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Abstract: Wave characteristic assessments of wave energy test sites provide a greater understanding
of prevailing wave conditions and are therefore extremely important to both wave energy test site
operators and clients as they can inform wave energy converter design, optimisation, deployment,
operation and maintenance. This research presents an assessment of the wave resource at the Atlantic
Marine Energy Test Site (AMETS) on the west coast of Ireland based on 12-years of modelled data
from January 2004 to December 2015. The primary aim is to provide an assessment of annual and
seasonal wave characteristics and resource variability at the two deployment berths which comprise
the site. A nested model has been developed using Simulating WAves Nearshore (SWAN) to replicate
wave propagations from regional to local scale with a 0.05˝ resolution model covering the northeast
Atlantic and a 0.0027˝ resolution model covering AMETS. The coarse and fine models have been
extensively validated against available measured data within Irish waters. 12-year model outputs
from the high resolution model were analysed to determine mean and maximum conditions and
operational, high and extreme event conditions for significant wave height, energy period and power.
Annual and seasonal analyses are presented. The 12-year annual mean P were 68 kW/m at Berth
A (BA) and 57 kW/m at Berth B (BB). The resource shows strong seasonal and annual variations
and the winter mean power levels were found to be strongly correlated with the North Atlantic
Oscillation (NAO).

Keywords: Atlantic Marine Energy Test Site (AMETS); Simulating WAves Nearshore (SWAN); wave
characterisation; operational waves; extreme waves; wave energy resource; wave power; wave
resource variability

1. Introduction

The assessment of wave characteristics and wave energy resource at a specific location or
area is necessary to determine an available wave resource with regard to wave energy harvesting.
Furthermore, an understanding of wave characteristics as well as extreme wave events is critical for
the engineering design of wave energy converters (WECs), especially for survivability as severe
loadings on WECs can result from extreme wave events [1]. A minimum 10 years of data is
recommended [2] for a wave resource assessment analysis. The primary aim of this research is an
assessment of wave characteristics and wave energy resource at the Atlantic Marine Energy Test
Site (AMETS) on the west coast of Ireland. 12-year high resolution modelled data for the period of
January 2004 to December 2015 was used to carry out the assessment.

Wave energy harvesting has become a major interest in Ireland. The typical annual average
power resources of deep water waves around the globe (based on hindcast modelled data generated
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by the National Oceanic and Atmospheric Administration (NOAA) Wave Watch III (NWW3) wind
wave model for the 10 year period from 1997 to 2006) vary from 30 to 70 kW/m wave crest with a
peak of 100 kW/m in the north-eastern Atlantic Ocean (AO) [3,4]. The geography and climatology
of Ireland contribute to the formation of high wave events within Irish waters, particularly on the
west coast [5]. The exposure to the AO and prevailing westerly winds contribute to swell wave
propagations that travel more than three thousand miles across the AO before they reach Ireland’s west
coast. Strong coastal winds contribute additional local wave generation. López et al. [6] showed the
wave power level around Ireland varying in the range of 53–76 kW/m annually where annual wave
power close to the AMETS location is in the region of 70 kW/m. Hence, it can be concluded that Ireland
is an area with high wave power resources. Based on statistical analysis of the 10-year WorldWaves
time series for the period of 1997–2006 [7], annual means of significant wave height (Hs) values in
the AO are up to 4 m, while off the west coast of Ireland they vary from 2.5 m up to 3.5 m. Thus, it is
evident that Ireland, and particularly the West coast of Ireland, is situated in a highly active wave zone.
The most recent highest wave recorded in Ireland was 25 m on 12 February 2014, which was measured
at Kinsale Energy Gas Platform (8 W, 51.367 N; see Figure 1), approximately 50 km off the south coast
of Cork. The previous record wave height of 23.4 m was measured at Donegal M4 wave buoy off
the northwest coast (9.992 W, 54.998 N; see Figure 1) on 26 January 2014 [8]. A detailed assessment
of historical extreme wave events in Ireland is presented in [5] who divide these events into three
categories—storm waves, tsunamis waves and rogue waves. The focus of the present research is to
investigate the characteristics of wind-generated wave events, thus only storm waves are examined;
tsunamis and rogue waves are not considered.
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coast of County Clare is the focus of the Westwave demonstration project (9.52 W, 52.775 N; see 
Figure 1), which aims to deploy five wave energy devices by 2018 in a move towards 
commercialisation of wave power generation. The site of interest in this research, AMETS, is 
exposed directly to the north-eastern AO, as shown in Figure 1. The wave climate in the area is 
influenced by variable weather conditions [10], as well as local geography and bathymetry [11]. The 
site comprises two deployment berths: 

• Berth A (BA): approximately 16 km offshore, 100 m water depth, and covering 6.9 km2; 
• Berth B (BB): approximately 6 km offshore, 50 m water depth, and covering 1.5 km2. 

Figure 1. Extents of domains and wave buoy locations for (a) coarse Ireland (CI) and (b) Atlantic Marine
Energy Test Site (AMETS) wave models. WH: West Hebrides; BS: Black Stone; and GBTS: Galway Bay
test site.

As evidence of Ireland’s interest in wave energy, there are two existing test sites for WECs on
Ireland’s west coast [9]—the 1/4-scale Galway Bay test site (GBTS) (9.067 W, 53.249 N; see Figure 1)
and the full-scale AMETS at Belmullet (9.991 W, 54.225 N; see Figure 1). A third site off the west coast
of County Clare is the focus of the Westwave demonstration project (9.52 W, 52.775 N; see Figure 1),
which aims to deploy five wave energy devices by 2018 in a move towards commercialisation of wave
power generation. The site of interest in this research, AMETS, is exposed directly to the north-eastern
AO, as shown in Figure 1. The wave climate in the area is influenced by variable weather conditions [10],
as well as local geography and bathymetry [11]. The site comprises two deployment berths:

‚ Berth A (BA): approximately 16 km offshore, 100 m water depth, and covering 6.9 km2;
‚ Berth B (BB): approximately 6 km offshore, 50 m water depth, and covering 1.5 km2.
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The main objective of the research is the assessment of wave characteristics and wave energy
resource at AMETS. In the absence of long-term measured data, 12 years of high resolution modelled
data were used. This required the development of a numerical wave model where a nesting application
was implemented in which waves for a larger regional area were first simulated with a coarse grid
wave model and then downscaled into a finer grid wave model for a smaller local area including
AMETS. The boundary conditions for the fine grid model are derived from the coarse grid computation.
The models were calibrated and validated against available measured data. The models were used to
hindcast the period January 2004–December 2015 and a detailed assessment was conducted at both
berths using the data from the high resolution (300 m) model which was output at 30 min intervals.

A previous wave resource assessment at AMETS [12], based on 15 years of modelled data for the
years 1995–2009, calculated mean values of deep water wave power of 77 kW/m at BA and 62 kW/m
BB. There are significant differences between the former and present study. The model of [12] was
only validated for a short 1-month period, and only at BB, while the authors high resolution model
is validated for much longer periods at both BA (2012–2013) and BB (2010–2013). The present model
is shown to be more accurate than its predecessor and should therefore provide a more accurate
characterisation of the wave resource at AMETS. The present study is also much more extensive
than its predecessor; wave parameters (significant wave height (Hs), wave energy period (TE) and
wave power (P)) are characterised for operational, high and extreme conditions, inter-annual and
seasonal analyses are conducted, joint wave occurrence for the 12-year assessment period is presented,
and detailed spatial map analyses are presented, none of which were included in [12]. The paper is
laid out as follows. An overview of the model development and validation is described in Section 2.
The results of the detailed assessments of Hs, TE, and P are presented in Section 3 along with a short
discussion. Finally, the conclusions from the research are presented in Section 4.

2. Material and Methods

2.1. Wave Model Description

Numerical modelling methods have been widely used for decades to replicate ocean wave
conditions at different scales and locations. Several numerical wave models such as the Wave Modelling
(WAM) wave model [13], Wave Watch III (WW3) wave model [14], MIKE21 spectral wave model [15]
and Simulating WAves Nearshore (SWAN) [16] wave model are available for use in hindcasting and
forecasting wave conditions. These models use full wave spectra based on the integration of the
wave energy (or alternatively wave action) balance equation [17]. Wave predictions at global or large
ocean scales can be simulated with WAM, WW3 or SWAN models. However, SWAN is mostly used
at regional scale, where the intention is for the transition from regional scales to local scales. Thus,
SWAN was used for the development of the coarse and fine resolution wave models at AMETS.

