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» We simulate the wave climate of the NW European shelf seas over a 7 year period.
» We apply a high resolution 3rd-generation wave model.

» We quantify spatial patterns of uncertainties in estimating the wave power resource.
» Uncertainty is considerably greater over winter months.
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Regional assessments of the wave energy resource tend to focus on averaged quantities, and so provide
potential developers with no sense of temporal variability beyond seasonal means. In particular, such
assessments give no indication of inter-annual variability — something that is critical for determining the
potential of a region for wave energy convertor (WEC) technology. Here, we apply the third-generation
wave model SWAN (Simulating Waves Nearshore) at high resolution to assess the wave resource of the
northwest European shelf seas, an area where many wave energy test sites exist, and where many wave
energy projects are under development. The model is applied to 7 years of wind forcing (2005-2011), a time
period which witnessed considerable extremes in the variability of the wind (and hence wave) climate, as
evidenced by the variability of the North Atlantic Oscillation (NAO). Our simulations demonstrate that there
is much greater uncertainty in the NW European shelf wave resource during October-March, in contrast to
the period April-September. In the more energetic regions of the NW European shelf seas, e.g. to the north-
west of Scotland, the uncertainty was considerably greater. The winter NW European shelf wave power
resource correlated well with the NAO. Therefore, provided trends in the NAO can be identified over the
coming decades, it may be possible to estimate how the European wave resource will similarly vary over
this time period. Finally, the magnitude of wave power estimated by this study is around 10% lower than
aresource which is used extensively by the wave energy sector - the Atlas of UK Marine Renewable Energy
Resources. Although this can partly be explained by different time periods analysed for each study, our
application of a third-generation wave model at high spatial and spectral resolution significantly improves
the representation of the physical processes, particularly the non-linear wave-wave interactions.

© 2013 Elsevier Ltd. All rights reserved.
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1. Introduction energy has been highlighted as a key contributor to the future global

energy mix. However, progress from full-scale testing to commer-

To reduce greenhouse gas emissions and aid sustainable devel-
opment, there is an urgent need to support our electricity generat-
ing capacity through the development of low carbon technologies,
particularly those generated from renewable sources [1]. The
ocean is a vast and largely untapped energy resource — wave en-
ergy alone has been estimated as around 2 TW globally [2]. A sig-
nificant portion of this wave energy could be exploited by a range
of wave energy converter (WEC) technologies [3], and so wave
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cialisation of wave energy projects has been relatively slow, partly
due to the financial risks associated with uncertainty in quantify-
ing the wave energy resource at a variety of timescales. This is in
direct contrast to assessment of the tidal energy resource - tidal
currents are largely driven by astronomical forces, and so can be
accurately predicted over long time scales [4]. Beyond seasonal
trends, waves are largely stochastic, and so it is difficult to quantify
the long-term wave resource for a region at a variety of timescales.
With likely future changes in the wave energy resource due to cli-
mate change [5-7], this uncertainty in resource assessment will in-
crease for proposed future large-scale WEC array scenarios that
have been identified in marine energy roadmaps (e.g. [8]).
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One of the most popular data sources used by developers for
quantifying the UK wave energy resource is the Atlas of UK Marine
Renewable Energy Resources [9]. Similar wave resource assess-
ments have been made for Europe [3], the Black Sea [10], the Baltic
Sea [11], the Canary Islands [12], Australia [13], China [14], the
United States [15], and globally [2]. Regardless of the accuracy of
such studies in terms of data quality and availability, and the spa-
tial, temporal, and spectral resolution of the underlying wave mod-
els, most assessments provide potential developers with only
averaged quantities such as the annual mean significant wave
height and wave power, and give no indication of temporal vari-
ability beyond seasonal means [16]. Of the few studies which do
analyse how the temporal distribution of wave energy resource
at seasonal and inter-annual scale affects site selection, Cornett
[17] analysed variability of the global resource at a relatively
coarse (1.25° x 1°) model resolution, and Liberti et al. [18] provide
a study of wave variability for the Mediterranean. Akpinar and
Komurcu [10] provide a thorough resource assessment for the
Black Sea, examining monthly, seasonal, and annual distributions
of wave height and wave power. However, most studies give no
indication of the inter-annual variability of the wave resource,
something that is critical for even a superficial assessment of the
wave energy potential of a region. Further, the suitability of a par-
ticular location cannot be matched to a particular WEC technology
[19], since these resource assessments provide no information on
the spectral properties of the waves. Rather, relatively expensive
high-resolution nested model studies [20], or expensive in situ
monitoring programmes [21], are required to make even an initial
assessment of the wave energy potential of a region. The present
research aims to address such issues by providing a thorough
assessment of the wave energy potential of the NW European shelf
seas, a region where many wave energy projects are under devel-
opment. In particular, this study focusses on temporal variation
of the wave resource over seasonal and inter-annual timescales,
and assesses the spectral properties of the waves for a range of
contrasting locations.

