎ3
𝑥 + 𝑃12ℎ2

𝑥 + 𝑃13ℎ𝑥 + 𝑃14

ℎ = 20 m 𝑓1 =
𝑃1 (𝐾𝑥−𝑑)+𝑃2

(𝐾𝑥−𝑑)2+𝑄1 (𝐾𝑥−𝑑)+𝑄2

𝐾 = 1.4 Ns/m 𝑓2 = exp(𝑎𝐷𝑥)

𝜌𝑎 = 1.2 kg∕m3 𝑓3 = 1 + (𝑊𝑥 −𝑊𝑥𝑜𝑝𝑡)2𝑏

𝐵 = [7.5, 11.5] m

where 𝑃𝑎𝑏𝑠 is the power absorbed by the OWC and 𝑃𝑤𝑎𝑣𝑒 is the energy
f the wave flux (𝑊𝐸𝐹 ) multiplied by the width of the OWC cavity,
hich is proportional to the square of the significant wave height and
ean energy period.

𝐸𝐹 =
𝜌𝑔2

64𝜋
𝐻2

𝑠 𝑇𝑒 = 0.49𝐻2
𝑠 𝑇𝑒 (kW∕m) (4)

It should be noted that the mean period 𝑇𝑚 was used for the
computation of 𝑊𝐸𝐹 in ECWMF reanalyses according to its parameter
etails [53], that is, mean wave period is actually energy period for
CWMF models and reanalyses for its approximation in deep waters
or 𝑊𝐸𝐹 .

On the other hand, the peak period 𝑇𝑝 should be used for validation
or implementation of the wave period on power matrices of different
wave energy converters. Cahill et al. [54] defined a scale factor as wave
period ratio for the correction of different definitions of wave period.
Moreover, these empirical scale measurements were made in Irish sites
such as AMETS (Atlantic Marine Energy Test Site) and Loop Head, near
our selected gridpoint (Section 3.2). However, these scale corrections
of wave period, obviously, are not relevant for relative increment in
percent presented here, since a scale factor does not affect the slope
of a regression. That is why the direct projections of 𝑇𝑚 are used in
Section 3.3.1.

2.2.4. Capture width ratio estimation for a floating body
For a second paradigmatic wave energy converter, a floating buoy of

the same diameter as that used in the patent by Oigarden and Olsen was
modelled in deep water [31] (O-FB). This power plant was achieved by
designing the floating bodies to float awash and be partially filled with
water, increasing or reducing the water mass within, thus allowing the
natural frequency of the structure to be matched to the wave period,
which is the key parameter in our study.

According to a previous empirical study, the wave power can be
extracted in kW as a function of 𝐻𝑠 and 𝑇𝑝 [31,55]:

𝑃𝑎𝑏𝑠 = 4.5𝐷2.4
𝑏 𝐻1.7

𝑠 𝑇 −0.9
𝑝 (5)

where 𝐷𝑏 denotes the diameter of the floating body. Therefore, the
corresponding 𝐶𝑊𝑅 can be obtained from Eq. (3) considering 𝐷𝑏 as
the withe of the device.

3. Results

3.1. 30-year variation of wave period

Fig. 2 shows the global variations in the percentage of peak wave
period 𝑇𝑝 using the entire ERA-20C period. In this plot, every three-
decade period (1951–1980 and 1981–2010) is compared with the
initial period (1921–1950) row by row to represent the transition of
these changes during the 20th century in percent along with the wave
4

period corresponding to 1921–1950.
The figure shows a generalised increase in the period for the North-
ern Hemisphere with larger values over specific areas, such as New-
foundland, Ireland and Japan in extratropical areas and increases in
tropical Pacific areas. In some regions, such as the Indian Ocean,
northern tropical Atlantic, or large areas of the Southern Hemisphere,
some reductions in the period were also detected, even though they
were weaker than the overall increase. If the spatial average of the
percentage change is computed, it is weak but positive during the
1951–1980 period (0.2%), but an order of magnitude larger (2%)
during 1981–2010. These results obtained using ERA5 data, are in some
cases consistent with the findings of other studies particularly over
some areas of the Southern Hemisphere (Pacific) but diverge in other
regions, such as the Northern Atlantic [23,56]. At the regional scale,
there are some recent similar findings regarding the energy period over
the Mediterranean [57] or the Black Sea [58].