SWAN is an open source numerical model developed by Delft University of Technology
(TUDelft) [18]. The theories utilised in the model are based on ocean waves theories, as discussed in
detail in [19]. SWAN wave models have been used widely in predicting wave conditions at oceanic
and nearshore scales, such as in the Netherlands [20], UK [21], Scotland [22], Portugal [23], Spain [24]
and Ireland [25]. In Ireland, Marine Institute have developed an oceanic scale wave forecast model
using SWAN gridded which covers a large extent of north-eastern AO from 19.9875 W to 0.0125 W and
36.5125 N to 59.9875 N at a spatial resolution of 0.025˝ (approximately 2.5 km). The model performance
has been validated against offshore wave buoys within Irish waters and also generates a daily 6-day
forecast for parameters such as Hs, zero up-crossing wave period (Tz) and mean wave direction (MWD).
This confirms that the SWAN model is suitable for Irish waters.

SWAN is a third-generation wave model and solves the action balance equation which includes
terms for wave generation by wind, nonlinear wave interactions, white-capping, wave breaking and
bottom friction. The equation is formulated in Cartesian coordinates, and optionally in spherical
coordinates, to accommodate small and large scale computations based on the area of interest.
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The computational schemes to propagate the waves through geographical space use finite-different
schemes (two dimensional rectangular grid), which are simple, robust and economical for application
in oceanic waters. A further detailed description on SWAN can be found in [19]. For the present
research, two wave models have been developed—the coarse Ireland (CI) wave model of the waters
surrounding Ireland which uses 0.05˝ resolution (approximately 5.5 km) and the high resolution
AMETS wave model which uses 0.0027˝ resolution (approximately 300 m). Detailed overviews of
these models now follow.

2.2. Coarse Ireland Model Development and Validation

The CI wave model has been developed with a spherical coordinates setup to reproduce the
development of swell waves in large open waters including high wave events at regional scale before
they reach Irish coastlines [26]. The CI model domain is illustrated in Figure 1a. The model resolution
is 0.05˝ (gridded model) and covers a large area of the AO to the extent of 20 W to 3 W and 50 N to
59 N. The main wind forcing supplied as surface boundary conditions is taken from the European
Centre for Medium-Range Weather Forecast (ECMWF) Era-interim [27] at 0.5˝ spatial resolution and
6 h time resolution. The wave data at the boundaries is extracted from a global WW3 wave model,
developed by U.S. Navy Fleet Numerical Meteorology and Oceanography Centre (FNMOC) [28],
at 6 h time intervals. The bathymetry data was retrieved from ETOPO1 at 1˝ spatial resolution [29].
Blue Kenue software (National Research Council Canada, Ottawa, ON, Canada) [30] was used to
interpolate processed bathymetry datasets in order to generate the 0.05˝ resolution gridded model
domain. Regarding model setup, the recommended geographical propagation for large geographical
domains for non-stationary mode in SWAN is the Stelling and Leendertse (S&L) scheme. Early tests
with the CI revealed that its performance was most sensitive to the type and parameterisation of the
wave generation formulations. Model performance was assessed using the Komen [31], Yan [32] and
Janssen [33] wave growth formulations [34] with the Komen formulation found to be most accurate.
A series of calibration tests were then conducted to determine the optimum values for the dissipation
coefficients, Cds and δ, in the Hasselmann white-capping formulation [35] which is used in conjunction
with the Komen wave growth formula. The best model performance was achieved using dissipation
coefficients of Cds = 3 ˆ 10´5 and δ = 1.5. The CI wave model development, including sensitivity and
calibration tests, is presented in detail in [36].

The modelled outputs were compared to available measured data [37] from wave buoys
(see Table 1 and Figure 1a) located in Irish (BA, BB, M3, M4, M6) and Scottish (WH, BS) waters
for calibration (November 2013) and validation (years 2008–2013) purposes. The wave buoys have
good geographical spread throughout the CI domain and include deep, offshore waters and shallower,
nearshore locations. A comparative statistical analysis between measured and modelled data for Hs,
Tz and MWD was conducted for the 5-year validation period in order to determine model accuracy
based on coefficient of determination (R2), root-mean square error (RMSE), bias and scatter index
(SI) calculations.

Table 1. Summary of available measured wave data. BA: Berth A; BB: Berth B; WH: West-hebrides;
and BS: Blackstones.

Station Locations Depth (m) Availability Measured Data
Resolution

Modelled Data
Resolution

BA 10.3 W, 54.28 N 100 January 2012 to date 30 min 30 min
BB 10.15 W, 54.23 N 50 January 2010 to date 30 min 30 min
M3 10.55 W, 51.22 N 155 January 2007 to date 1 h 1 h
M4 9.99 W, 54.99 N 80 January 2008 to date 1 h 1 h
M6 15.88 W, 53.07 N 3280 January 2007 to date 1 h 1 h
WH 7.91 W, 57.29 N 83 January 2009 to date 1 h 1 h
BS 7.06 W, 56.06 N 93 January 2009 to date 1 h 1 h
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A summary of validation values is tabulated in Table 2. The CI wave model managed to achieve
equally high levels of accuracy for Hs at all locations; R2 ě 0.9 at all locations, RMSE ď 0.69 m at all
location but one (WH) and bias within ˘0.4 m at all locations. Accuracy for Tz was slightly less than
for Hs, but still high, with R2 ě 0.77 at all locations. The accuracy of MWD was lower again but still
acceptable; R2 was approximately 0.6 at all locations except at WH where it was just 0.4; however, WH is
near the west coast of Scotland and is thus well outside the area of interest. Possible explanations for the
poorer agreement in MWD than Hs and Tz are that wave buoys can cause greater directional spreading
of the wave field in reality due to refraction [38] than might occur in the simulated wave fields and
wave buoy directional properties often show erroneous behaviour below the peak frequency [39].
The accuracy of the CI model is further confirmed by the 2013 timeseries comparison of modelled and
measured data at M4 and M6 shown in Figure 2.

Table 2. Summary of coarse Ireland (CI) model validation values and measured mean values for
2008–2013. NA indicates non-available data. MWD: mean wave direction.

Station Waves Mean R2 RMSE Bias SI

BA
Hs (m) 3.01 m 0.95 0.55 m ´0.02 m 0.18
Tz (s) 6.82 s 0.84 1.22 s 0.23 s 0.18

MWD (˝) 285˝ 0.61 28˝ ´12˝ 0.10

BB
Hs (m) 2.80 m 0.92 0.69 m ´0.40 m 0.24
Tz (s) 6.98 s 0.77 1.74 s 0.23 s 0.25

MWD (˝) 292˝ 0.57 25˝ ´4˝ 0.09

M3
Hs (m) 2.99 m 0.95 0.51 m 0.11 m 0.17
Tz (s) 6.91 s 0.85 1.16 s 0.37 s 0.17

MWD (˝) 266˝ 0.79 27˝ 6˝ 0.10

M4
Hs (m) 3.09m 0.92 0.65 m 0.07 m 0.21
Tz (s) 6.97s 0.84 1.16 s 0.27 s 0.17

MWD (˝) 260˝ 0.61 60˝ 2˝ 0.20

M6
Hs (m) 3.09 m 0.92 0.67 m 0.33 m 0.22
Tz (s) 7.26 s 0.84 1.06 s 0.39 s 0.15

MWD (˝) NA NA NA˝ NA NA

WH
Hs (m) 2.84 m 0.90 0.85 m 0.01 m 0.30
Tz (s) 6.64 s 0.80 1.47 s 0.13 s 0.22

MWD (˝) 265˝ 0.40 82˝ ´15˝ 0.30

BS
Hs (m) 2.49 m 0.93 0.60 m 0.31 m 0.24
Tz (s) 1.54 s 0.86 1.42 s 0.51 s 0.23

MWD (˝) 268˝ 0.62 54˝ ´4˝ 0.20
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The R2 values for Hs and Tz at the Irish offshore buoys (i.e., M3, M4 and M6 stations) are
consistent with the published WW3 model validation values of 0.94 and 0.88, respectively, in [40].
Moreover, the RMSE and bias values of wave height were within the range (RMSE = 0.4–0.7 m,
bias = 0.05–0.2 m) recommended by World Meteorological Organization (WMO) [41] for different parts
of the world’s oceans. Thus, it is concluded that the CI wave model is capable of accurately reproducing
wave conditions at oceanic and regional scales and is therefore suitable to provide nested boundary
conditions for the high resolution AMETS wave model.

The CI model managed to achieve good accuracy in prediction of the wave conditions at BA
and BB stations, especially at BA, which is in deep water. Accuracy was lower at BB; it recorded the
lowest RMSE in Tz and highest bias in Hs across all the locations. The model’s poorer performance
at BB is understandable as it is the location nearest the shore and therefore the one most susceptible
to modelling inaccuracies resulting from the coarse spatial resolution. This demonstrates the need to
develop a high resolution wave model at AMETS in order to avoid poor estimation of wave parameters
for wave resource assessment.