2. Study region

The NW European shelf sea has been selected for this study as it
is one of the most energetic shelf sea regions in the world [2,22].
Due to its large wave energy resource, and the prominence of
European nations (particularly the UK) in developing wave energy
technologies [3], many wave energy test sites exist, and many wave
energy projects are under development throughout this region,
with selected sites shown on Fig. 1, and further details provided
in Table 1. These eight locations form the basis of the detailed
site-specific resource assessment in Section 4.2, and further details
of the sites can be found in Bahaj [1], Reeve et al. [6], Mouslim et al.
[23], Beels et al. [24] and Aquamarine Power [25]. These sites are
located in regions of considerable variations in water depths and
wave exposures, and so enable a contrast in wave properties to be
made for a wide range of environments. In addition to being a suit-
able region for exploitation of the wave energy resource, the ocean-
ography of the northwest European shelf seas is well documented,
and extensive datasets are available, including wave buoy data, to
validate models of the region. Further, since many countries have
coastlines bordering the NW European shelf seas, this increases
the relevance, and hence impact, of this study.

The NW European shelf seas, located on the northeastern mar-
gin of the North Atlantic, are generally shallower than 200 m
(Fig. 1). The Celtic Sea, Malin Sea and northern North Sea are ex-
posed to Atlantic waters, with water depths in the range 100-
200 m, with the exception of the deeper (600 m) Norwegian
Trench in the northeastern North Sea. The Celtic Sea borders the
Irish Sea to the north, a semi-enclosed water body. To the east of

the Celtic Sea, the English Channel connects to the southern North
Sea; and to the south of the Celtic Sea lies the Bay of Biscay.

The climate of the NW European shelf is dominated by the
atmospheric polar front [26]. The instability of this front causes
depressions to form, tracking across the North Atlantic and follow-
ing a preferred route which passes between Iceland and Scotland.
There is considerable variation in the wind climate around the
NW European shelf seas, but the strongest winds generally ema-
nate from the west and south, and the mean winds from the south-
west [27]. Wind speeds tend to be highest to the northwest of the
British Isles (closest to the depression tracks), decreasing towards
the south and east. An annual cycle of higher wind speeds in winter
and lower speeds in summer reflects the seasonally varying
strength of the large-scale atmospheric circulation [26]. The strong
background flow leads to high mean wave energy over the shelf
seas and the variability results in a wave climate with considerable
extremes [28]. Considerable interannual variability in the synop-
tic-scale circulation over the Atlantic is described by the North
Atlantic Oscillation (NAO) index [29], and a previous study has
demonstrated that there is a positive correlation between the
NAO and the mean wave power for an area off the north coast of
Scotland [30]. In regions of the shelf seas exposed to the Atlantic,
the orbital velocity of the longer-period (swell) waves penetrates
to the sea bed [31]. Where fetch length is sufficient, the wave dis-
tribution over the shelf seas broadly maps to the wind distribution
[28]. Due to the dominant southwesterly wind direction, many re-
gions of the NW European shelf seas are relatively sheltered from
wind effects and hence experience relatively low wave energy, par-
ticularly the western seaboard of the North Sea (sheltered by the
UK land mass) and the northern half of the Irish Sea (sheltered
by Ireland).

3. Methods
3.1. Wave model

The third-generation spectral wave model SWAN (Simulating
Waves Nearshore) was used to simulate wave climates over the
North Atlantic, including the NW European shelf seas. SWAN is
an Eulerian formulation of the discrete wave action balance equa-
tion [32]. The model is spectrally discrete in frequencies and direc-
tions, and the kinematic behaviour of the waves is described by the
linear theory of gravity waves. SWAN accounts for wave generation
by wind, non-linear wave-wave interactions, white-capping, and
the shallow water effects of bottom friction, refraction, shoaling,
and depth-induced wave breaking.

The evolution of the action density N is governed by the wave
action balance equation which, in spherical coordinates, is [32]

ON oc,N  0cyN 9ceN  OcyN — Seor

a9 Tog Tae T o (1)

where c; and c,, are the propagation velocities in the longitude (1)
and latitude (¢) directions, ¢ is frequency, 0 is wave direction,
and S;,; represents the source terms, i.e. generation, dissipation,
and non-linear wave-wave interactions. For this application, the
wave energy spectrum at each grid point was divided into 40 dis-
crete frequency bins and 45 discrete direction bins for both scales
of model simulation (North Atlantic and NW European shelf seas
- see Section 3.3). The lowest modelled frequency was 0.05s~!
(period T=20s), and the highest frequency resolved by the model
was 2s! (T=0.5s). Outside of this range, the wave spectrum
was imposed, hence the effects of lower and higher frequencies
are included in the simulations [33].