3.2. Wave climate change in Ireland

Ireland was selected for the regional analysis for two reasons: first,
the strong wave period changes identified in the previous global anal-
ysis, and second, because it possesses one of the richest wave energy
climates in the world. According to the Foras na Mara Marine Institute
(https://www.marine.ie), wave energy resources potentially available
to Ireland could meet 75% of country’s electricity requirements.

Fig. 3 shows the evolution of 𝐻𝑠, 𝑇𝑝 and 𝑊𝐸𝐹 in the most energetic
western sea area of Ireland. Based on the figure panel, a particular
analysis grid point (star symbol) was selected near the Bay of Galway
[−11◦, 53◦] because of its relevance as a transition zone through the
hree 30-year periods (rows: 1921–1950, 1951–1980, 1981–2010). The
ncrement in the values was clear for the wave height and period
nd the corresponding value of 𝑊𝐸𝐹 , which reached an increment
f almost 40% according to the isoline in the last historical period
ompared to the nearness of the 25% increment isoline in the second
951–1980 period. The cause of these strong increments of 𝑊𝐸𝐹 is the

corresponding strong increment of 𝐻𝑠 (around 16% in the last period),
with a lower but relevant increment of wave period.

In addition to high resource potential, Galway is also well known as
a scale wave energy test site [59]. Furthermore, the ECMWF reanalyses
used here have been validated against buoys of the Foras na Mara
Marine Institute (https://www.marine.ie) in previous studies for this
area and other locations in Ireland [14,60]. These aspects make [−11◦,
53◦] and the sub-area near Galway a relevant grid point for our
posterior study on the historical behaviour of the OWC’s and O-FBs’
performance.

Fig. 4(a) shows the colour map of the bathymetry around the
Galway Bay from EMODNET [61], where our analysis point was located
with a transect line connecting the coast. Below, Fig. 4(b), the vertical
profile of the transect shows a depth of approximately 150 m at a
distance of 100 km from the coast. The depth ensures a deep-water
approximation for the dispersion relation while establishing a relatively
low anchoring depth, and the distance for the coast is also short and
reasonable for operation and maintenance issues.

3.3. CWR reduction of WECs: the paradigmatic case at the selected point

Calibrated data of ERA-20C versus ERA5 were used to study the
trend of wave period and 𝐶𝑊𝑅 of the two devices at the selected
gridpoint [−11◦, 53◦]. Given that the energy production is almost
always evaluated annually, annual averages of wave period and 𝐶𝑊𝑅
have been computed after the calibration in order to apply the trend

analysis.

https://www.marine.ie
https://www.marine.ie


Energy 268 (2023) 126632A. Ulazia et al.
Fig. 2. Global median of wave peak period (s) in the Northern and Southern hemispheres during the 1921–1950 period (top) and percent change with respect to 1921–1950
during the time-intervals 1951–1980 (middle) and 1981–2010 (bottom).
3.3.1. Wave period evolution
The selected site showed a clear and significant increase in 𝑇𝑚

during the 110 years starting in 1900 (Fig. 5). The fitting of the slope
line and its shaded area to represent the confidence interval at 95% was
computed using the Theil–Sen method [62] for annual average values
of the wave period (110 cases), and subsequently, the corresponding
5

𝐶𝑊𝑅s. Annual 𝑇𝑚 and both annual 𝐶𝑊𝑅s are therefore respectively
represented in Fig. 5, Fig. 6 and Fig. 7.

The confidence intervals at a 95% of the slope given by the Theil–
Sen method were [0.57, 0.67] s per century, indicating a significant
result. A considerable increment of 0.6 s from 7.8 s establishes a relative
increment of approximately 8%.
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Fig. 3. Significant wave height (first column), peak period (second column), and wave energy flux (third column) changes during the three 30-year periods (rows) in Ireland. The
grid point [−11◦, 53◦] was selected and marked because if its relevant position in the historical transition zone.
3.3.2. CWR evolution of OWC
The selected grid point also showed a significant increment at the

95% confidence level of 𝐶𝑊𝑅 in Fig. 6 for the OWC model. The typical
initial values of Table 1 were not in the optimum working point in the
sea conditions of 1900, but the approximation towards this optimum
power during the evolution of the 20th century shows a clear increase
in 𝐶𝑊𝑅.