2.3. Atlantic Marine Energy Test Site Model Development and Validation

The high resolution AMETS wave model, resolved at 0.0027˝ resolution (approximately 300 m),
has been developed to reproduce the development of wind-generated waves in limited local fetch
including high wave events at local scale. Figure 1b shows the AMETS model domain, which covers
11.05 W to 9.7 W and 53.95 N to 54.65 N. The bathymetry data was obtained from INFOMAR datasets
at 250 m resolution [42] and the Blue Kenue software was used to interpolate processed bathymetry
datasets in order to generate the 300 m resolution gridded model domain. High resolution wind data
from ECMWF at 0.125˝ spatial resolution and 6 h time resolution were used as surface boundary
conditions, while the open boundary conditions were supplied from the nested spectral boundary
outputs generated by the CI wave model at 30 min intervals. The orientation of the model is 0˝

clockwise in a spherical geometrical coordinate system to ensure all open boundaries are close to 90˝

for all major in- or outflow wave formations. Initially, the CI model setup was adopted for the AMETS
model. While its performance was quite good, further calibration runs for different values of Cds and
δ were conducted for a month period (December 2013). The best AMETS model performance was
achieved for Cds = 2 ˆ 10´5 and δ = 2. This setup achieved the same R2 and RMSE values as the CI
model setup but produced lower bias values especially for Tz (0.8 s at BA and 0.3 s at BB compared
to 1.1 s and 0.5 s respectively, for the CI setup). More details of the AMETS calibration tests are
presented in [43]. Similar to the CI model, the performance of the AMETS model was assessed based
on model validation parameters of R2, RMSE, Bias and SI for Hs, Tz and MWD. Table 3 shows the
validation values of model performance at BA (2012–2013) and BB (2010–2013). For Hs, the model
achieved R2 = 0.95 at both stations, RMSE values were below 0.6 m and bias values were less than 0.2 m.
For Tz, R2 values were ě0.8, RMSE were ď1.4 s and bias values were less than 0.2 s at BA and close
to 0 at BB. Finally for MWD, R2 were ě0.64, RMSE were ď27˝ and bias were ď9˝. The performance
statistics indicate an acceptably high level of model accuracy which is also demonstrated visually by
the timeseries comparison of modelled and measured data in Figure 3. It was therefore concluded that
the AMETS wave model managed to satisfactorily replicate wave conditions at a local scale and was
sufficient to be used in a detailed wave assessment analysis of the AMETS berths.

Comparing the validation values of the AMETS model at BA and BB with those of the CI model,
it is seen that model accuracy is indeed improved by the higher resolution, particularly at the nearshore
BB. For Hs, R2 was increased from 0.92 to 0.95, RMSE was reduced from 0.69 to 0.52 m and bias was
improved from ´0.4 to 0.17 m. Similarly, for Tz, R2 was increased from 0.77 to 0.8, RMSE was reduced
from 1.74 to 1.4 s and bias was reduced from 0.23 to 0.01 s, and for MWD, R2 was increased from 0.57
to 0.64. The validation values at BB were also compared with those from other published wave model
studies of Irish waters including those of [12,44] using SWAN and of [40] using WW3 (see Table 3).
It is observed that the authors AMETS model achieved better accuracy than the models of [12,44],
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particularly with respect to Tz predictions. Our AMETS model achieved a similar level of accuracy to
the WW3 model of [40] for Hs and although [40] achieved slightly higher R2 and lower RMSE for Tz,
our model achieved almost zero bias while the bias of [40] was 0.65 s. All of these comparisons provide
further confidence in the accuracy of the AMETS model.

Table 3. Summary of AMETS model validation values and measured mean values at BA (2012–2013)
and BB (2010–2013). NA indicates non-available data.

Station Waves Mean R2 RMSE Bias SI

BA
Hs (m) 3.01 m 0.95 0.58 m 0.10 m 0.19
Tz (s) 6.82 s 0.87 1.21 s 0.19 s 0.18

MWD (˝) 285˝ 0.66 27˝ ´8˝ 0.09

BB
Hs (m) 2.80 m 0.95 0.52 m 0.17 m 0.22
Tz (s) 6.98 s 0.80 1.40 s 0.01 s 0.20

MWD (˝) 292˝ 0.64 26˝ ´9˝ 0.09

[44] at BB
Hs (m) 2.08 m 0.89 0.48 m 0.17 m 0.23
Tz (s) 8.47 s 0.77 1.42 s 1.12 s 0.17

MWD (˝) NA NA NA˝ NA NA

[12] at BB
Hs (m) NA 0.84 0.73 m ´0.11 m 0.31
Tz (s) NA 0.52 1.82 s ´1.15 s 0.21

MWD (˝) NA NA NA˝ NA NA

[40] at BB
Hs (m) 2.87 m 0.95 0.41 m 0.19 m 0.14
Tz (s) 7.06 s 0.89 0.86 s 0.65 s 0.12

MWD (˝) NA NA NA˝ NA NA
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3. Resource Assessment Results

Wave height (Hs), wave energy period (TE) and wave power (P) are all important design
parameters for wave energy device survivability and energy extraction, thus, each parameter was
assessed individually at both BA and BB. Each assessment involved three stages:

(1) Assessment of mean conditions;
(2) Characterisation of operational, high and extreme conditions;
(3) Joint occurrence analyses—with MWD in the cases of Hs and TE and between Hs and TE in the

case of P.
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The assessments were based on 12-years of data from January 2004 to December 2015 output from
the high resolution AMETS model at 30 min intervals. Some contour maps are also presented for the
large CI model domain based on CI model data output at 1 h intervals. Values for Hs, TE, MWD and
wavelength (λ) were output directly from the model.

Local water depth dictates how one should calculate wave power. According to linear wave
theory [45], deep water conditions exist where d/λ > 1/2 (d = water depth and λ = wave length) while
transitional water conditions exist where 1/2 > d/λ > 1/20. For deep water, the wave power (P) per
unit width of wave crest (kW/m) of a regular sea state can be calculated using [46]:

P “ 0.49Hs
2TE (1)

while for transitional water, P can be calculated using:

P “ 0.63Hs
2Cg (2)

where Cg is wave group velocity. Table 4 presents values of d/λ calculated at BA and BB for 12-year
mean annual and seasonal wavelengths and shows that d/λ > 1/2 persists for all cases; thus both sites
are considered deep water and Equation (2) is used to calculate the available wave power.

Table 4. Summary of deep water waves condition at BA and BB.

Period/Location Depth, d (m) Mean Wavelength, λ (m) d/λ > 1/2

12-year BA 100 89.0 1.1
12-year BB 50 81.7 0.6

12-year Winter BB 50 106.3 0.5
12-year Spring BB 50 79.8 0.6

12-year Summer BB 50 57.4 0.9
12-year Autumn BB 50 83.7 0.6

Stages (1) and (2) of the assessment include annual and seasonal analyses which are based on the
following time periods:

‚ Annual period: January to December of current year;
‚ Winter period: December of previous year, January and February of current year;
‚ Spring period: March, April and May of current year;
‚ Summer period: June, July and August of current year;
‚ Autumn period: September, October and November of current year.

It should be noted that the winter period for a particular year runs from December of the previous
year to February of the current year, while the annual period runs from January to December of the
current year. Hence, some small discrepancies may exist between the yearly and seasonal analyses
results. In addition, boundary conditions for December 2003 were not available from FNMOC, thus,
winter 2004 was analysed from January to February 2004 only.

The approach used to characterise wave conditions considers percentage of occurrences of
wave conditions and uses criteria for operational, high and extreme events defined as percentiles of
normalised wave parameter data. Figure 4 shows a graphical representation of the characterisation
methodology which is described in more detail in [47]. The characterisation of a site by wave parameter,
γ, is conducted simply by graphing the normalised wave parameter data (Figure 4b) and applying the
following criteria:

‚ Operational events: events falling between 0th and 90th percentiles;
‚ High events: events falling between 90th and 99th percentiles;
‚ Extreme events: events falling between 99th and 100th percentiles.