Version 40.85 of SWAN was run in third-generation mode, with
Komen linear wave growth and whitecapping, and quadruplet



S.P. Neill, M.R. Hashemi/Applied Energy 106 (2013) 31-46 33

62

latitude

Wave Hub

*
Celtic Sea &@

70 7
0\) North Sea

Horns Rev 2# 4,

%

% North Atlantid & :

g
| | B &

0 5 10

longitude

Fig. 1. Locations of selected wave energy projects and test sites distributed around the NW European shelf seas in regions of contrasting exposure, water depths, and wave
climates. Blue circles (labelled) are the wave buoys used for model validation (further details are provided in Table 2), and the boxed regions are the areas used for regional
comparisons (Biscay, Celtic, North Scotland and North Sea). Contours show water depth in metres relative to mean sea level. The inset which covers the entire North Atlantic
shows the limits of the 1/6° x 1/6° (outer) wave model which was run initially to generate boundary conditions for the 1/24° x 1/24° (inner) nested wave model. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

wave-wave interactions. Due to the scale of the simulations, bot-
tom friction, depth-induced wave breaking, and triads were turned
off. SWAN default formulations and coefficients were used for all of
the physical processes.

3.2. Data sources

3.2.1. Bathymetry

GEBCO (General Bathymetric Chart of the Oceans) gridded
bathymetry data was obtained from the British Oceanographic
Data Centre (BODC) at a resolution of 30 arc-seconds in both lati-
tude and longitude. This data was bi-linearly interpolated to the
desired resolution of the computational domain (Section 3.3).

3.2.2. Wind data

Gridded wind data was provided by Met Eireann (the Irish
Meteorological Service) using their operational HIRLAM (High
Resolution Limited Area Model) version 7.2 forecast model

Table 1

Locations of wave energy projects and test sites used for detailed analysis.
Project Lat Long
BIMEP (Spain) - Biscay Marine Energy Platform 43.42 -3.07
SEM-REV (France) - wave energy test site 47.04 -2.98
Wave Hub (England) 50.38 -5.63
Horns Rev 2 (Denmark) - wind farm 55.58 7.59
Aegir (Shetland) - Pelamis 59.94 -1.62
EMEC (Orkney) 58.98 -3.49
Bernera (Scotland) - Pelamis 58.36 -7.09
Achill Island (Ireland) - Aquamarine Power 53.87 —10.08

(www.hirlam.org). The grid resolution of the model is 0.1° x 0.1°,
with 60 vertical levels, and the resolution of the interpolated out-
put wind data is 0.5° x 0.5°, extending from 60°W to 15°E, and
from 40°N to 70°N. Data was available 3-hourly from January
2005 to December 2011.
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Table 2

Model performance for Hs and Tp at various locations around the NW European shelf seas. Results are generally reported for an entire year of data and, in addition, results are

reported seasonally for the M1 wave buoy to demonstrate temporal differences in model/data comparison.
Reference Water depth (m) Lat Long Hs Tp

RMSE (m) SI Bias (m) RMSE (s) SI Bias (s)

M1-2005 124 53.10 -11.19 0.50 0.17 -0.22 1.10 0.15 —0.42
M1 - D-J-F 2005 0.65 0.22 —0.36 1.25 0.18 -0.79
M1 - M-A-M 2005 0.47 0.16 -0.19 1.06 0.15 —0.28
M1 - J-J-A 2005 0.33 0.11 -0.15 0.95 0.14 -023
M1 - S-O-N 2005 0.53 0.18 -0.19 0.97 0.14 —0.40
M2-2005 73 53.48 —5.43 0.31 0.26 -0.16 0.82 0.19 0.53
M3-2005 126 51.22 —10.55 0.51 0.18 -0.24 1.17 0.17 —0.40
M4-2005 50 54.70 -9.09 0.62 0.26 0.17 1.06 0.16 -0.18
M5-2005 65 51.65 -6.70 0.59 0.36 0.39 0.94 0.18 0.21
W Gabbard - 2007 34 51.98 2.08 0.28 0.25 —0.09 1.14 0.21 —0.64

3.2.3. Wave data

Data from five wave buoys was obtained from the Irish Marine
Institute, and data from an additional wave buoy operated by Cefas
(Centre for Environment, Fisheries and Aquaculture Science) was
obtained from BODC to provide validation for the North Sea. These
wave buoys are located in a range of water depths and wave expo-
sures (Table 2), and so provide a rigorous validation test over a
range of environments. Data of significant wave height (Hs) and
peak wave period (Tp) was available hourly throughout 2005 for
the Irish Marine Institute wave buoys, and half-hourly throughout
2007 for the Cefas wave buoy.

3.3. Implementation of the wave model

The wave model was applied initially to a region which included
the entire North Atlantic at a grid resolution of 1/6° x 1/6°,
extending from 60°W to 15°E, and from 40°N to 70°N (i.e. the same
domain covered by the gridded wind data) (see the inset on Fig. 1).
Two-dimensional (2D) wave spectra were output hourly from this
coarse outer grid simulation and interpolated to the boundary of
an inner nested high resolution model of the NW European shelf
seas. This inner nested region had a grid resolution of 1/24° x 1/
24°, extending from 14°W to 11°E, and from 42°N to 62°N. After
running the coarser outer model of the North Atlantic, this inner
nested simulation was run without feedback to the outer nest,
i.e. the nesting process was one-way. Variables were output every
3 h from this nested simulation at every grid point. One-dimen-
sional (1D) and 2D wave spectra were also output at various loca-
tions where the spectral properties of waves were to be examined
(Table 1). The period 2005-2011 was simulated, corresponding to
the period of the available wind data. It took approximately 35,000
CPU hours to perform all of the model simulations, using 96 cores
of a 2072 core system, based on Intel Xeon processors.