The 95% confidence intervals of the 𝐶𝑊𝑅 slope given by the Theil–
Sen method were [0.073,0.082] per century, indicating a significant
result. In relative terms, this represents an increment of approximately
≈ 20% for 𝐶𝑊𝑅 over the century, and means an even higher increment
of annual or decadal power production given the increment of the
average 𝑊𝐸𝐹 .

3.3.3. CWR evolution of O-FB
Fig. 7 shows a very significant reduction in 𝐶𝑊𝑅 for the O-FB

model for the confidence intervals computed by the Theil–Sen tech-
nique [62] and Eq. (5). The typical working parameters described
6

in [31,55] were used to establish working conditions between 1900 and
2010.

The confidence intervals at a 95% of the 𝐶𝑊𝑅 slope were [ −0.101,
−0.0870] per century, showing a significant result. The initial 𝐶𝑊𝑅 =
0.50 decreased to approximately 0.40 with a loss of ≈ 20% in a century,
that is, a negative slope of approximately −2%/decade.

4. Discussion

In order to discuss these results about the floating body O-FB in
Fig. 7, based on a simple development of Eq. (5), the corresponding
equation for the capture width ratio of the floating body (𝐶𝑊𝑅𝑓𝑏) is
proportional to

𝐶𝑊𝑅𝑓𝑏 ∝ 𝐻−0.3
𝑠 𝑇 −1.9

𝑝 . (6)

This indicates a very low dependence on 𝐻𝑠 and a high dependence on
𝑇𝑝, the increment of which can significantly reduce the performance
according to 𝐶𝑊𝑅, as detected in many areas of the world.
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Fig. 4. Bathimetry map (a) and transect profile (b) from the Irish coast to the analysis site [−11◦, 53◦] along the latitude 53◦N.
Assuming the error theory for the wave period as a single variable
and calculating the corresponding derivatives for the relative error
𝛥𝐶𝑊𝑅𝑓𝑏,𝑟

𝛥𝐶𝑊𝑅𝑓𝑏,𝑟 =
𝛥𝐶𝑊𝑅𝑓𝑏

𝐶𝑊𝑅𝑓𝑏
=

=
𝜕𝐶𝑊 𝑅𝑓𝑏

𝜕𝑇𝑝

𝛥𝑇𝑝
𝐶𝑊𝑅𝑓𝑏

+
𝜕𝐶𝑊 𝑅𝑓𝑏

𝜕𝐻𝑠

𝛥𝐻𝑠
𝐶𝑊𝑅𝑓𝑏

= −1.9𝛥𝑇𝑝,𝑟 − 0.3𝛥𝐻𝑠,𝑟.
(7)

This indicates that the value of the relative increment of the wave
period corresponds to a reduction of approximately double the perfor-
mance and that the wave height variation does not affect it. In our case,
an increment of approximately 10% for the wave period produced a
7

reduction of approximately 20% in the O-FB performance according to
its 𝐶𝑊𝑅.

An analogous paradigmatic example can be described for other
simple floating bodies such as the WaveBot devices shown in Figs. 8(a)
and 8(c), which have been modelled using the open-source bound-
ary element method (BEM) solver NEMOH [63]. Compliant with the
premise above, it is demonstrated that the variation in the wave period
remarkably affects the power production of the point absorbers [64], as
the production shifts away from the frequency of maximum absorption,
as shown in Figs. 8(a) and 8(c).