Identifying the operational wave conditions at a wave energy site is important as a wave energy
device should be designed to extract power most efficiently in those conditions given that they will
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occur most often. On the other hand, knowledge of the extreme conditions at a site is extremely
important for device survivability design.Energies 2016, 9, 967 9 of 29 
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3.1. Significant Wave Height

Contour maps of the 12-year annual means of Hs (and MWD) from the regional-scale CI model
and the local-scale AMETS model are shown in Figure 5. Figure 6 shows similar maps of the 12-year
seasonal means. As would be expected, Figure 6 shows that Hs values gradually decrease as one
moves from the deeper waters of the AO towards the Irish west coast. Annual means off the Irish west
coast are approximately 3.5 m but fall to approximately 3 m at AMETS. In offshore areas, the dominant
12-year mean MWDs are from the southwest but are more westerly in near-shore areas. Figure 6 shows
there is significant seasonal variation in Hs in both offshore and nearshore areas but little seasonal
variation in MWD with the 12-year MWDs being primarily from the west.
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Summaries of the annual and seasonal mean Hs values at BA and BB are shown in Figure 7a,b,
respectively. Instantaneous maximums are also included in the figures (plotted values and standard
deviations are given in Tables A1 and A2 in Appendix A. Hs trends are quite similar at both berths
but with slightly higher values calculated at BA; this is understandable given the proximity of the
berths and the greater water depth at BA (100 m compared to 50 m at BB). Mean annual Hs were
3.2 m and 3.0 m at BA and BB, respectively. The annual mean Hs values at BA varied between 2.7 and
3.7 m while at BB the values ranged from 2.5 to 3.4 m. These annual means are consistent with the
annual mean Hs values of 2.5–3.5 m published in [7] for the west coast of Ireland. Although there is
some variation in annual means, inter-annual variation is most significant for the winter period with
winter means at BA, for example, ranging from 3.4 to 5.6 m. By comparison, summer means at BA
only varied from 1.8 to 2.4 m. Inter-seasonal variation in Hs is significant with highest waves occurring
in winter and lowest waves occurring in summer; autumn waves are typically slightly higher than



Energies 2016, 9, 967 10 of 29

spring. There was approximately 2 m difference in the 12-year winter and summer means, but the
winter-summer difference was greater than 3 m in 2007 and 2014. 2010 and 2014 were notable years
for having the lowest and highest annual and winter means of the 12 year period. The maximum
instantaneous Hs values of 13.8 m at BA and 13.2 m at BB were recorded in winter 2005.
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A detailed summary of the operational and extreme Hs characterisation thresholds at BA and BB
is presented in Figure 8a,b, respectively (plotted values are given in Tables A3 and A4 in Appendix A).
Operational events are those below the operational threshold while extreme events are those above the
extreme threshold and high events are those falling between the two thresholds. Looking first at the
characterisations for the full 12-year period, the operational Hs thresholds were 5.5 m at BA and 5.0 m
at BB, while the extreme Hs thresholds were 8.5 m at BA and 7.8 m at BB. Annually, the operational
threshold ranged from 4.3 to 6.5 m at BA and from 4 to 6 m at BB, while the extreme threshold ranged
from 7.0 to 9.2 m at BA and from 6.3 to 8.6 m at BB. 2010 recorded the lowest annual operational and
extreme thresholds and 2015 gave the highest. For example, at BA the operational threshold was
4.3 m in 2010 compared to 6.5 m in 2015. Looking next at the seasonal characterisation thresholds,
the inter-seasonal variation in wave conditions is evident with winter thresholds being significantly
higher than summer thresholds. At BA, for example, winter and summer operational thresholds were
6.9 m and 3.4 m, respectively, and winter and summer extreme thresholds were 9.8 m and 5.1 m,
respectively. Operational and extreme thresholds in autumn are typically higher than those in spring.
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Wave direction is also an important parameter to be considered in WEC design, especially for
terminator- and attenuator-type devices where performance is sensitive to the angle of the
device relative to the wave direction, and for determining optimum layouts of WEC arrays [48].
Joint occurrence of Hs and MWD was investigated using wave rose plots. Figure 9 shows the wave
rose plots for BA and BB based on the full 12-year dataset while Figure 10 shows 12-year seasonal
wave rose plots at both locations. Based on the data in Figure 9, it was found that the dominant MWDs
for operational Hs at BA and BB were south-west, west and north-west while for extreme Hs events
the dominant MWDs were mostly northwest. A similar trend in MWD was also noted from the 12-year
seasonal wave plots and also that there is a slight shift from west to northwest dominance in the spring
and autumn periods.
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3.2. Energy Wave Period

Figures 11 and 12 show contour maps of the 12-year annual and seasonal means of TE (and MWD)
from the CI and AMETS models. Generally, the deep water areas show longer mean wave periods
than shallower waters but the spatial change is TE is relatively small until one enters the extreme
near-shore area. The 12-year mean TE near AMETS is approximately 9 s which is similar to that much
further offshore in the AO. Similar to wave heights, significant inter-seasonal variation in wave period
is observed from Figure 12 with mean winter energy wave periods in the region of 10–11 s compared
to mean summer periods of 7–8 s.
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A detailed summary of annual and seasonal mean TE values are presented in Figure 13a,b for BA
and BB, respectively (see detailed values in Tables A5 and A6 in Appendix A). The maximum wave
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periods recorded for the particular periods are also given. As for wave heights, the proximity of the
berths means that mean wave periods are quite similar at both sites, the 12-year annual mean at BA
being 9.1 s compared to 8.9 s at BB, for example. The slightly higher TE values at BA are a result of
the deeper water at that berth. Inter-annual variation is evident with annual means ranging from 8.5
to 9.6 s at both berths and similar to wave height, inter-annual variation is more significant in winter
than in summer. Inter-seasonal variation in TE is also evident with 12-year mean winter and summer
periods of 10.4 s versus 7.6 s at BA and 10.3 s versus 7.5 s at BB. As for wave height, 2010 and 2015
were again notable as the years with the lowest and highest annual mean TE and 2005 also yielded
the maximum TE values recorded during the 12-year period, these being 17.2 s and 17.4 s at BA and
BB, respectively.
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Figure 14a,b presents the annual and seasonal energy wave period characterisation thresholds at
BA and BB, respectively (see detailed values in Tables A7 and A8 in Appendix A). The operational
TE thresholds for the 12-year period were 11.8 s at BA and 11.7 s at BB, while the 12-year extreme
TE threshold was 14.1s at both locations. Annually, the operational TE thresholds at BA varied from
10.9 to 12.6 s and at BB they varied from 10.7 to 12.5 s. The annual extreme TE thresholds varied from
12.8 to 14.7 s at both sites. 2010 and 2015 again yielded the lowest and highest annual threshold values,
respectively. Looking at seasonal characterisation, the operational and extreme TE thresholds are
highest in winter and lowest in summer and the inter-annual variation in threshold values is greatest in
winter and smallest in summer. For operational thresholds, for example, the 12-year winter value was
13 s at both berths compared to 9.4 s (BA) and 9.2 s (BB) for the summer, while for extreme thresholds,
the 12-year winter value was 15 s at both berths compared to 11.2 s (BA) and 11 s (BB) for the summer.
Annually, autumn operational TE thresholds are typically slightly higher than those for spring while
the opposite is true for extreme TE thresholds.
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As for Hs, the joint occurrence of TE and MWD was also investigated. Figure 15 shows wave rose
plots for BA and BB based on the full 12-year period while Figure 16 shows 12-year seasonal wave
rose plots.
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3.3. Wave Power

Figures 17 and 18 show contour maps of the 12-year annual and seasonal means of available wave
power, P, calculated using Hs and TE values from the CI and AMETS models. It can be seen that the
wave power resource off Ireland’s west coast is indeed significant with annual mean powers in the
range of 80–90 kW/m available in the Atlantic Ocean. Wave power dissipates quite rapidly near the
coast, as waves lose energy due to friction effects in the shallower water depths. This can be clearly
seen in the AMETS model maps where annual mean P at BA is approximately 70 kW/m and drops
to about 60 kW/m at BB which is just 10 km away. Figure 18 shows that there is significant seasonal
variation in the wave power resource with winter levels being five times greater than summer levels
(e.g., 110–120 kW/m versus 20–25 kW/m for the Atlantic Ocean).

Figure 19 contains summaries of the annual and seasonal mean and maximum P calculated at
BA and BB, respectively (see detailed values in Tables A9 and A10 in Appendix A). The 12-year mean
annual wave powers were 68 kW/m at BA and 57 kW/m at BB. These differ with the annual mean
P of 77 kW/m and 62 kW/m calculated at BA and BB, respectively, by [12]; this is likely due to the
higher accuracy achieved by the present model. Our annual mean P estimates are consistent with other
published estimates for the area, e.g., [49] reported annual mean P of 69 kW/m at BA and 59 kW/m at
BB and [6] report an annual mean P of 70 kW/m in the region around BA.
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Figure 19. Summary statistics from annual and seasonal analyses of P (kW/m) for mean and maximum
(Max) at (a1,a2) BA and (b1,b2) BB.

There is significant inter-annual variability in mean P at both berths, annual means ranged from
42 to 95 kW/m at BA and 35–80 kW/m at BB. As would be expected from the trends in Hs and TE,
2015 was the most energetic year with the highest annual mean P while 2010 was the least energetic.
Again following the trends in Hs and TE, power availability is highest in winter and lowest in summer
(12-year means were 127 kW/m versus 22 kW/m at BA and 106 kW/m versus 19 kW/m at BB) and
power availability in autumn is typically higher than in spring. 2005 saw the maximum instantaneous
power levels at the sites during the 12 year period with 1599 kW/m and 1480 kW/m computed at BA
and BB, respectively.