To demonstrate that the selected years of simulation (2005-
2011) were representative of temporal variability over the study
region, we made use of the ERA-Interim dataset (available 6-hourly
at a grid resolution of 1.5° x 1.5°) over the North Atlantic, a dataset
that has been successfully applied in previous studies of wave
energy flux [34]. The ERA-Interim data were used to calculate
the mean value of Hs? (a proxy for wave energy) over the North
Atlantic (from 60°W to 15°E, and from 40°N to 70°N) every 6 h
from 1979 to 2011. The statistical properties of Hs?> were then cal-
culated for different time periods to check for stationarity in the
data. The mean X =9.93m? and standard deviation s =7.02 m?
were calculated for the time period 1979-2004. The corresponding
values for the time period 1979-2011 (i.e. extending the analysis
to incorporate our modelled time period) were X = 9.99 m? and
s=6.98 m?, i.e. differences of around 0.6% from the time period
1979 to 2004. Finally, X = 10.21 m? and s =6.82 m? were calcu-
lated for the time period 2005-2011, differences of around 2% from

calculations for the 1979 to 2011 time period. Since these differ-
ences in statistical properties between each of the time periods
was very small, our modelled time period (2005-2011) can be re-
garded as a representative sample of the wave power.

3.4. Model validation

The model was validated throughout 2005 using hourly time
series of Hs and Tp from five wave buoys, and throughout 2007
for an additional (half-hourly) wave buoy located in the North
Sea (Table 2). Good agreement was obtained for Hs (Fig. 2), with
an average root mean square error (RMSE) of 0.47 m across all
wave buoys (Table 2). Also reported on the table are the scatter in-
dex SI (RMSE normalised by the mean of the observations), and
bias (mean error, calculated as model results minus observations).
The SI for Hs was generally less than 0.25, with a peak value of 0.36
at the M5 buoy in the southern Irish Sea. The calculations of bias
indicate that there was no systematic error in modelled Hs, with
a mean value across all six wave buoys of —0.03 m. To assess the
temporal variability in model performance, we also report seasonal
values of RMSE, SI and bias for the M1 buoy (Table 2). Although we
do find slightly larger RMSE (and SI) during autumn and winter
months, these increased values are consistent with the increased
uncertainty in wave power which occurs over these months (Sec-
tion 4.1). There was considerably more variability in Tp at all of
the validation locations (Fig. 3), but the model was generally in
good agreement with the data, successfully reproducing variability
at seasonal and sub-seasonal timescales. The average RMSE for Tp
was 1.04 s across all sites (Table 2), but the values of SI were gen-
erally lower than the corresponding SI for Hs. Again, there was no
particular bias in the modelled Tp, and there were increased errors
during winter months, consistent with increased uncertainty in
wave power during these more energetic periods.

4. Results
4.1. Wave power

Much of the subsequent analysis is based on wave power,
which was calculated using linear wave theory. For a sinusoidal
wave, the total (potential plus kinetic) time-averaged energy per
unit horizontal area is

1
E =g pgH’ (2)
Since H = v/2Hs/2, then wave energy
_1 2
E= 15 P8Hs (3)

Wave energy is transported at the group velocity, ¢z, and so the
wave energy flux, or wave power P, can be calculated using
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Fig. 2. Comparison of observed and modelled significant wave height for six locations distributed around the NW European shelf seas.

— 1 2
P = g peHis’c, (4)

Results of the monthly mean wave power for a typical year
(2007) are given in Fig. 4. It is difficult to define what a typical year
actually is, but 2007 was typical in that wave power was greatest
during the winter months (December-January-February), and at
a minimum during the summer months (June-July-August). How-
ever, several anomalies exist, typical of multi-year/multi-seasonal
datasets. For example, wave power during March (a spring month)
was greater than February (a winter month). It is also interesting to
note the differences in the geographic distribution of wave power
between the peak months of January, February, March and Decem-
ber. In January and March, peak wave power was located to the
northwest of Scotland and Ireland. In contrast, the wave power

in February was more focussed on the Celtic Sea and Bay of Biscay,
while during December this distribution extended further north
than the February distribution to encompass the west coast of
Ireland. However, the objective of this paper is not to discuss any
particular year in detail, but to examine inter-seasonal and inter-
annual variability. It is therefore more useful to consider season-
ally- and annually-averaged quantities.

The seasonal and annual distribution of wave power is summa-
rised qualitatively in Fig. 5. With the exception of 2010, the wave
resource was greatest in the winter months (December-January-
February), and tended to be concentrated in waters exposed to
the North Atlantic, particularly the northwest of Scotland and
Ireland, and the west coast of Ireland, occasionally extending into
the Celtic Sea and Bay of Biscay. With very few exceptions, the
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Fig. 3. Comparison of observed and modelled peak wave period for six locations distributed around the NW European shelf seas.