The geometrical properties of the point absorbers and the design
of the Power Take-Off (PTO) system define the frequency of maximum
power absorption. With the development of the industry, larger devices
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Fig. 5. Increment of wave period (annual average, 𝑇𝑚) from 1900 to 2010 at the selected grid point at [−11◦, 53◦]. The shaded area around the slope indicates the confidence
interval at a 95% confidence level.
Fig. 6. Increment of capture width ratio performance (annual average, 𝐶𝑊𝑅) of the OWC device from 1900 to 2010 for the selected grid point at [−11◦, 53◦]. The shaded area
around the slope indicates the confidence interval at a 95% confidence level.
will be designed and, as a result, the maximum absorption will shift
to higher wave periods. This could be beneficial in terms of the wave
period tendency.

Similarly, Fig. 9 shows how the optimum working point of the OWC
model suffers an important displacement due to different wave periods
(𝑇𝑚 7.5 s on the left, and 8.5 s on the right) around the values obtained
in the historical development of the wave period for the selected site.
Thus, a chamber length 𝐵 ≈ 14 m, such as the one adopted in our
case and a significantly lower damping coefficient, would produce the
maximum instantaneous performance according to 𝐶𝑊𝑅, closer to the
conditions of the last 1981–2010 historical period. This analysis consid-
ers the constant values of the chamber dimensions and damping during
these historical trends, offering a qualitative physical explanation for
the results obtained in Fig. 6.

According to these qualitative explanations of the obtained results,
the variations observed in Ireland should be similar to other regions
of the world according to the historical evolution shown in Fig. 2.
Although they do not show as much wave energy potential as Ireland,
the increments and reductions of the wave period should be underlined
in these regions:
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• Increment in the Caribbean, Central America, Papua, or Polyne-
sia,

• Reduction in Gulf of Guinea, Indian Ocean, and Gulf of Alaska.

Nevertheless, it should be also noted that regions with high wave
exploitability such as Chile and South of Australia [65] does not show
strong historical wave period variations, and this fact can be interesting
for future development of wave energy plants considering other criteria
apart from average wave power such as its variability.

Recent studies using other reanalysis data and dynamic downscaling
for waves corroborate these strong trends for other wave energy pro-
duction indices [66], such as wind data of the Japanese JRA-55 model
with spatial and temporal resolutions of 60 km and 6 h [67], respec-
tively, forcing the numerical wave model SWAN (Simulating Waves
Nearshore) Cycle III version 41.31. According to them, the selection
period for wave energy assessment can lead to an over/underestimation
of approximately 25% of theoretical wave energy flux. Therefore, the
identified patterns are even stronger than those in our study, but
they do not implement real devices and the consequent wave energy
production.
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Fig. 7. Reduction of 𝐶𝑊𝑅 performance (annual average, 𝐶𝑊𝑅) for the O-FB device from 1900 to 2010 for the selected grid point at [11◦W, 53◦N]. The shaded area around the
slope indicates the confidence interval at a 95% confidence level.
Fig. 8. (a) Mesh for the NEMOH based hydrodynamic analysis of a 6 m diameter WaveBot point absorber. (b) Power matrix of a 6 m diameter WaveBot point absorber. (c) Mesh
for the NEMOH based hydrodynamic analysis of a 10 m diameter WaveBot point absorber. (b) Power matrix of a 10 m diameter WaveBot point absorber.
The authors are not aware of similar global-scale studies that discuss
this effect based on reanalysis data during the last 70 years, as was
done in this study. However, there are some studies which have used
the results from global climate models from the CMIP5 dataset, RCP-
8.5 scenario [23,56] by the end of the 21st century. As such, we cannot
expect the results to be directly comparable, because the current forcing
is still weaker than that corresponding to that scenario. However, in
some cases, the changes in the period detected in this study were
consistent with those reported in those studies. This is the case for
9

