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a b s t r a c t

Four decades (between 1979 and 2018) of the wave energy resource around Iceland are analysed in the
present paper via the ERA5 reanalysis, the newest reanalysis of the European Centre for Medium-Range
Weather Forecasts. While the overall long-term wave trend observed is unremarkable, particularly be-
tween the last two decades, in the northern area, near Greenland, a substantial increase of the wave
energy resource is detected. In addition, an exceptional decade (between 1989 and 1998) with an
extraordinarily high wave energy resource (increasing over 15% with respect to the previous decade) is
observed, which emerges due to high values of the indices corresponding to teleconnection patterns,
such as the Arctic Oscillation or the East Atlantic pattern. This increase of the total wave energy resource
results in more frequent extreme events (up to 35% of the total resource) and, as a consequence, the
exploitable wave energy (excluding these extreme events) does not increase proportionally. However, a
substantial impact on WEC average power generation is observed, with over 500 kW of difference be-
tween two subsequent decades in a WEC farm of 45 devices, meaning that the analysis of long-term
resource variations is crucial for an accurate design of different components in the WEC farm.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Climatic emergency is undoubtedly one of the greatest chal-
lenges to mankind for the next decades. The recent report by the
Intergovernmental Panel for Climate Change (IPCC) warned that
urgent and unprecedented actions are needed to keep the global
temperature increase between 1.5 �C and 2 �C. Some of the most
significant impacts of climate change are more frequent and
powerful extreme events, such as storms, drought, floods, and
extreme heat and cold temperatures [1]. In fact, scientists have
warned that additional increases in global temperature will
significantly worsen these effects [1]. Therefore, a drastic trans-
formation that reconsiders the foundations of the world’s eco-
nomic, social and political systems is crucial, creating a truly
sustainable system that minimises the impact of human civilisation
. Penalba), alain.ulazia@ehu.
wood@mu.ie (J.V. Ringwood).
on the Earth’s ecosystem.
Decarbonisation of the energy sector is found to be the most

pivotal action in the way towards a sustainable system due to its
higher impact on greenhouse gas emissions (GHGEs): About two-
thirds of all the GHGEs stem from the energy sector [2]. In order
to gradually increase the renewable share of total energy supply,
towards the goal of a 100% renewable energy system that would
also have important socio-economic benefits [3], diversification of
energy sources is essential. Therefore, less conventional or less
developed technologies, such as offshore wind, tidal and wave
energy, will also play an important role [4]. Indeed, tidal and,
particularly, wave energy are highly promising resources, due to
their significantly higher concentration and predictability [5]. Apart
from energy generation, wave energy converters (WECs) can also
be used for desalination [6], coastal protection [7,8] or flooding
mitigation [9], applications that will become essential in the future
due to the effects of climate change. In fact, future wave energy
farms may be designed for multiple purposes, such as electricity
generation and coastal protection [10,11].

Regardless of the application, once WECs become mature and
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achieve commercial viability, an accurate characterisation of the
resource at the location where a WEC or a farm of WECs is planned
to be installed will be crucial. The characterisation of the resource
for a specific location is often presented by means of a scatter di-
agram, which is created using only measurements of the previous
years/decades [12]. These scatter diagrams illustrate the frequency
of different sea-states as a function of peak period (Tp) and signif-
icant wave height (Hs). However, characterisation of the resource
only based on past data can be inaccurate, since potential variations
of the resource in the period where the WEC or the WEC farm is
supposed to operate are neglected. In that case,WECs orWEC farms
designed using these scatter diagrams would be designed for the
past resource, but might be potentially sub-optimal in the future
resource.

1.1. Wave trends in the literature

The characterisation of the future resource requires an accurate
understanding of the wave trends. To that end, the World Meteo-
rological Organisation [13,14] recommends using at least 30 years
of data to obtain a reliable estimate of climate variables. Different
techniques have been used in the literature for the collection of this
data, such as buoy measurements [15], observations from ships
[16,17], satellite altimetry [18,19] or numerical models and rean-
alysis datasets [20e27].

A method which uses the reanalysis datasets is used in the
present study, and different reanalyses prepared by the European
Centre for Medium-RangeWeather Forecasts (ECMWF), which can be
applied in different cases and are further described in Section 2, are
compared in order to select the most appropriate one. Zheng et al.
[25,27] present a global wave energy resource study via the ERA40
reanalysis and another global study of the wave energy resource is
presented in Ref. [26].

Wave trends have also been studied in the literature using
similar methods, although focusing on wave height in the vast
majority of studies [16,17,19,28e30]. Hence, the variations in wave
period have usually been neglected, with very few exceptions such
as [31,32]. The North Atlantic Ocean, for example, has been studied
using different techniques, such as satellite-retrieved data [19], in-
situ measurements [28], and visual observations [16,17,29],
observing a positive wave height trend of about 5 cm/decade with
all the different techniques.