Autumn (September-October-November) resource was greater
than the Spring (March-April-May) resource, and wave power
was always at a minimum during the summer months (June-
July-August). There was considerable variation between years,
with 2010 being the least energetic year, and 2011 being the most
energetic year.

To quantify the above results, the mean wave power was calcu-
lated over the NW European shelf seas for each season (Fig. 6).
Averages, based on all of the data, provide a context (Table 3). Gen-
erally, wave power over the NW European shelf seas was around
48 kW/m in the winter, reducing to 11 kW/m in the summer. There
were considerable extremes in the winter wave power, ranging
from 29 kW/m in 2010 to 59 kW/m in 2007. Indeed, in 2010 the

autumn wave power (34 kW/m) actually exceeded the winter
wave power. However, when averaged over the whole year, there
is significantly less variability of the wave resource - the annual
mean wave power ranged from 23 to 33 kW/m over the NW Euro-
pean shelf seas, compared to a mean for all simulated years of
29 kW/m. The annual fluctuation of wave power over the NW
European shelf seas is shown on Fig. 7, including 90% confidence
intervals calculated using all 7 years of model output. There is
clearly much greater uncertainty over the winter months, plus
early spring (March) and mid to late autumn (October and Novem-
ber), compared to the less variable April-September period. The
uncertainty from October-March is #3.9 kW/m (compared to an
October-March mean wave power of 43 kW/m), in contrast to an
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Fig. 4. Spatial distribution of mean monthly wave power throughout 2007.

April-September uncertainty of +1.4 kW/m (compared to an
April-September mean of 15 kW/m). It is therefore important to
consider whether electricity supply for a region needs to be matched
to demand in either winter (e.g. for heating) or summer (e.g. for
cooling). If wave power is to be relied on as a key contributor to
the future energy mix for Europe from October-March, there is
considerable risk in the reliability (i.e. predictability) of the re-
source during this period, particularly on a month-by-month basis.

From Fig. 5, it is clear that there are significant regional variations
in the European wave power resource, and these have not been ac-
counted for in the shelf-scale analysis presented above. Four con-
trasting shelf sea regions were therefore selected, representing a
spatial contrast in the wave resource. These four regions (Biscay,
Celtic, North Scotland and North Sea) are shown on Fig. 1. The mean
wave power was calculated over each of these shelf sea regions for
each year and for each season (Fig. 8). Again, seasonal/annual aver-
ages calculated for all years for each of these regions (Table 3) pro-
vide a context. As expected from the previous analysis, the north
of Scotland contains the greatest wave resource with a typical an-
nual mean of 44 kW/m, almost double the next highest region (Celtic
at 26 kW/m). In terms of seasonal variability between these regions,
it is useful to examine uncertainty over the time period October-
March (Fig. 9), when the shelf-scale variability was greatest, and cor-
responding to the time when wave power is at its peak. To the north
of Scotland, the October-March uncertainty in wave power was
+10.7 kW/m (compared to an October-March mean wave power
of 68 kW/m), in contrast to an April-September uncertainty of

+2.7 kW/m (compared to an April-September mean wave power
of 21 kW/m). It is also interesting to note the high uncertainty in
October to the north of Scotland (+15.8 kW/m, compared to a mean
October wave power resource of 51 kW/m), since this high October
uncertainty is unique over the four regions examined in detail. To
examine the spatial distribution of wave power variability in more
detail, seasonal and annual means, uncertainty, and uncertainty ex-
pressed as a percentage of the mean wave power, were calculated for
the entire model domain (Fig. 10). Although the regions to the north-
west of Scotland and west of Ireland are associated with the highest
uncertainty, particularly during winter months, various other re-
gions have a high uncertainty when expressed as a percentage of
the mean wave power. The spatial distribution of this quantity tends
to change seasonally, and so is not fully reflected in the annual per-
centage uncertainty. For example, during March-April-May, there is
a high percentage uncertainty in the western part of the North Sea,
with low percentage uncertainty in the Irish Sea. In June-July-
August, this pattern is reversed with low percentage uncertainty
in the western North Sea, and high percentage uncertainty in the
Irish Sea. Although these regions are associated with some of the
most reliable wave resources throughout the year, the wave power
in these regions is relatively low.