Looking at the spatial variation in resource between the berths, the seasonally-averaged power
levels at BB are approximately 15% lower than those at BA; this is likely due to the more shoreward
location of BB and its shallower water depth relative to BA.

The operational and extreme thresholds determined for BA and BB are presented in Figure 20a,b,
respectively (see detailed values in Tables A11 and A12 in Appendix A). The 12-year operational
P thresholds were 165 kW/m at BA and 137 kW/m at BB and ranged annually from 90 to 250 kW/m
and 74–207 kW/m, respectively. The 12-year extreme P thresholds were 462 kW/m at BA and
390 kW/m at BB and varied annually from 282 to 565 kW/m and 222–503 kW/m, respectively.
At BA, winter operational thresholds ranged from 148 to 448 kW/m compared to a summer range of
32–62 kW/m while at BB, winter operational thresholds ranged from 112 to 375 kW/m compared to
the summer range of 28–51 kW/m.
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A joint occurrence analysis between Hs and TE was conducted for the 12-year set of P data at
BA and BB (Figure 21). The wave power characterisation thresholds are included by overlaying the
90th (operational threshold) and 99th (extreme event threshold) wave power percentile isolines on
the bi-variate scatter plots. The 25th, 50th and 75th percentile lines are also included for additional
information. These plots give a very useful indication of the ranges of Hs and TE of the waves
that comprise operational and extreme wave power events; such information should be of significant
interest to WEC developers interested in testing devices at AMETS. It is observed that the most common
operational P conditions comprise waves with Hs between 0 and 4 m and TE between 6 and 12 s;
such waves account for more than 60% of the wave conditions at both stations. Extreme P conditions
typically comprise waves with Hs between 7 and 14 m and TE between 10 and 18 s. Figures 22 and 23
show bivariate scatter plots of Hs versus TE for 12-year winter, spring, summer and autumn periods at
BA and BB, respectively. The seasonal variation in sea conditions and available wave power is again
easily observed.
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4. Discussion

The assessment results above provide a comprehensive statistical description of the wave resource
at the AMETS test berths which should be a useful asset to wave device developers interested in testing
their devices at the full-scale test site. Traditional resource assessments tend to focus on available wave
power only. While available power data is of significant interest to device developers with regard to
estimating power outputs, the present assessment also includes independent assessments of wave
height and wave period. The operational event thresholds identified for wave height and period could
be used to help tune device performance to the ranges of conditions that occur most often at the berths,
while the extreme event thresholds for Hs can be used to inform survivability design; for example,
they could be used to estimate impact loads or to trigger the entrance of a device into survivability
mode. By providing seasonal analyses, device developer can optimise the setups of their devices to
perform best at the time of year that deployment at the site is likely to take place.

4.1. Resource Variability

One of the most important results of the resource assessment is the variability in wave height,
period and power at the site. As seen in Figure 24a, the seasonal variability is well defined and
very significant. Winter provides the most powerful waves and summer the least; on average,
summer power levels are 80% less than winter levels. Autumn and spring periods provide similar
levels of power which are, on average, approximately 50% of winter levels.
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are the mean P for the least energetic season and month, respectively, and Pyr is the mean annual P. 
Index values greater than 1 indicate significant variability. Figure 26a,b shows the distribution of 
12-year SV across the CI and AMETS model domains while Figure 27a,b shows the 12-year MV 
distribution. There is a noticeable difference in variability in the Atlantic Ocean to the west of Ireland 
compared to the Irish Sea to the east with the more sheltered Irish Sea showing less variability. SV 
values at BA and BB are 1.51 and 1.49, respectively; meaning the normal range in available power 
between winter and summer is approximately 1.5 times the annual mean power. Monthly variability 
is even more significant at the test berths with MV values of 1.87 and 1.84 at BA and BB, respectively. 

Figure 24. (a) Seasonal mean powers at BA and BB and (b) inter-annual comparison of seasonal mean
P at BA.

Figure 25a plots the annual mean powers for the 12-year period at the two berths and shows that
inter-annual variations in the resource are also significant with the annual means in the least energetic
year (2010) being approximately 60% lower than those in the most energetic year (2015). The scale
of the annual variations highlights the importance of using long-term data sets (10 years minimum)
for wave resource assessments. For example, a previously published wave resource assessment of
AMETS [50] was based on measured waverider data from 2010 alone and it therefore under-estimates
the conditions at the site given that 2010 was a particularly low energy year.
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Figure 25. (a) Annual mean P at BA and BB and (b) regression analysis of winter North Atlantic
Oscillation (NAO) index against winter mean wave power at BA.

Additional analysis of variability was conducted by calculating the seasonal and monthly
variability indices (SV and MV, respectively) proposed by [46] as:

SV “
Ps1 ´ Ps2

Pyr
(3)

MV “
Pm1 ´ Pm2

Pyr
(4)

where Ps1 and Pm1 are the mean P for the most energetic season and month, respectively, Ps2 and Pm2

are the mean P for the least energetic season and month, respectively, and Pyr is the mean annual P.
Index values greater than 1 indicate significant variability. Figure 26a,b shows the distribution of
12-year SV across the CI and AMETS model domains while Figure 27a,b shows the 12-year MV
distribution. There is a noticeable difference in variability in the Atlantic Ocean to the west of Ireland
compared to the Irish Sea to the east with the more sheltered Irish Sea showing less variability.
SV values at BA and BB are 1.51 and 1.49, respectively; meaning the normal range in available power
between winter and summer is approximately 1.5 times the annual mean power. Monthly variability
is even more significant at the test berths with MV values of 1.87 and 1.84 at BA and BB, respectively.



Energies 2016, 9, 967 21 of 29
Energies 2016, 9, 967 21 of 29 

 

 
Figure 26. 12-year seasonal variability index (SV) values for (a) CI and (b) AMETS model domains. 

 
Figure 27. 12-year monthly variability index (MV) values for (a) CI and (b) AMETS model domains. 

Looking further at the inter-annual variations in seasonal mean powers at BA (Figure 24b), it is 
seen that the majority of the variability occurs during the winter period where the difference 
between the highest and lowest powers was 132 kW/m. In contrast, there is very little variation in 
summer with the difference between the highest and lowest powers being just 13 kW/m. The North 
Atlantic Oscillation (NAO) is a significant driver of climate variability, particularly in winter, in 
northwest Europe. It is measured using the NAO index and it has been shown [51] that a strongly 
positive NAO results in a winter with strong north Atlantic westerlies while a strongly negative 
NAO results in a winter with weaker Atlantic winds. Studies of the wave energy resource in the 
waters off western coast of UK [52,53] have shown there is a correlation between inter-annual 
variability in winter wave power and the NAO index. This relationship was explored for the AMETS 
site by averaging the monthly NAO index values [54] during winter (December–January–February) 
to give annual mean winter NAO indices and conducting a regression analysis against annual mean 
winter powers at BA. Figure 25b shows there is a significant (R2 = 0.65) and positive relationship 
between the two variables with strongly positive winter NAO indices corresponding to high power 
levels (>180 kW/m) and strongly negative NAO indices corresponding to relatively low power levels 
(<70 kW/m). This finding is significant for future wave resource studies off the west coast of Ireland 
where only short-period datasets are available; by inspecting the corresponding winter NAO indices 
one could make some inference as to whether the assessment might be under- or over-estimating the 
mean resource. 

4.2. Energy versus Power 

The bi-variate scatter plots of Hs–TE in Figure 21 show the sea states that occur most frequently 
are those where Hs ranges between 2 and 4 m and TE ranges between 8 and 10 s. For these sea states, 
the available power ranges from 15 to 80 kW/m. Higher levels of wave power are available but they 

Figure 26. 12-year seasonal variability index (SV) values for (a) CI and (b) AMETS model domains.

Energies 2016, 9, 967 21 of 29 

 

 
Figure 26. 12-year seasonal variability index (SV) values for (a) CI and (b) AMETS model domains. 

 
Figure 27. 12-year monthly variability index (MV) values for (a) CI and (b) AMETS model domains. 