The focus of researchers on wave height is understandable,
given the applications those studies were designed for in sectors
like navigation, or oil&gas. However, wave period (or frequency)
has a key role in the design of WECs and even WEC control stra-
tegies, since WECs are typically tuned to resonate with the
incoming sea waves. Very few studies that analyse wave period
variations can be found in the literature: wave period trends are
analysed in Ref. [31], while [32] studies the evolution of peak period
and wave height all over the world. Satellite data is also used for
estimation of the mean wave period [33e36]. However, the period
of time that can be covered using satellite data, compared to other
techniques, is very limited, since satellite observations before 2005
are considered unreliable [33]. Therefore, this technique is not
appropriate yet for the analysis of historical wave trends. Other
studies that also consider wave height, period and directionality
over several decades are presented in the literature [37,38]. These
studies focus purely on assessment of the resource within a rela-
tively high spatio-temporal and a small study area.

In addition, when analysing variations in the wave energy
resource, only seasonal and inter-annual variations, which are
reasonably well studied within the last decade [39e42[93]], are
studied, neglecting other longer-term variations.

Very little attention has been paid in the literature to these long-
term wave trends and, especially, their implications on the design
and operation of WECs. Previous studies by the same authors show
the relevance of these wave trends in different locations [43e46],
demonstrating the significant increase of the wave energy resource
and, especially, extreme events, which can be attributed to the ef-
fects of climate change. In fact, a more recent study [47] also
identifies similar wave trends, where the increase in wave power is
found over the 20th century, and links this power increase with
climate change, more specifically with oceanic warming.

Finally, other teleconnection patterns, such as the North Atlantic
Oscillation (NAO) or the Artic Oscillation (AO), can also have an
important impact on the behaviour ofWECs. In fact [26], studies the
monthly correlation of wave energy with climate indexes, where
the NAO, the Scandinavian index (SCA) and the East Atlantic Pattern
(EA) present the strongest influence on Atlantic wave power [48].
The influence of the NAO on the variation of the swell is also
studied in Refs. [49,50]. Indeed, recent studies suggest that the risk
of domino effects of tipping points, which may produce cascading
regime shifts that can lead to large changes in the ecosystem, may
be greater than expected due to climate change [51].

1.2. Design of WEC farms

The design of ocean energy farms (OEFs), including offshore
wind, tidal and wave energy, involves several different aspects [52]
and stakeholders [53]. Once the technology and the specific pro-
totype to be deployed are determined, the location of the OEF must
be selected based on its bathymetry characteristics and energy
potential of the location, where wave-trends should also be
considered. The second stage involves optimisation of the layout of
the OEF, including the hydrodynamic performance, the station
keeping system and transmission network. The final stage involves
the development of a plan for the installation, maintenance and
decommissioning of the OEF.

However, in order to simplify the analysis, only the hydrody-
namic behaviour of WECs is considered in this paper. Several
studies have analysed the layout of wave energy farms based only
on the hydrodynamic interaction among the devices within the
farm. For example [54], studies WEC farms of different sizes by
calculating the annual mean power production (AMPP) directly
computing the hydrodynamic coefficients for the complete array
with a boundary element method (BEM) solver. Different semi-
analytical methods have also been suggested to efficiently
compute the hydrodynamic interactions within WEC arrays, such
as the plain-wave method or the multiple scattering method
introduced in Refs. [55,56], respectively. Another alternative is the
direct matrix method presented in Ref. [57].

Other more recent studies, for example [58,59], also consider
wave directionality in layout optimisation, while [60], based on the
hydrodynamic model recently presented in Ref. [61], incorporates
six different parameters into the optimisation algorithm. Chowd-
hury [62] presents an overview of the different methods to analyse
WEC arrays and a full section is given to WEC array modelling
techniques in Ref. [63].

In any case, the present paper focuses on the study of long-term
wave resource variations and their impact on the hydrodynamic
behaviour of WEC farms, and, thus, layout optimisation is beyond
the scope of the present study.

The remainder of the paper is as follows: Section 2 presents the
data and the methodology used in the paper for the study of wave
trends, Section 3 describes the hydrodynamic model employed to
evaluate the power absorption of the WEC farms, Section 4 in-
troduces the case study, Section 5 shows the results related to
resource variations and the power absorbed by the different WEC
farms, Section 6 discusses these results and suggests future lines of



Fig. 1. Location of the wave-measuring buoys.

Table 2
Main characteristics of the wave-measuring buoys.

Buoy Location (lon, lat) Nearest gridpoint (km) Validation period

PANG (-9.25, 68.46) 6.5 2007e2009
M1 (-11.2, 53.1) 13.2 2003e2010
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research, and Section 7 presents the main conclusions.