4.2. Wave spectra

Knowledge of the spectral properties of waves is important
when attempting to match a WEC technology with the wave
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Fig. 5. Spatial distribution of seasonal and annual mean wave power for all simulated years.

climate at a particular location. Therefore, wave spectra were out-
put from the model every 3 h for the eight locations listed in Ta-
ble 1, and used to calculate annual and seasonal means for each
year of simulation. To give us confidence in the simulated wave
spectra, we qualitatively compared outputs of the one-dimensional
(1D) and 2D wave spectra with data available for the Wave Hub
site [35]. Comparing over a range of conditions with varying com-
plexity (e.g. swell-dominated and bi-modal spectra), the 1D and 2D
spectra produced by the model compared well with the observa-
tions, in terms of frequency, direction, and the magnitude of spec-
tral density. The annual mean (1D) wave spectra for the eight
locations are shown in Fig. 11. Clearly, Aegir, Bernera and Achill Is-
land are the most energetic sites, located to the west of Ireland and
northwest of Scotland, where peak wave power tends to occur over
the NW European shelf seas (Fig. 5). Fig. 11 reflects the low wave
energy which occurred in 2010 (largely due to a quiescent winter),
and demonstrates the range of inter-annual variability. In Bernera,
for example, a peak spectral density of 5.4 m? s (averaged over a
year) occurred in 2011, yet in the previous year (2010) the peak

was only 2.2 m? s. The winter (December-January-February) mean
1D wave spectra (Fig. 12) follow a similar trend. It is interesting to
note that the peak wave frequency does not vary considerably from
year-to-year, regardless of whether the mean is calculated over the
entire year, or only over winter months. Table 4 shows the peak
wave period at each location for each year of simulation, listed as
both the annual and winter mean. In some years, and for some
locations, e.g. Wave Hub in 2010, the annual mean of the peak
wave period (Tp=9.6s) actually exceeded the winter mean
(Tp = 6.6 s), indicating the importance of swell waves throughout
the year. However, 2010 was an exceptionally quiescent winter
in terms of the wave power resource (Fig. 5).

Typical annual mean 2D wave spectra are shown in Fig. 13,
demonstrating variability in the directionality of wave energy be-
tween locations. Generally, the peak direction is aligned with the
predominant wind (and hence wave) direction, reflecting both
the geographic location with respect to the larger-scale North
Atlantic climate system, and wave refraction in intermediate water
depths. For example, there are very clear refraction effects over the
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Fig. 6. Seasonal and annual mean wave power over the NW European shelf seas calculated for each simulated year.

Table 3
Calculated wave power (in kW/m) from 2005 to 2011 for regions of the NW European
shelf seas: seasonal and annual means, plus 90% confidence intervals.

Region Mean wave power
Winter Spring Summer  Autumn Annual
Entire shelf 482+73 235%3.1 11.1+1.1 324+44 28.8%23
seas

Biscay 39.8+7.1 182+£33 75%15 239+63 223%23
Celtic 46.0+114 20.1+£38 93+21 284+81 259%34
N Scotland 766+152 373+78 134+1.1 505+56 444+58
N Sea 369+6.2 162+2.0 84+14 279+22 224+21

relatively shallow shelf at BIMEP and Wave Hub, but the sites to
the west of Ireland and northwest Scotland (e.g. Bernera and Achill

70 T T T T

Island) are relatively unaffected by refraction, since there is a very
narrow shelf between these sites and the long period waves prop-
agating from the North Atlantic. It is also interesting to note from
Fig. 13 that at Horns Rev 2, although the wave resource is relatively
low, the spectral peak is strongly bi-modal, reflecting the different
modes of wave climate that are responsible for generating most of
the wave energy at this site. Also reported on Fig. 13 is mean direc-
tional spread. Directional spread provides a measure of dispersion
around the mean wave direction, and is defined as the standard
deviation of the wave direction distribution, or directional stan-
dard deviation. The directional spread across the sties ranges from
21.3° (BIMEP) to 29.7° (Aegir). These values demonstrate that
whereas the peak wave direction is generally narrowly defined at
each of the locations, there is a significant quantity of wave energy
distributed over a much larger range of directions, particularly at
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Fig. 7. Annual cycle of monthly mean wave power over the NW European shelf seas. Error bars show the 90% confidence intervals.
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Fig. 9. Annual cycle of monthly mean wave power over regions of the NW European shelf seas. Error bars show the 90% confidence intervals.

the more exposed sites. Knowledge of this statistic enables devel-
opers to select devices appropriate to the expected spread of wave
energy, and provides a more realistic assessment of how wave
power propagates in relation to the mean wave direction [2].

5. Discussion

As expected, the largest wave power resource occurred during
winter months December-January-February (48 kW/m averaged
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Fig. 10. Seasonal and annual distribution of mean wave power, wave power uncertainty (90% confidence), and uncertainty expressed as a percentage of mean wave power.