the tropical Pacific, in which the changes detected are consistent with
those expected from changes in Hadley circulation [56]. Changes in
the period in the Southern Hemisphere are consistent with increased
storm-track activity in the southernmost latitudes [68] and an increase
in swell propagated northward [56]. However, the sign of the changes
in wave period identified in this study (Fig. 2), calculated using wave
data from ERA-20C calibrated by means of ERA5 data are not fully con-
sistent with results from climate models used in other studies [23,56]
over the North Atlantic and Pacific. At least three possible explanations
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Fig. 9. Displacement of the optimum instantaneous 𝐶𝑊𝑅 for the OWC model according to the approximate values of wave period analysed at the relevant location, and typical
values of B ≈ 11 m, and 𝐾 ≈ 0.9 kg s−1: (a) 𝐶𝑊𝑅 matrix versus 𝐾 and 𝐵 for a 𝑇𝑚 = 7.5 s ; (b) 𝐶𝑊𝑅 matrix versus 𝐾 and 𝐵 for a 𝑇𝑚 = 8.5 s.
exist for this discrepancy: First, one explanation could be that some of
the variability identified in this study is affected in different regions
by decadal-scale variability such as the one induced by the AMO or
the PDO [69] on the storm tracks in addition to the changes that are
expected due to global warming, which is still weak. In this regard, the
study period would still appear in the realm of interannual or decadal-
scale noise. However, the changes identified in this study (Fig. 2)
showed a large degree of spatial consistency throughout the periods
of 1951–1980 and 1981–2010, with changes that intensified over time
in the same regions. This indicates that the results are robust to some
extent. The only exception to this is that there are still some spurious
trends in the reanalysis data due to time-varying data coverage [70]. In
any case, it must also be considered that a limited set of climate models
using the RCP8.5 scenario are not able to reflect the full variability of
the wave period at the global scale.

However, some studies at smaller scales give some confidence to
the findings presented in this study. An analysis of the trends of wave
properties (significant height, energy period and wave power) over the
Mediterranean from 1979 to 2018 [57] found an increasing trend over
the area, as also shown in Fig. 2 of this paper. Similarly, a dipolar
structure in the decadal characteristics of the wave power between
1979–1988 to 2006–2015 over the Black Sea, with negative(positive)
changes of wave power in the Western(Eastern) basis of the Black Sea
has also been identified [58], consistent with the results shown in our
Fig. 2.

On the other hand, a study focused in the analysis of wave data from
ERA Interim around Southern Italy [71] from 1979 to 2017 shows a
positive trend for period over southern Italy. On the other hand, the
study of the trends of wave period under an RCP8.5 forcing using an
ensemble of seven CMIP5 models shows a downward trend over that
area for the period 2006–2100.

Thus, the divergence between the trends calculated during the last
decades and the changes due to greenhouse forcing is still an open
question which will require further research with alternative datasets
and studies focusing on these issues. However, that is outside of the
scope of this paper, which is focused on the response of an energy
converter to changes in the period of the waves that can be expected
in the future.
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5. Conclusions

Strong variations in wave energy converter performance of approx-
imately ± 20% have been found in models of wave period changes in
the 20th century. This requires necessary a long-term perspective for
initial dimensioning and damping control strategies. The performance
measured as an adimensional capture width ratio is highly sensitive to
wave period variations, even losing its optimum value for regions such
as Ireland where the long-term historical wave energy potential is being
incremented in absolute terms of 𝑊𝐸𝐹 .

Hence, the selection of this location with strong historical 𝑊𝐸𝐹
increments is not technically casual, because the ratio defined in 𝐶𝑊𝑅
increments its denominator and reduces its numerator due to the
displacement of the resonant point. This behaviour has been analyti-
cally demonstrated by the particular case of the O-FB floating device
in Eq. (7), in which the dependence on wave height of 𝐶𝑊𝑅 is
negligible, and a strong dependence on wave period is shown. That is
why the selected gridpoint in Ireland is considered a paradigmatic case,
and a similar error estimation based on differential analysis can offer
analogous relationships for other WECs.

The hypotheses of this study established a constant damping co-
efficient and chamber or floating body dimension during the analysis
period, without considering long-term control and regulation systems,
the possibility of varying the width of the chamber, or the size of the
floating body to adapt its moment of inertia to the natural frequency or
the optimum wave period. This work demonstrates that these structural
variations could be interesting for future research.

Furthermore, the implementation of CMIP6 future simulations until
2100 applying dynamic down-scaling to obtain future wave climate
data can extend these past results towards the future in SSP socioe-
conomic scenarios, expecting future relevant performance variations
where wave period changes are identified, such as in the recent case
of CMIP5 using RCP scenarios [72].
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