2. Wave and atmospheric data

Reanalyses assimilate data of historical observations to provide
a global description of the recent (past century) climate. The
ECMWF offers different options that are currently available, each of
which has different characteristics. Three reanalyses are compared
in the validation against buoy data:

� ERA20C (henceforth ERA20) is a reanalysis of the 20th century
that includes data between 1900 and 2010 [64].

� ERA-Interim (denoted ERAI in the following) is a global reanalysis
updated every month and contains data since 1979 [65] but its
production has been discontinued in 2019.

� ERA5 is the most recent dataset of the ECMWF and will cover
from the second half of the 20th century (1950) until present
[66], although currently the data are available from 1979
onwards.

Each of these datasets are employed in the literature for
different applications, depending on the geographical location,
spatial- and time-resolution requirements, time period to be
covered, or the accuracy required for the study. Table 1 summarises
the most relevant information for each reanalysis.

2.1. Wave data

The selected reanalysis is the ERA5, for which the main im-
provements with respect to its predecessors are a much higher
spatial and temporal resolution, and a more consistent sea surface
temperature and sea ice model. The data generated using the ERA5
reanalysis is validated against buoy measurements collected in the
area of interest. Measurements from a point on the Icelandic coast
are available from the Pangaea project (PANG) [67], as illustrated in
Fig. 1, and the other wave-measuring buoy selected for validation is
the M1 buoy, near the Irish shore, operated by Foras Na Mara (the
Irish Marine Institute) [68]. The area with orange sloped stripes
represents the area of study where the decadal analysis of wave
energy is focused on. Vik village in the South of Iceland is also
highlighted on the map due to its advantageous wave energy po-
tential, as shown later in Section 5.1. Indeed, a future WEC farm is
more likely to be located close to the shore in order to reduce the
cost of electrical connections and maintenance operations.

Table 2 presents the main information (longitude and latitude of
the buoys, the nearest gridpoint in the reanalysis grid and the
period used for the validation of the reanalysis dataset) of the two
buoys, PANG and M1.

2.2. Atmospheric data and teleconnection indices

In order to explain the role played by atmospheric tele-
connection patterns in the changes observed in the WEF, three-
hourly mean sea level pressure data have been retrieved from
Table 1
Characteristics of the three reanalysis by ECMWF.

Period covered Assimilation metho

ERA20 1900e2010 24-h
4D-Var

ERAI 1979-08/2019 IFS Cycle
31r2 4D-Var

ERA5 1979-today IFS Cycle
41r2 4D-Var
ERA5. These three hourly data have been band-pass filtered by
means of a Lanczos linear filter [69] which removes all the vari-
ability outside the two-ten days, leaving this way the variability
associated with extratropical synoptic eddies. Monthly standard
deviation of filtered mean sea level pressure is thus used [70].
Additionally, monthly averages of mean sea level pressure have also
been computed. The role of synoptic disturbances and the mean
flow has been analysed by means of the fraction of variance
explained by the indices at each ERA5 grid point and by the linear
d Spatial resolution Time resolution

125 km 3-h

75 km 6 h

30 km 1 h
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regression of the indices with these fields over the ocean.
The indices corresponding to the atmospheric teleconnection

patterns have been downloaded from the Climate Prediction Center
web server for the case of the NAO, the EA and the AO. Monthly
mean values of these indices are used in the study. For the case of
the NAO and EA, the indices are calculated by means of Rotated
Principal Component Analysis [71] of monthly Northern Hemi-
spheric geopotential height anomalies of the 500 hPa isobaric
surface. In the case of the AO, the index is computed by means of
the leading empirical orthogonal function of the monthly geo-
potential anomaly of the 1000 hPa isobaric surface poleward of
20�N latitude [72]. From the monthly values of the teleconnection
indices and the monthly anomalies (period 1979e2018) of Hs,
Pearson’s correlation coefficient, its statistical significance and the
associated regression between the index and the Hs field are
computed.

2.3. Computation and validation of the wave energy flux

The wave energy flux (WEF) can be computed directly using the
variables provided by the ERA5 reanalysis as a function of Hs and
the energy period (Te) as follows [73],

WEF ¼0:49H2
s Te: (1)

However, wave period data collected by wave-measuring buoys
is usually given by means of Tp. Therefore, in order to complete the
validation between the buoy measurements and the reanalysis
data, Equation (1) must be adapted to include Tp, which can be
achieved by including a correction factor. In that sense, the Wave
Period Ratio (WPR), implemented in Refs. [43,44,73], relates the
energy and mean periods, Te and Tm, respectively.