over the NW European shelf seas for all years), with a minimum
during the summer months June-July-August (11 kW/m). Further,
the wave resource during the autumn months September-
October-November (32 kW/m) was considerably greater than the
spring (March-April-May) resource (24 kW/m). Although the
uncertainty in annual wave power over the shelf seas was rela-
tively small (+2.3 kW/m, relative to an annual mean of 29 kW/m),
the uncertainty was much greater during winter months
(£7.3 kW/m, relative to a winter mean of 48 kW/m). There was
considerably less uncertainty in wave power over the summer
months (£1.1 kW/m, relative to a summer mean of 11 kW/m).
Since swell waves are still present during summer months, and
wave power is still appreciable in some regions of the NW Euro-
pean shelf seas during summer, this has relevance to the reliability
of the wave resource in providing electricity for cooling during the
summer, an issue which is likely to be exacerbated in the future
under a changing climate [36]. In general, the results of this study
show that uncertainty in the wave resource is relatively high dur-
ing October-March, and relatively low during April-September.
Further, in more energetic regions of the NW European shelf seas
(e.g. to the northwest of Scotland), the uncertainty is much greater
(+15.2 kW/m over the winter months, compared to a winter mean
of 77 kW/m). A previous study of this region to the north of Scot-
land, based on analysis of a single point of a relatively coarse wave
model, indicated that inter-annual variability of wave energy yield
(for a Pelamis device) was around 360-720 kW in the winter,
reducing to around 90-330 kW in summer [30]. The Bay of Biscay
and the northern part of the North Sea, although not particularly
energetic regions with typical annual mean wave powers of around

22 KW/m, have relatively low uncertainties (around +2 kW/m), and
so could provide a reliable source of wave energy for a device/array
which is tuned to the appropriate wave frequencies.

5.1. The North Atlantic Oscillation

The North Atlantic Oscillation (NAO) is a large-scale mode of
natural climate variability that has important impacts on the cli-
mate of northern Europe [37]. Although the NAO can be calculated
throughout the year, it is during the winter months that it is par-
ticularly dominant, corresponding to the months when wave
power generally peaks over the NW European shelf seas (Fig. 7).
To help explain the inter-annual variability of the NW European
shelf sea wave resource, the December-January-February (DJF)
mean wave power over the shelf seas was plotted against the DJF
NAO, using data available from the Climatic Research Unit at the
University of East Anglia. There is a large range of the NAO over
our modelled time period, ranging from —3.1 (generally anticy-
clonic) to +1.8 (mostly strong westerlies), representing a consider-
able range of climatic conditions with which to test the
relationship between wave power and the NAO. There is good
agreement (coefficient of determination r? = 0.69) between wave
power and the NAO (Fig. 14), and the positive gradient indicates
that winter wave power will be relatively high (e.g. >60 kW/m)
over the NW European shelf seas for strongly positive DJF NAO
years, and the winter wave power will be relatively low (e.g.
<30 kW/m) for strongly negative DJF NAO years. Therefore, in sup-
port of other research which has correlated wave power with the
NAO [30], this study demonstrates that the NAO is a useful tool
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Fig. 11. One-dimensional annual mean wave spectra for eight locations distributed around the NW European shelf seas.

to determine how the winter NW European shelf wave energy re-
source will vary over the coming decades, provided trends in the
NAO can be identified with any certainty. Although annual fore-
casts of the NAO are not reliable due to the high uncertainty asso-
ciated with global circulation model predictions, it is a useful
indice for predicting variability over longer time periods (e.g. mul-
ti-annual to multi-decadal) [38].

5.2. Comparison with the Atlas of UK Marine Renewable Energy
Resources

How do our results compare with those presented in the Atlas
of UK Marine Renewable Energy Resources [9] - a resource which
is used extensively by the wave energy sector? The Atlas is re-
stricted to the UK continental shelf and channel islands territorial
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Fig. 12. One-dimensional winter (December-January-February) mean wave spectra for eight locations distributed around the NW European shelf seas.

sea limits, whereas our study covers the entire NW European shelf
seas. However, if we interpolate our high-resolution gridded model
outputs to the data points covered by the Atlas, we can compare
the annual mean wave power estimated by the two studies. Since
we have simulated different dates (January 2005-December 2011)
than those dates analysed to produce the Atlas (June 2000-May
2007), it is appropriate to normalise the results of each study by
the wave power averaged over all of the data points covered by
the Atlas. The normalised comparison falls closely to the line of

equality (Fig. 15), and so the two studies are comparable. However,
when comparing non-normalised outputs between the two stud-
ies, we found that the mean annual wave power from our study
is around 10% lower than that estimated by the Atlas. This can
partly be explained by variability of the wind (and hence wave) cli-
mates over the different time periods used for the two studies. For
example, the mean DJF NAO used for the Atlas was +0.21, com-
pared to —0.32 used for this study. Based on the equation describ-
ing the line of best fit on Fig. 14, this could account for around 10%
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Table 4

Inter-annual variability of peak wave period Tp (s) at each of eight wave energy project locations averaged over winter months (December-January-February), and over the entire
year. Values in each cell of the table are given as w(a): w = winter mean, a = annual mean.