Looking further at the inter-annual variations in seasonal mean powers at BA (Figure 24b), it is 
seen that the majority of the variability occurs during the winter period where the difference 
between the highest and lowest powers was 132 kW/m. In contrast, there is very little variation in 
summer with the difference between the highest and lowest powers being just 13 kW/m. The North 
Atlantic Oscillation (NAO) is a significant driver of climate variability, particularly in winter, in 
northwest Europe. It is measured using the NAO index and it has been shown [51] that a strongly 
positive NAO results in a winter with strong north Atlantic westerlies while a strongly negative 
NAO results in a winter with weaker Atlantic winds. Studies of the wave energy resource in the 
waters off western coast of UK [52,53] have shown there is a correlation between inter-annual 
variability in winter wave power and the NAO index. This relationship was explored for the AMETS 
site by averaging the monthly NAO index values [54] during winter (December–January–February) 
to give annual mean winter NAO indices and conducting a regression analysis against annual mean 
winter powers at BA. Figure 25b shows there is a significant (R2 = 0.65) and positive relationship 
between the two variables with strongly positive winter NAO indices corresponding to high power 
levels (>180 kW/m) and strongly negative NAO indices corresponding to relatively low power levels 
(<70 kW/m). This finding is significant for future wave resource studies off the west coast of Ireland 
where only short-period datasets are available; by inspecting the corresponding winter NAO indices 
one could make some inference as to whether the assessment might be under- or over-estimating the 
mean resource. 

4.2. Energy versus Power 

The bi-variate scatter plots of Hs–TE in Figure 21 show the sea states that occur most frequently 
are those where Hs ranges between 2 and 4 m and TE ranges between 8 and 10 s. For these sea states, 
the available power ranges from 15 to 80 kW/m. Higher levels of wave power are available but they 

Figure 27. 12-year monthly variability index (MV) values for (a) CI and (b) AMETS model domains.

Looking further at the inter-annual variations in seasonal mean powers at BA (Figure 24b), it is
seen that the majority of the variability occurs during the winter period where the difference between
the highest and lowest powers was 132 kW/m. In contrast, there is very little variation in summer
with the difference between the highest and lowest powers being just 13 kW/m. The North Atlantic
Oscillation (NAO) is a significant driver of climate variability, particularly in winter, in northwest
Europe. It is measured using the NAO index and it has been shown [51] that a strongly positive NAO
results in a winter with strong north Atlantic westerlies while a strongly negative NAO results in a
winter with weaker Atlantic winds. Studies of the wave energy resource in the waters off western
coast of UK [52,53] have shown there is a correlation between inter-annual variability in winter wave
power and the NAO index. This relationship was explored for the AMETS site by averaging the
monthly NAO index values [54] during winter (December–January–February) to give annual mean
winter NAO indices and conducting a regression analysis against annual mean winter powers at BA.
Figure 25b shows there is a significant (R2 = 0.65) and positive relationship between the two variables
with strongly positive winter NAO indices corresponding to high power levels (>180 kW/m) and
strongly negative NAO indices corresponding to relatively low power levels (<70 kW/m). This finding
is significant for future wave resource studies off the west coast of Ireland where only short-period
datasets are available; by inspecting the corresponding winter NAO indices one could make some
inference as to whether the assessment might be under- or over-estimating the mean resource.

4.2. Energy versus Power

The bi-variate scatter plots of Hs-TE in Figure 21 show the sea states that occur most frequently are
those where Hs ranges between 2 and 4 m and TE ranges between 8 and 10 s. For these sea states, the
available power ranges from 15 to 80 kW/m. Higher levels of wave power are available but they occur
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less frequently; however, it may be possible to capture more energy at these times. Figure 28 shows
two more bi-variate scatter plots of Hs versus TE which this time show the contribution of sea states to
total annual energy. It can be seen that the most frequently occurring sea states do not contribute the
most energy; rather there is an upward shift in the most significant sea states with most energy being
generated by sea states where Hs ranges between 4 and 6 m and TE ranges between 10 and 12 s. These
sea states do however still fall under the operational thresholds identified for the berths. This upward
shift in significant sea states is important for WEC developers interested in using AMETS as they may
wish to place greater emphasis on optimising performance of their device for this range of sea states.
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5. Conclusions

An assessment of the wave resource (Hs, TE and P) at AMETS (BA and BB), on the west
coast of Ireland, is presented. The resource was based on 12 years of modelled data from January
2004 to December 2015. The modelled data was taken from a nested SWAN model comprising a
coarse resolution (0.05˝) regional-scale model of the northeast Atlantic and a fine resolution (0.0027˝)
local scale model of AMETS. Both models were extensively validated against measured data and
demonstrated high levels of accuracy (R2 ě 0.95 and RMSEď 0.58 m for Hs, R2 ě 0.8 and RMSE ď 1.4 s
for Tz at both berths). The following are the main conclusions drawn from the research:

‚ The wave power resource at AMETS is substantial, with 12-year annual mean powers of 68 kW/m
and 57 kW/m calculated at BA and BB, respectively; annual mean Hs were 3.2 m and 3.0 m,
respectively, and annual mean TE were 9.1 s and 8.9 s, respectively.

‚ The determination of operational, high and extreme wave event thresholds as presented here is
recommended for wave resource assessments as the thresholds can provide useful information
for device developers for device survivability design and performance optimisation.

‚ There is significant seasonal variation in the wave resource at AMETS—the 12-year mean winter
power at BA was 127 kW/m compared to 22 kW/m in summer while mean autumn and spring
powers were approximately 60 kW/m. AMETS thus provides a wide range of conditions for
testing devices from relatively benign summer sea states to the highly energetic winter sea
states; this may provide a useful test strategy where devices are first deployed in summer,
then spring/autumn and finally winter. It is also important for device developers to take account
of this seasonal variability when designing wave devices for the highly energetic waters off the
west coast of Ireland.

‚ There is significant annual variability in wave resource at AMETS. Given that conditions at
AMETS would be reflective of conditions off the Irish west coast, it is recommended that any
wave resource assessment of Irish Atlantic waters should be based on a minimum of 10 years
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data. The strong correlation was between mean winter wave powers and the winter NAO index
means that where there is limited wave data at an Irish Atlantic site, the winter NAO index could
be used to indicate whether the resource estimates are likely to be under- over-representative.
Given the decadal variation in NAO it would also be interesting to conduct the AMETS resource
assessment for a multi-decadal period.

‚ The sea states that contribute most energy at AMETS are not the same as those that occur most
often; they are of slightly higher Hs and slightly longer TE. It is extremely important that this
mismatch in conditions be considered by device developers when aiming to optimise device
performance for particular sea states.
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Appendix A

Table A1. Summary statistics from annual and seasonal analyses of Hs (m) at BA.

Year
Annual Winter Spring Summer Autumn

Mean SD Max Mean SD Max Mean SD Max Mean SD Max Mean SD Max

2004 3.2 1.6 10.0 3.9 1.5 7.7 3.2 1.5 8.5 2.2 0.9 5.5 3.3 1.3 8.3
2005 3.1 1.7 13.8 4.6 2.1 13.8 2.8 1.1 7.4 2.2 0.9 5.8 3.5 1.6 9.3
2006 3.1 1.6 10.1 3.6 1.4 8.9 2.9 1.2 8.1 2.1 1.0 6.9 3.3 1.6 9.6
2007 3.0 1.7 10.9 4.8 1.8 10.9 2.9 1.6 9.1 1.8 0.7 5.7 2.7 1.0 6.7
2008 3.3 1.7 11.6 4.5 1.9 10.2 3.1 1.8 11.6 2.2 0.8 5.4 3.6 1.6 10.5
2009 3.2 1.6 10.6 4.1 1.7 10.6 3.3 1.4 8.1 2.1 1.1 5.8 3.4 1.5 10.4
2010 2.7 1.3 11.5 3.4 1.4 8.9 2.4 1.0 7.0 2.2 0.9 6.2 3.3 1.5 11.5
2011 3.5 1.6 12.8 3.6 1.7 12.8 3.4 1.2 9.3 2.1 0.9 6.5 3.9 1.3 8.5
2012 3.1 1.5 10.0 4.7 1.6 11.8 2.8 1.4 9.2 2.1 0.8 5.2 3.3 1.1 7.3
2013 3.2 1.7 10.8 4.1 1.7 10.4 3.1 1.3 8.2 2.1 0.9 6.2 3.2 1.5 9.4
2014 3.6 1.7 12.0 5.6 1.7 10.8 3.0 1.2 6.8 2.3 0.9 5.4 3.7 1.3 9.6
2015 3.7 2.0 12.4 5.2 2.1 12.4 3.6 1.6 9.5 2.4 1.0 7.0 3.3 1.8 8.9

2004–2015 3.2 1.6 13.8 4.4 1.9 13.8 3.0 1.4 11.6 2.1 0.9 7.0 3.4 1.5 11.5

Table A2. Summary statistics from annual and seasonal analyses of Hs (m) at BB.