The quality of ERA5 is evaluated by means of three statistical
metrics: the root mean square error (RMSE), the Pearson correla-
tion factor, and the standard deviation ratio (SDratio) between the
model and the buoy observations. These metrics are illustrated in
Taylor diagrams [74], where

1. The RMSE is given by the radius of the arc centered at the point
corresponding to the observation,

2. The Pearson correlation coefficient is represented by the angular
position of the analysed point over the exterior arc, and

3. The SDratio is represented by the radius of the arc with the
centre at the origin.

The reanalyses ERAI, ERA20 and ERA5 are compared against the
two buoy measurements, using Hs and the corresponding wave
period (T02 for M1 and Tm for PANG). The results for each model are
given in the form of a cloud of points to consider the swept area at a
95% confidence level. The ERA5 reanalysis shows a modest
improvement in correlation for all the different cases compared to
ERAI and ERA2, as illustrated in Fig. 2, where the correlations are
around 0.95 for Hs and around 0.8 for the wave periods. However,
the improvements in SD and RMSE are significant. As expected, the
quality of the reanalyses improves according to its spatial resolu-
tion and novelty, ERA5 being the most refined reanalysis followed
by ERAI and ERA20, respectively.

3. Hydrodynamic modelling

The hydrodynamic model employed in the present paper is
based on potential flow theory, where the wave-structure interac-
tion is modelled under the assumption of inviscid fluid, and
incompressible and irrotational flow. In addition, linear potential
flow theory assumes that body motion is small with respect to the
wavelength. The assumptions of linear potential flow theory com-
putes the wave-structure interaction problem via the boundary
conditions and Bernoulli’s equation in terms of the velocity po-
tential and free surface displacement. Hence, the linear hydrody-
namic coefficients of the body can be obtained using a BEM solver,
such as NEMOH [75] or WAMIT [76].

3.1. Isolated WEC

Once the linear hydrodynamic coefficients (i.e. hydrostatic
stiffness, and radiation added-mass and damping coefficients) are
computed in the frequency-domain (FD), the equation of motion is
given as follows,

�u2ðMþAðuÞÞbX þ juðBðuÞþBPTOÞbX þKH
bX ¼ bFeðuÞ; (2)

where M is the mass, AðuÞ the added-mass, BðuÞ the radiation
damping, bX the position of the body, u the wave frequency, KH the
hydrostatic stiffness, BPTO the damping value of the PTO force, bFeðuÞ
the excitation force and j ¼

ffiffiffiffiffiffiffi
�1

p
. Since a linear system is assumed,

if sinusoidal waves are considered, motion is also a sinusoidal
function that can be written as a function of time: xðtÞ ¼ Re (bXejut).
The same can be applied to the forces. The PTO is modelled as a
linear damper, optimising the value of the damping coefficient for
each sea-state.

This method is applicable to either regular or irregular waves.
The latter representmore realistic waves and can be determined for
different sea-states (a given combination of Hs and Tp). Therefore,
the power absorption of a WEC, when deployed at a specific loca-
tion, can be obtained via the AMPP, which is calculated combining
the absorbed power Pir and the occurrence frequency of each sea-
state of CðHs;TpÞ:

CPiD¼
X

ðHs;TpÞ
PirC

�
Hs; Tp

�
: (3)

The accuracy of linear models has been demonstrated to be
quite poor under certain circumstances, particularly under the ac-
tion of an energy maximising control strategy [77], overestimating
themotion and power absorption ofWECs [78]. The impact of these
nonlinear effects varies significantly for different WEC-types [78].
Similarly, the inaccuracy of an excessively simplified PTO model is
also demonstrated in the literature [79], where incorporating
nonlinear dynamics, constraints, and losses and efficiencies of the
different PTO components leads to a significantly lower AMPP.
However, the linear hydrodynamic model and the simplified PTO
model result in a computationally efficient mathematical model
that provides a reasonable approximation for a first estimation of
the power production capability of a WEC.

3.2. WEC array

The same linear model presented in Section 3.1 can also be
generalised to the array case. In fact, a computationally efficient
model is imperative when analysingWEC farms or arrays of several
devices, meaning that the characteristics of the linear model are
particularly appealing for the analysis of WEC arrays. For the case of
N devices in an array, Equation (2) can be easily extended by
introducing the matrix notation:

�ð ~Mþ ~AðuÞÞu2bX þð~BðuÞþ ~BPTOðuÞÞjubX þ ~KH
bX ¼ ~FeðuÞ; (4)

where ~A and ~B are NxN symmetric matrices (N being the number of
devices in the array, as a single degree of freedom is considered for
each device), ~M and ~KH are diagonal matrices of the same order as ~A



Fig. 2. Taylor diagrams of wave height and period at the two buoys. ERA5, ERAI and ERA20 are compared.
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and ~B, and bX and ~Fe are Nx1 vectors. Matrices ~A and ~B are sym-
metric, since off-diagonal values represent two-way hydrodynamic
interaction, where the effect of the device i on the device j and vice
versa are the same (aij ¼ aji).