Project Peak wave period Tp (s)

2005 2006 2007 2008 2009 2010 2011
BIMEP 11.5(11.5) 12.6(11.5) 11.5(11.5) 10.5(10.5) 12.6(11.5) 8.7(10.5) 12.6(11.5)
SEM-REV 9.6(8.7) 11.5(9.6) 10.5(10.5) 9.6(9.6) 11.5(10.5) 9.6(10.5) 12.6(8.7)
Wave Hub 9.6(8.7) 11.5(10.5) 10.5(10.5) 9.6(8.7) 10.5(9.6) 6.6(9.6) 9.6(8.7)
Horns Rev 2 10.5(9.6) 10.5(9.6) 9.6(9.6) 9.6(8.7) 8.0(8.7) 10.5(8.7) 9.6(8.7)
Aegir 11.5(10.5) 9.6(9.6) 9.6(9.6) 11.5(10.5) 9.6(9.6) 9.6(9.6) 12.6(10.5)
EMEC 10.5(10.5) 9.6(9.6) 9.6(9.6) 10.5(9.6) 10.5(9.6) 8.7(8.7) 10.5(9.6)
Bernera 12.6(11.5) 11.5(11.5) 12.6(11.5) 12.6(11.5) 12.6(11.5) 8.7(9.6) 12.6(11.5)
Achill Island 13.8(11.5) 13.8(12.6) 12.6(12.6) 11.5(11.5) 13.8(12.6) 11.5(11.5) 12.6(11.5)

SEM-REV Wave Hub
N 20

Achill Island

N 20 N 20

0.01 002 0.03 0.04 0.05
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Fig. 13. Annual mean two-dimensional wave spectra (calculated for period 2005-2011) for eight locations distributed around the NW European shelf seas. The radial
coordinate is wave period(s), and contours are variance densities in m?/Hz/°. The numbers on each plot are the mean directional spreading (in degrees), including the 90%
confidence intervals.

discrepancy during the winter months. Further, there were consid- 13 frequency bins for the Atlas), and directional resolution (45
erable discrepancies between model configurations used in each discrete direction bins for our study, compared to 16 direction
of the two studies. There are differences in spatial resolution bins for the Atlas). However, perhaps more fundamental is the
(1/24° x 1/24° in our study, compared to 1/6° x 1/9° for the Atlas), choice of wave model. The Atlas is based on analysis of outputs
frequency resolution (40 frequency bins in our study, compared to from a second-generation wave model, whereas our study uses a
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Fig. 15. Comparison of annual mean wave power estimated by this study and the
UK Atlas of Marine Renewable Energy Resources plotted as percentage probability.
Since a different time period was used for each resource assessment, wave power at
each data point has been normalised by the spatial mean. The equality line at 45° is
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third-generation wave model. One of the key differences between a
2nd and 3rd generation wave model is more accurate representa-
tion of non-linear wave-wave interactions. In particular, 3rd gener-
ation wave models explicitly calculate quadruplet wave-wave
interactions, rather than parameterising such non-linear process
[32]. Quadruplet wave-wave interactions redistribute a significant
fraction of the wind input from the mid-range frequencies to lower

frequencies, and a smaller fraction to higher frequencies [33], the
energy of which is then dissipated by other physical process which
have improved representation in 3rd generation wave models, e.g.
white-capping. Our results therefore indicate that the 2nd
generation wave model which was used to compile the Atlas of
UK Marine Renewable Energy Resources may have over-
estimated wave power. It is interesting to note that in the same
year that the Atlas was published (2008), the UK Met Office imple-
mented a third-generation wave model (WAVEWATCH III) as a
replacement for the Met Office second-generation operational
wave model.

6. Conclusions

Our high resolution third-generation SWAN wave model simu-
lations, applied to 7 years of wind forcing, provide a realistic
assessment of the NW European wave resource. We have exam-
ined inter-annual and inter-seasonal variability, and compared
the wave power resource for contrasting regions of the NW Euro-
pean shelf seas. This thorough assessment, including the analysis
of wave spectra for sites where wave energy projects are under
development, quantifies variability of the NW European wave re-
source, and so provides potential developers with statistics rele-
vant to matching each site to the most appropriate wave energy
converter (WEC) technology.

Our analysis demonstrates that there is considerably more
uncertainty in the wave resource from October to March, in
contrast to the lower April-September uncertainty. The strong cor-
relation between wave power over the winter months and large-
scale modes of natural climate variability demonstrates that the
North Atlantic Oscillation (NAO) is a good indicator of the NW
European shelf sea winter wave power resource, provided that
trends in the NAO can be identified with any certainty over the
coming decades.

Model studies like this can generally be improved by increasing
model resolution. However, our spatial resolution of 1/24° x 1/24°
over the entire NW European shelf seas already represents a
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significant advancement on previous resource assessments which
include parts of the study region, since these models had spatial
resolutions of 1/6° x 1/9° [9], and 1/5° x 1/5° [6]. Finally, our use
of the third-generation wave model SWAN, compared to a previous
resource assessment of a large part of the study region which was
based on analysing outputs from a second-generation wave model,
has improved the representation of the physical processes, partic-
ularly non-linear wave-wave interactions. We believe that consid-
ering the advances in computing power, availability of wind data,
and the urgency with which we must move towards generating
electricity from low carbon technologies, it is timely to produce
an updated high-resolution atlas of the NW European shelf sea
wave energy resource, and this research represents a first step to-
wards creating such a resource.
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