Year
Annual Winter Spring Summer Autumn

Mean SD Max Mean SD Max Mean SD Max Mean SD Max Mean SD Max

2004 3.0 1.4 9.4 3.5 1.3 7.1 2.9 1.4 7.7 2.0 0.9 5.3 3.0 1.2 7.8
2005 2.9 1.5 13.2 4.3 2.0 13.2 2.5 1.0 7.0 2.1 0.8 5.4 3.2 1.5 8.4
2006 2.8 1.5 9.1 3.3 1.3 8.1 2.6 1.1 7.4 2.0 0.9 6.5 3.0 1.5 8.7
2007 2.8 1.5 10.0 4.4 1.6 10.0 2.7 1.4 8.6 1.7 0.7 5.2 2.5 0.9 6.1
2008 3.1 1.6 10.7 4.1 1.8 9.4 2.8 1.7 10.7 2.1 0.8 5.0 3.4 1.5 9.6
2009 3.0 1.5 9.8 3.8 1.6 9.7 3.0 1.3 7.6 2.0 1.0 5.2 3.2 1.4 9.8
2010 2.5 1.1 10.6 3.0 1.2 7.9 2.3 0.9 6.3 2.1 0.8 5.6 3.0 1.4 10.6
2011 3.2 1.5 10.9 3.3 1.5 10.8 3.1 1.2 8.4 2.0 0.8 6.1 3.6 1.2 8.1
2012 2.9 1.3 9.2 4.4 1.5 10.9 2.6 1.3 8.9 1.9 0.7 4.7 3.1 1.0 6.4
2013 3.0 1.6 9.9 3.7 1.6 9.9 2.8 1.2 7.6 2.0 0.8 5.7 2.9 1.4 8.5
2014 3.3 1.6 11.5 5.1 1.6 9.9 2.8 1.1 6.1 2.2 0.8 4.9 3.4 1.2 8.8
2015 3.4 1.8 11.5 4.9 2.0 11.5 3.3 1.5 8.5 2.3 0.9 6.5 3.1 1.6 8.2

2004–2015 3.0 1.4 13.2 4.0 1.7 13.2 2.8 1.3 10.7 2.0 0.8 6.5 3.1 1.4 10.6
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Table A3. Annual and seasonal operational (Op) and extreme (Ext) Hs thresholds (m) at BA.

Year
Annual Winter Spring Summer Autumn

Op Ex Op Ex Op Ex Op Ex Op Ex

2004 5.5 7.5 5.9 7.4 5.2 7.3 3.5 5.2 5.0 7.5
2005 5.3 8.4 7.3 10.8 4.2 6.1 3.4 5.1 5.8 8.2
2006 5.2 8.3 5.6 8.1 4.4 5.8 3.2 5.6 5.5 8.3
2007 5.5 8.4 7.1 10.0 5.3 8.4 2.7 4.2 4.1 5.6
2008 5.8 8.7 7.2 9.3 5.7 8.1 3.4 4.6 5.9 8.1
2009 5.4 8.2 6.8 9.6 5.4 7.2 3.7 5.3 5.3 8.6
2010 4.3 7.0 5.2 7.6 3.7 6.3 3.4 5.1 5.2 8.0
2011 5.7 8.2 5.8 7.9 4.9 7.1 3.3 5.0 5.9 7.5
2012 5.0 7.8 6.9 9.7 4.5 7.5 3.3 4.4 4.8 6.1
2013 5.4 9.1 6.1 9.8 4.6 6.6 3.2 4.4 5.2 7.4
2014 5.7 9.2 8.1 10.2 4.8 6.3 3.5 5.1 5.4 8.4
2015 6.5 9.2 8.4 11.7 5.8 8.3 3.7 5.9 6.0 7.8

2004–2015 5.5 8.5 6.9 9.8 4.9 7.4 3.4 5.1 5.3 7.9

Table A4. Annual and seasonal Op and Ext Hs thresholds (m) at BB.

Year
Annual Winter Spring Summer Autumn

Op Ex Op Ex Op Ex Op Ex Op Ex

2004 5.1 6.9 5.4 6.8 4.9 6.7 3.2 4.9 4.7 6.9
2005 4.9 7.9 6.8 10.2 4.0 5.7 3.2 4.7 5.3 7.7
2006 4.8 7.7 5.1 7.4 4.2 5.4 3.0 5.4 5.1 7.8
2007 4.9 7.7 6.4 9.0 4.8 7.6 2.5 3.9 3.8 5.3
2008 5.4 8.0 6.6 8.5 5.4 7.4 3.1 4.2 5.5 7.6
2009 5.0 7.5 6.3 8.9 5.0 6.7 3.5 4.8 4.9 7.9
2010 4.0 6.3 4.7 6.9 3.4 5.6 3.1 4.7 4.8 7.4
2011 5.2 7.5 5.3 7.2 4.5 6.7 3.1 4.8 5.4 6.9
2012 4.6 7.3 6.4 9.0 4.2 7.2 3.0 4.3 4.4 5.6
2013 5.0 8.3 5.6 9.3 4.2 6.2 3.0 4.2 4.8 6.8
2014 5.2 8.6 7.4 9.4 4.4 5.7 3.3 4.6 5.0 7.8
2015 6.0 8.5 7.7 10.9 5.4 7.6 3.4 5.4 5.4 7.3

2004–2015 5.0 7.8 6.3 9.1 4.6 6.8 3.1 4.7 4.9 7.3

Table A5. Summary statistics from annual and seasonal analyses of TE (s) at BA.

Year
Yearly Winter Spring Summer Autumn

Mean ˘̆̆SD Max Mean ˘̆̆SD Max Mean ˘̆̆SD Max Mean ˘̆̆SD Max Mean ˘̆̆SD Max

2004 8.9 1.9 14.4 10.0 1.6 13.4 8.8 1.7 13.7 7.4 1.3 11.6 9.0 1.7 13.6
2005 8.8 1.9 17.2 10.4 2.4 17.2 8.6 1.6 13.1 7.7 1.3 11.4 9.0 1.7 13.6
2006 8.7 2.0 15.4 9.4 2.1 15.4 8.7 1.7 12.8 7.5 1.4 12.4 8.8 2.0 14.0
2007 9.6 2.0 15.8 10.9 1.8 15.6 9.9 1.8 15.2 8.0 1.3 13.4 9.5 1.4 14.6
2008 9.1 2.0 15.0 10.7 2.0 15.8 8.7 2.0 15.0 7.7 1.3 11.8 9.5 1.7 13.8
2009 8.9 2.1 15.7 10.4 2.1 15.7 9.2 1.9 14.7 7.2 1.4 10.8 9.2 1.7 14.7
2010 8.6 1.7 15.6 9.5 2.0 14.7 8.3 1.4 11.8 7.7 1.4 11.8 9.1 1.7 15.6
2011 9.5 2.0 15.9 10.3 2.2 15.9 9.7 1.7 14.8 7.7 1.3 11.7 9.5 1.6 14.0
2012 8.8 1.9 15.8 10.5 1.6 15.4 8.5 2.0 15.8 7.3 1.2 11.3 9.3 1.6 13.3
2013 9.0 2.2 15.3 10.2 1.8 15.3 8.6 2.1 13.3 7.7 1.4 11.4 8.9 2.0 14.3
2014 9.4 2.1 15.7 11.3 1.7 15.3 9.0 1.9 15.7 7.7 1.4 11.2 9.7 1.7 14.9
2015 9.6 2.2 16.3 11.3 1.9 16.3 9.9 1.8 15.0 7.9 1.4 13.9 9.2 2.1 14.5

2004–2015 9.1 1.9 17.2 10.4 2.0 17.2 9.0 1.9 15.8 7.6 1.4 13.9 9.2 1.8 15.6
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Table A6. Summary statistics from annual and seasonal analyses of TE (s) at BB.

Year
Yearly Winter Spring Summer Autumn

Mean ˘̆̆SD Max Mean ˘̆̆SD Max Mean ˘̆̆SD Max Mean ˘̆̆SD Max Mean ˘̆̆SD Max

2004 8.7 1.9 14.5 9.8 1.5 13.3 8.6 1.7 13.6 7.3 1.3 11.5 8.9 1.7 13.5
2005 8.7 1.9 17.4 10.3 2.4 17.4 8.5 1.5 12.9 7.7 1.3 11.2 8.8 1.7 13.6
2006 8.6 2.0 15.3 9.3 2.1 15.3 8.5 1.7 12.7 7.4 1.4 12.3 8.7 2.0 14.1
2007 9.6 2.0 15.8 10.7 1.8 15.6 9.9 1.8 15.3 7.9 1.3 13.4 9.5 1.4 14.7
2008 9.0 2.0 15.1 10.7 2.0 15.8 8.6 2.0 15.1 7.6 1.3 11.8 9.4 1.7 13.9
2009 8.8 2.1 15.5 10.3 2.2 15.5 9.1 1.9 14.7 7.1 1.4 10.6 9.1 1.7 14.6
2010 8.5 1.7 15.6 9.3 2.0 14.6 8.2 1.4 11.5 7.6 1.3 11.6 9.0 1.7 15.6
2011 9.4 2.0 16.3 10.2 2.3 16.3 9.6 1.7 14.8 7.6 1.3 11.8 9.3 1.6 13.7
2012 8.7 1.9 16.1 10.4 1.6 15.3 8.4 2.0 16.1 7.2 1.2 11.3 9.2 1.6 13.2
2013 8.8 2.2 15.5 10.1 1.9 15.5 8.4 2.2 13.3 7.6 1.4 11.3 8.8 2.0 14.2
2014 9.3 2.1 15.7 11.1 1.8 15.1 8.9 1.9 15.7 7.6 1.4 11.2 9.6 1.8 15.2
2015 9.4 2.2 16.4 11.2 2.0 16.4 9.8 1.8 15.0 7.8 1.4 13.9 9.1 2.1 14.6

2004–2015 8.9 1.9 17.4 10.3 2.1 17.4 8.9 1.9 16.1 7.5 1.4 13.9 9.1 1.8 15.6

Table A7. Annual and seasonal Op and Ext TE thresholds (s) at BA.