Power absorption of arrays subject to irregular waves is calcu-
lated in the same way as for single devices following Equation (3),
where the absorbed power (Pir) denotes the power of the whole
array. For further details about the hydrodynamicmodel, the reader
is referred to Ref. [54]. This method has previously been used in a
variety of studies in the literature [80,81].
4. Case study

4.1. Icelandic Waters

Iceland is a particularly interesting location, for several reasons.
Firstly, Iceland is one of the primary examples in the integration of
renewable energy sources into the national electricity grid, with
almost 80% of its final energy consumption derived from renewable
energy sources [82]. In addition, the island has no interconnections
with other countries, whichmakes it completely self reliant. Finally,
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Iceland is an island with a long and strong cultural connectionwith
the ocean, whichmakesmarine energy particularly interesting. The
IcelandicWaters ecoregion [83] is divided into four main sub-areas,
as illustrated in Fig. 3.

Among the four different sub-areas, southern and northern
shelves (sub-areas 1 and 2 in Fig. 3) are relatively shallowwaters. In
contrast, sub-areas 3 and 4 in Fig. 3 are beyond the shelf, where the
ocean becomes too deep for the implementation of any marine
renewable technology available today. One of the main drawbacks
for the installation of marine energy technologies, within the
Exclusive Economic Zone (EEZ), is that fishery is one of the most
important economic activities of the country.
4.2. Wave energy conversion

4.2.1. Selected wave energy converter
The geometry of the WEC considered for the present study is

based on the dimensions of the CETO 6 device, which is a sub-
merged oscillating point absorber that reacts against the seabed, as
illustrated in Fig. 4 (a), and harvests the energy from surge and
heave motion [84]. The geometry used in the present paper differs
slightly from the real CETO device, in the sense that the device used
in the analysis is a pure cylinder of 10 m radius and 6 m height.

Using the hydrodynamic model presented in Section 3.1, the
power matrix of the isolated WEC can be obtained, illustrating the
power that can be absorbed from each sea-state, as shown in Fig. 4
(b). This power matrix shows the power absorption capabilities of
the WEC for peak wave periods between 4 and 16 s, and significant
wave heights between 0.25 and 10m. However, the real operational
space of the WEC is significantly smaller, since the WEC switches
into survival mode in sea-states where the structural integrity of
the device is threatened. Therefore, the red line plotted in Fig. 4 (b)
illustrates the power production space, beyond which, the device
stops producing energy to minimise structural damage.
Fig. 3. The Icelandic Waters ecoregion w
4.2.2. WEC farm size and layout
WEC farms can be formed by arranging isolated WECs into

different configurations. The hydrodynamic behaviour of the WEC
farm can vary significantly depending on the layout of the WEC
farm. If the inter-device separation is sufficiently large, hydrody-
namic interactions are negligible, meaning that the devices within
the WEC farm behave as isolated devices. Yet, if this inter-device
distance is short, hydrodynamic interaction can reduce the power
absorption of the WEC farm mainly due to masking or shadow ef-
fects, or increase the power absorption of the WEC farm by taking
advantage of the diffracted/radiated waves from the surrounding
devices in the farm. These two effects are respectively known as
destructive and constructive interaction.

In any case, since WEC layout optimisation is beyond the scope
of this work, a particular fixed configuration is studied. The selected
configuration is a staggered configuration, where devices of two
consecutive rows in the array are deployed in alternating positions
by horizontally displacing one of the two consecutive rows as
illustrated in Fig. 5 for an array of 5 devices. In addition, the hori-
zontal (x) and vertical (y) inter-device spacing (d, in Fig. 5) is
identical in the arrays used in this paper, and is defined as 20 times
the WEC diameter, based on the results presented in Ref. [54].

The staggered configuration minimises the masking or shadow
effects that result in significant reductions of the absorbed power,
as demonstrated numerically [85] and experimentally [86].

The number of devices in the WEC farm can vary depending on
several factors. Therefore, WEC farms of different sizes are analysed
in this paper, in order to study the effect of the long-term resource
variations on different WEC farms: a small farm, a medium farm
and a large farm. Some developers suggest that the future of wave
energy is in very large WEC farms, consisting of tens or even
hundreds or WECs. However [52], concludes that increasing the
number of devices in ocean energy array beyond a certain
threshold, does not necessarily reduce the levelised cost of energy
(LCOE) of the farm. The study analyses ocean energy arrays of 10, 50
ith the different defined EEZs [83].



Fig. 4. Wave energy converter: (a) Illustration of the CETO 6 prototype [84] and (b) the power matrix of the CETO-like WEC employed in this study.

Fig. 5. Illustration of the staggered configuration implemented in this study: an
example with 5 devices.
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and 100 devices, demonstrating that the farm with 50 devices
shows the best figures for the LCOE, the capacity factor and the
CAPEX.

Therefore, in this study, small, medium and large farms are
formed by 9, 18 and 45 devices, respectively. Table 3 presents the
details of the different WEC farms analysed in this study, including
the number of devices and the approximate area occupied by the
farm.
5. Results

This section is divided into two main parts: Section 5.1 presents
the variation of the resource since 1979, while Section 5.2 illus-
trates the impact of those resource variations on the power pro-
duction capabilities of the WEC farm.
Table 3
Details of the different WEC farms analysed in this paper.

Small farm Medium farm Large farm

# devices 9 18 45
Occupied area [km2] 1.6 4.8 14.4
5.1. Wave resource variations

The average values of the historical variation of the wave
resource highlight thewave trend in the area of interest for the four
decades of the analysis period of ERA5: 1979e1988, 1989e1998,
1999e2008, 2009e2018. These trends are computed via the non-
parametric Theil-Sen method [87,88], which fits a line using the
median of the slopes. The significance of the trend at each gridpoint
is evaluated at a 95% confidence level, using bootstrap re-sampling
with 1000 samples.

Hence, wave trends in the present paper are analysed using the
following variables:

1. The average Hs, Tm and WEF values for the entire area of study,
obtained via the ERA5 reanalysis. These mean values illustrated
in geographical maps (see Fig. 7) provide a general picture of the
wave resource, clearly identifying the most energetic locations
within the area of study.

2. Decadal average of WEF values over the four decades, calculated
using the ERA5 reanalysis. The evolution of these decadal values
allows for the identification of the main wave trend, and the
changes between decades.

3. Decadal trends of the seasonal WEF for winter. The seasonal
analysis gives more information about the distribution of the
resource over the year. As expected, it has been found that spring
and autumn constitute intermediate cases, and that summer is the
less energetic season. Thus, winter shows the most interesting
behaviour for the increase of wave energy within these 40 years.

The average values of Hs, Tm and WEF are calculated for all the
gridpoints available in the ERA5 reanalysis within the area of study,
the combination of which allows for the constitution of different
maps, as shown in Fig. 6 (a)e(c), respectively. These maps illustrate
the significant differences among the sub-areas of the Icelandic
Waters ecoregion. The southern sub-area presents a promising area
for the implementation of WEC farms, with mean Hs and Tm of
3.4 m and 9 s, respectively. In contrast, the resource in the northern
sub-area is significantlyweaker, wheremeanHs and Tm are reduced
to 0.3 m and 4.3 s, respectively.

The wave energy resource is proportional to the square of Hs, as
shown in Equation (1), and, as a consequence, the WEF is signifi-
cantly higher in the southern sub-areas, up to 59 kW/m, compared
to the northern sub-areas, where theWEF is reduced below 10 kW/
m. Therefore, it seems clear that the southern sub-areas are sub-
stantially more appealing for the implementation of a WEC farm.



Fig. 6. Mean values of Hs , Tm , and WEF in the study area.
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Therefore, the present paper focuses on the area close to the village
of Vik in the south of the country, as illustrated in Fig. 1.

Apart from the mean values, the evolution of the wave energy
resource over the four decades between 1979 and 2018 provides a
better insight into the wave resource in the location under analysis.
Fig. 7 shows the evolution of the WEF, where a clear increase is
shown between the first and the second decade in Fig. 7 (b),
particularly in the northern areas close to Greenland and in the
west of the island. The WEF in the southern sub-areas also in-
creases during the second decade, reaching up to 45 kW/m in the
areas near the Vik village. In contrast, over the third and fourth
decades, between 1999 and 2018, a reduction of the WEF can be
observed, returning to the values observed in the first decade,
around 40 kW/m. Thus, although a significant increase in WEF
occurs from the first to the second decade, the overall long-term
wave energy trend during these 40 years is largely neutral.

Although the broad picture is useful in order to understand the
resource and the overall wave trend in the region, the design of a
WEC farm requires the analysis of a more specific area. Table 4
presents the evolution of the main resource parameters over the
four decades at the gridpoint closest to Vik, where the maximum
values are always observed in the second decade. The last column
in Table 4, showing the maximum Hs values over each decade, is
particularly noteworthy, showing an increase (almost 15%) that
suggests a significant increase of extreme events within this
decade. The mean Hs and Tp values shown in Table 4 also show a
significant increase between the first and the second decades, and a
less significant decrease during the third and fourth decades.

In order to better understand the wave resource and trend, it is
important to analyse the historical seasonal trends too. In fact,
previous studies of the authors [45,46] show that these seasonal
trends can be even more pronounced than the annual trends,
particularly those corresponding to the winter resource. Fig. 8 (a)
and (b) show the winter WEF for the first and last decade
(1979e1988 and 2009e2018), respectively, illustrating a significant
increase in both the southern and northern areas, close to the
Greenland coast. Fig. 8 (c) displays the decadal trend in the area of
study, where the main difference is observed in the northern areas,
with positive trends of up to 8.9 kW/m per decade in some specific
locations.
5.2. Impact on energy absorption

The impact of thewave resource variations, presented in Section



Fig. 7. Mean values of WEF at the four decades of the study period: a) 1979e1988; b) 1989e1998; c) 1999e2008; d) 2009e2018.