Year
Annual Winter Spring Summer Autumn

Op Ex Op Ex Op Ex Op Ex Op Ex

2004 11.5 13.2 11.9 12.8 11.0 12.7 9.1 11.0 11.2 12.6
2005 11.4 13.9 13.3 15.8 10.9 12.6 9.5 10.4 11.3 13.2
2006 11.5 13.9 12.2 14.7 10.9 12.5 9.2 11.9 11.7 13.2
2007 12.2 14.6 13.1 15.1 12.4 14.5 9.5 12.1 11.2 12.7
2008 11.8 13.7 13.0 15.3 11.7 13.6 9.4 11.3 11.7 13.3
2009 11.7 14.5 13.1 15.3 11.5 14.4 9.0 10.2 11.5 13.8
2010 10.9 12.9 12.0 13.9 10.1 11.4 9.5 11.6 11.4 13.9
2011 11.9 14.7 13.2 15.3 11.9 14.3 9.5 10.5 11.4 13.5
2012 11.3 13.4 12.4 14.6 11.0 14.5 8.9 10.6 11.4 13.0
2013 12.0 14.3 12.5 14.9 11.6 13.1 9.5 10.8 11.7 13.4
2014 12.3 14.2 13.4 14.8 11.5 14.0 9.5 11.0 12.0 14.1
2015 12.6 14.5 13.7 16.0 12.4 13.8 9.8 12.0 12.0 13.9

2004–2015 11.8 14.1 13.0 15.0 11.5 13.7 9.4 11.2 11.6 13.3

Table A8. Annual and seasonal Op and Ext TE thresholds (s) at BB.

Year
Annual Winter Spring Summer Autumn

Op Ex Op Ex Op Ex Op Ex Op Ex

2004 11.4 13.1 11.7 12.4 10.8 12.5 9.0 10.8 11.2 12.6
2005 11.2 13.9 13.3 15.9 10.7 12.7 9.3 10.2 11.3 13.2
2006 11.3 13.8 12.1 14.6 10.8 12.4 9.0 11.8 11.7 13.2
2007 12.1 14.6 13.0 15.1 12.5 14.5 9.4 12.0 11.2 12.7
2008 11.7 13.7 12.9 15.4 11.6 13.5 9.2 11.2 11.7 13.3
2009 11.5 14.4 13.1 15.2 11.4 14.4 8.9 10.0 11.5 13.8
2010 10.7 12.8 11.9 13.7 10.0 11.0 9.3 11.4 11.4 13.9
2011 11.8 14.7 13.2 15.3 11.8 14.3 9.4 10.4 11.4 13.5
2012 11.2 13.4 12.4 14.5 10.8 14.7 8.8 10.6 11.4 13.0
2013 11.8 14.3 12.2 15.0 11.5 13.0 9.4 10.6 11.7 13.4
2014 12.2 14.3 13.3 14.8 11.6 13.9 9.4 10.9 12.0 14.1
2015 12.5 14.5 13.7 16.0 12.2 13.9 9.5 11.7 12.0 13.9

2004–2015 11.7 14.1 13.0 15.0 11.4 13.7 9.2 11.0 11.6 13.3
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Table A9. Summary statistics from annual and seasonal analyses of P (kW/m) at BA.

Year
Annual Winter Spring Summer Autumn

Mean SD Max Mean SD Max Mean SD Max Mean SD Max Mean SD Max

2004 63 75 679 89 76 363 59 68 429 22 25 164 60 61 427
2005 64 106 1599 152 177 1599 40 41 327 23 24 163 73 87 515
2006 60 82 673 77 83 563 45 45 381 21 29 267 67 83 570
2007 67 94 841 152 132 841 64 91 594 16 20 210 43 38 319
2008 73 96 927 139 130 674 66 100 927 23 21 136 81 86 607
2009 67 90 769 113 121 769 65 71 404 23 28 173 71 92 765
2010 42 57 888 66 65 500 30 34 264 23 25 212 65 90 888
2011 78 91 993 91 103 951 65 59 503 21 24 207 84 68 446
2012 57 72 651 139 125 993 47 73 651 18 17 110 58 45 272
2013 71 101 811 108 126 811 53 54 405 20 21 173 62 75 612
2014 83 105 1077 198 147 846 51 50 354 26 26 159 80 77 668
2015 95 127 1211 193 193 1211 81 89 564 29 32 244 74 88 505

2004–2015 68 94 1599 127 136 1599 56 69 927 22 25 267 68 77 888

Table A10. Summary statistics from annual and seasonal analyses of P (kW/m) at BB.

Year
Annual Winter Spring Summer Autumn

Mean SD Max Mean SD Max Mean SD Max Mean SD Max Mean SD Max

2004 54 63 606 73 61 293 50 56 354 19 22 148 52 52 376
2005 54 93 1480 132 158 1480 34 36 293 20 20 138 61 73 418
2006 50 69 548 64 68 465 38 38 305 19 25 241 56 70 478
2007 55 77 705 123 109 705 54 77 532 14 17 178 37 33 265
2008 62 81 780 114 109 572 55 84 780 20 17 112 70 73 501
2009 56 76 657 94 103 657 55 61 344 20 23 134 59 77 641
2010 35 47 753 52 51 385 25 27 204 20 21 174 54 75 753
2011 66 76 845 74 81 681 55 51 401 19 21 183 70 57 403
2012 48 61 617 117 105 845 40 66 617 16 14 87 50 38 211
2013 59 86 732 89 110 732 43 45 318 18 18 145 53 64 504
2014 70 90 1019 163 122 717 43 41 290 22 21 131 67 65 565
2015 80 108 1045 167 170 1045 68 74 490 25 26 196 62 74 429

2004–2015 57 80 1480 106 116 1480 47 58 780 19 21 241 58 65 753

Table A11. Annual and seasonal Op and Ext P thresholds (kW/m) at BA.

Year
Annual Winter Spring Summer Autumn

Op Ex Op Ex Op Ex Op Ex Op Ex

2004 159 346 199 335 143 325 50 151 127 341
2005 147 458 320 890 88 217 51 121 174 424
2006 144 454 179 437 97 200 43 166 159 435
2007 175 484 306 632 171 480 32 106 87 200
2008 189 454 313 601 190 405 47 103 193 405
2009 157 453 291 652 160 345 59 137 143 516
2010 90 282 148 339 63 204 50 126 139 448
2011 187 408 217 408 124 312 45 117 181 332
2012 129 386 279 609 105 405 43 82 116 218
2013 165 547 224 688 114 250 42 97 149 355
2014 174 555 410 652 115 251 55 138 148 483
2015 250 565 448 1023 198 427 62 173 200 384

2004–2015 165 462 290 658 127 346 49 129 150 389
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Table A12. Annual and seasonal Op and Ext P thresholds (kW/m) at BB.

Year
Annual Winter Spring Summer Autumn

Op Ex Op Ex Op Ex Op Ex Op Ex

2004 134 289 158 269 143 325 40 127 110 277
2005 122 394 287 810 88 217 45 101 146 375
2006 121 383 148 365 97 200 38 149 136 385
2007 142 400 247 536 171 480 28 88 75 175
2008 159 386 263 513 190 405 41 86 167 351
2009 130 373 240 552 160 345 50 111 118 433
2010 74 222 112 266 63 204 42 100 114 378
2011 157 340 173 329 124 312 38 106 151 271
2012 109 331 236 517 105 405 35 72 97 188
2013 139 460 183 617 114 250 37 78 129 300
2014 145 471 337 551 115 251 47 112 124 411
2015 207 503 375 886 198 427 51 143 164 328

2004–2015 137 390 241 557 127 346 42 108 127 335
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