Table 4
Wave trend of the resource close to Vik.

Decades WEF [kW/m] mean Hs [m] mean Tp [s] max. Hs [m]

1979e1988 38.95 2.79 9.91 13.73
1989e1998 45.33 2.97 10.26 15.66
1999e2008 41.20 2.90 10.08 12.45
2009e2018 41.71 2.93 10.14 11.33
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5.1, on the power output of the WECs is analysed following the
formulation described in Section 3. The impact on the power ab-
sorption is evaluated first for an isolated device and then the
different WEC farms described in Table 3. It should be recalled that
the power production operational space of the WEC, defined in
Fig. 4 (b), has a significant impact on power absorption, excluding
the most energetic sea-states and extreme events. Fig. 9 (a) and (b)
illustrate the total and the exploitable resource (excluding the
resource beyond the operational space), and the difference be-
tween the two in percentage terms, respectively.

Fig. 9 (a) shows that theWEF is largest in the second decade, but
so is the difference between the total and the exploitable resource,
which confirms the increase of extreme events, as suggested pre-
viously when discussing the results shown in Table 4. In addition,
although the total resource over the last two decades reduces to the
values observed in the first decade, the exploitable resource is even
higher due to the significant reduction of the extreme events
observed in Fig. 9 (b).

Such variation in the total and exploitableWEF has an important
impact on the AMPP of WECs. Fig. 10 (a) illustrates the AMPP per
device of different WEC farms, including the case with only one
WEC, for different decades, where differences seem to be rather
small (about 5%). The first observation is that hydrodynamic in-
teractions in the WEC farm are relatively weak. Mildly constructive
interactions can be observed for small and medium arrays, while
mildly destructive interactions appear in the large array. Secondly,
Fig. 10 (a) illustrates that the AMPP is largest in the last decade
(2008e18), which is the decade that shows the largest exploitable
WEF, even if the total WEF is larger in the second decade
(1989e88). Therefore, these results may suggest that long-term
variations in Iceland have almost no impact on the power pro-
duction performance of WECs, which might be correct for isolated
devices.

However, small differences between the decades in AMPP per
device can still have a considerable impact onWEC farms, as shown
in Fig. 10 (b). In the case of WEC farms of 9 and 18 devices, the
relatively small differences in the AMPP per device result in a
maximum difference of about 110 kW and 220 kW, respectively,



Fig. 8. Mean winter values of WEF at the first decade and the last one and the trends per decade: a) winters of 1979e1988; b) winters of 2009e2018; c) WEF decadal trends for
winter that are significant at a 95% confidence level.
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between the second and third decades, which means almost 8% of
the total power of the farm. Similarly, for aWEC farmwith 45WECs,
which is the size that minimises the LCOE and maximises the ca-
pacity factor according to Ref. [52], that difference increases to over
510 kW.

6. Discussion

Overall, the analysis of the resource in the ecoregion around
Iceland shows a relatively steady resource, especially in the last two
decades, as shown in Fig. 7 and Table 4. In contrast to the previous
studies of the authors, where wave energy was found to increase
significantly in different locations, no significant wave trend was
found in Iceland. However, the recent study [47], concerning the
variations of the global wave power resource, shows an almost null
wave trend around Iceland between 1985 and 2008, which is
consistent with the results provided in the present paper.

A relevant wave trend is only found in a specific area of the
ecoregion near Greenland. Shaded areas in Fig. 11 illustrate linear
regression coefficients with a confidence level of 95%. These shaded
areas spread almost all over the Atlantic Ocean in Fig. 11 (a), where
regression coefficients are shown to be significantly different from
zero. Besides the well known effect of the EA and AO indices in the
climate variability of temperate regions [70,89] and, particularly,
waves [48], it can be seen that positive phases of the EA index are
consistent with an increase of significant wave height to the North
of Iceland and Southern Greenland. In order to elucidate whether
these variations are associated to wind seas or swell, the analysis
has covered both the mean flow (Fig. 11 (a)) and the standard de-
viation of synoptic perturbations (Fig. 11 (c)). The rationale is that
the mean flow, given enough fetch, could produce both higher
swell and wind seas, while short-lived and small-scale synoptic
perturbations would be expected to produce higher wind seas
locally.

Hence, Fig. 11 illustrates that, for the case of the EA index, both
effects are detected in the northern part of Iceland. In contrast, the
variability of wave height associated to the Arctic Oscillation is tied
to the southern facade of Iceland, which is also consistent with the
mean flow characteristic of the AO pattern (Fig. 11 (b)). In addition,
the impact of the AO on the structure of the Atlantic stromtrack in
the north of Iceland cannot be totally excluded, although its effect
would, in any case, be weaker than that detected in the trends



Fig. 9. The exploitable resource: (a) comparison of the total and the exploitable
resource, and (b) the occurrence in percentage of the extreme sea-states beyond the
operational space defined in Fig. 4 (b).

Fig. 10. (a) The AMPP per device and (b) the difference of the total AMPP between
decades, for different sizes of WEC arrays.
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shown in Fig. 8. This can be explained by the fact that there are
decadal changes in the EA index which cannot be detected in the
case of the AO index (Fig. 12). A linear trend analysis for the EA
index from 1979 to 2018 shows that the positive linear trend is
statistically significant to a 95% confidence level, whilst a similar
analysis for the AO index yields a result that is not significant to a
95% confidence level.

In addition, an anomaly can be observed in the second decade
(between 1988 and 1999): the WEF increases substantially all over
the area of study, as illustrated in Fig. 7. This increase is directly
connected to the atmospheric variability observed during the 1990s
in the North Atlantic Ocean. Previous studies [90,91] have already
showed that the high values of the AO index during the first half of
the 90s demonstrate that positive phases of the AO and NAO
contribute to the increase of the wave energy resource to the south
of Iceland. This can also be observed in the results presented in this
paper, confirming that the variability associated with the AO index,
illustrated on the right map in Fig. 11, is the main reason behind the
decadal changes in Hs and, as a consequence, the WEF.

Two main consequences appear as a result of the impact of at-
mospheric teleconnection patterns on the wave energy resource
surrounding Iceland. Primarily, the wave energy resource increases
significantly in the area of study, as shown in Fig. 9 (a). On the other
hand, extreme events also increase substantially, as illustrated in
Fig. 9 (b). Hence, Fig. 9 (a) shows that the final exploitable resource
does not increase in proportion to the increase in the total resource.
In any case, the exploitable resource increases sufficiently to sub-
stantially impact the power generation capability of a relatively



Fig. 11. Squared correlation coefficient illustrated by shaded areas and regression values of Hs with the EA index (a) and AO index (b) illustrated by continuous black lines (in cm),
where blue dashed lines represent the regression of the teleconnection indices with mean sea level pressure (in hPa). Fraction of variance (shaded) of the monthly standard
deviation of band-pass filtered surface pressure explained by EA (c) and AO (d), and the regression of the indices onto the monthly standard deviation of the filtered pressure
(contours). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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largeWEC farm, as illustrated in Fig. 10 (b) (with over 500 kWmore
power generated every year during the decade). This gain may be
relevant for the selection of different components, the design of
energy storage systems, electrical cables, and other aspects of a
WEC farm.

The variability of wave energy resources associated with these
teleconnection patterns may vary in the future due to climate
change, as demonstrated for the El Ni~no phenomenon [92], so that
the extraordinary wave energy resources corresponding to the
years/decades where the indices of these teleconnection patterns
are exceptional, may become the general rule in the future.
Therefore, the impact of these teleconnection patterns, through
their variation in frequency of occurrence and/or intensity, on the
WEC farms of the future may need to be considered for a complete
assessment of the wave energy resource (including long-term
variations) in the areawhere aWEC farm is planned to be deployed.



Fig. 12. Decadal variation of the probability density functions derived from monthly values of EA (left) and AO (right) indices.
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7. Conclusions

The wave energy resource around Iceland is analysed during
four decades between 1979 and 2018. Overall, no relevant wave
trend is found, meaning that the wave energy resource in the area
of study is maintained relatively constant during the last four de-
cades (about 40 kW/m). However, two more specific phenomena
are observed since 1979.

On the one hand, the wave resource in the northern area of
Iceland, especially close to Greenland, increases significantly, which
can be connected to the positive trend of the East Atlantic Pattern,
which induces positive anomalies of wave height near Greenland.
On the other hand, the wave energy resource is found to increase
substantially within one decade (1989e1998). The latter increase
coincides with a period of time where teleconnection patterns,
such as Arctic Oscillations or Northern Atlantic Oscillations, were
more intense.

These teleconnection patterns increase the total wave energy
resource in the area of study, but the exploitable energy (excluding
extreme events) does not increase proportionally. However, dif-
ferences in average power production between two consecutive
decades can increase over 500 kW for a relatively large WEC farm
(45 devices). Therefore, if long-term resource variations are not
considered, in the area where the WEC farm is planned to be
deployed, the design of the different components of the WEC farm
(energy storage systems, cables and substation for the electrical
inter-connections, mooring lines or PTO systems) may be sub-
optimal.

Moreover, both the ice mass and the behaviour of tele-
connection patterns are likely to be altered due to climate change,
meaning that their impact on WEC farms will be more relevant in
the future and, as a consequence, the consideration of long-term
resource variations is crucial.
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