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devices must be designed to withstand in order to
prevent component failures and fatal structural damage.
While wave energy is a reasonably predictable
resource [1, 2] it displays a great deal of variation when
long time spans of several years are considered.
Mackay identified a 9% increase in predicted WEC
yield from the period 1980-2000 compared to19601980 for a site off the coast of the north of Scotland and
demonstrated that fluctuations in the annual average
power display a strong correlation with the North
Atlantic oscillation meteorological phenomenon [3].
This variability has obvious implications in terms of the
economic feasibility of a wave energy farm. It also
highlights the importance of using datasets of long
duration when assessing the resource at potential sites,
with industry standards [4] advising that at least 10
years worth of measured or modelled wave data should
be consulted.
Knowledge of possible extreme wave conditions is
fundamental to the design of WECs, particularly if it is
envisaged that they will operate in areas with highly
energetic resources. A study of the design sea states
that should be assumed for the bimep test site in
Northern Spain, for return periods of up to 100 years, is
contained in [5]. Once the extreme metocean
parameters were extrapolated from archived buoy data
the authors could proceed with calculating the most
severe loads and range of motion for the mooring
system of a numerically modelled WEC. Similar work
detailed in [6] predicted the extreme foundation loads
for the Oyster WEC being developed by Aquamarine
Power Ltd. Analyses such as these will be vital in
ensuring reliability and reducing risk in wave energy
projects.
This paper takes the Atlantic Marine Energy Test
Centre (AMETS), a test area for the deployment of full
scale WECs that is being developed by the Sustainable
Energy Authority of Ireland, as a case study in order to
demonstrate the level of interannual resource variation
that exists at a typical exposed, Atlantic facing ocean
site, while also highlighting the extreme conditions that
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1.

Introduction

After many years of research and development the
wave energy industry is beginning to approach
commercialisation, with established device developers
and utilities beginning to plan multi-MW wave farms.
Two of the challenges that face project partners are the
inherent variability of the available wave energy
resource that may manifest itself over the lifespan of an
installation and the extreme metocean conditions that
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devices located at the site are likely to experience. The
available wave data, derived from both in-situ buoy
measurements and from sixteen years of model outputs
for the site produced by Numerics Warehouse Ltd. on
behalf of SEAI are described in detail in Section 2. The
variability of the wave energy resource at AMETS is
illustrated in Section 3 for water depths ranging from
10m-150m. Section 4 covers the extreme wave
conditions at AMETS, both the largest measured
individual waves and extrapolated predictions of the
most severe sea states that a project could be expected
to encounter over its lifetime. Finally the main
conclusions drawn from this analysis are summarised
in Section 5.

2.

100m. Finally additional stations (pink triangles) are
located along the 50m and 100m contours.

Wave Data: Measured and Modelled

The Atlantic Marine Energy Test Site (Fig. 1) is
intended to be a unique facility, accessible to WEC
developers for the final stages of device testing before
commercial deployment. AMETS will offer the
opportunity to test the survivability of prototype WECs
in an exposed, energy rich wave climate, typical of
what can be expected off the west coast of Ireland and
the United Kingdom.

Figure 2 AMETS SWAN Model Grid

3. Wave Power Calculation and Resource
Variability
Datasets of wave spectra and sea state parameters,
whether they are collected from in-situ buoy
measurements or from numerical models, allow the
wave energy resource at a location of interest to be
determined. The formula that is most commonly used
to calculate the available wave power per meter of crest
width, referred to here as Pdeep, assumes that the waves
exist in deep water and is written in terms of Hm0 and
the energy period, TE, giving
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In reality this assumption of deep water is not always
valid, and some devices such as the Oyster being
developed by Aquamarine Power are specifically
designed to operate in near shore locations. To account
for this a depth adjusted wave power, Pdepth-adj, is
calculated directly from the measured spectral density
function, S(f), using the formula

Figure 1 Atlantic Marine Energy Test Site (image
courtesy of SEAI)
A sixteen year numerical climatology of the area
surrounding AMETS was commissioned by SEAI and
developed by Numerics Warehouse Ltd. as an aid for
informing interested device developers of the wave
conditions that can be expected at the site. A detailed
description of bathymetric data used in the model, the
downscaling methodology followed to create the model
boundary conditions and the setup of the high
resolution SWAN model for the test site area is
outlined in an accompanying report [7].
The model grid and bathymetry are illustrated in Fig.
2, along with twenty-one highlighted station points
which were included to provide a more detailed output
of spectral data. Fifteen stations were chosen at the
intersection of contour lines at every 10m increment of
depth (10m-150m). These are illustrated by the red
diamonds in Fig. 2. Stations were also selected at the
positions of the measurement buoys deployed at
AMETS (yellow circles in Fig. 2) to allow for
validation of the model. A Datawell Waverider is
located at a point with a water depth of 50m while a
Fugro Wavescan buoy was positioned at a depth of
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where ρ is the density of sea water (1025 kg/m ) and g
is acceleration due to gravity (9.81 m/s2). Cg is the
group velocity and is a depth dependant term. In the
case of deep water Eqn. 2 reduces to Eqn. 1. This
derivation will not be included here for the sake of
brevity but can be found in [8].
For water depths ranging from 10m-150m, and for
the first fifteen years of data from the wave model, the
average value of wave power was calculated with both
with Eqn. 1 and Eqn. 2 and plotted in Fig. 3. The
percentage difference between Pdepth-adj and Pdeep is also
included. From Fig. 3 it is evident that taking the
influence of water depth into account is significant,
particularly in water depths of 30m-100m where the
available energy is increased by approximately 10%.
This result is particularly relevant in the context of
2
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resource assessment for wave farm developments as
most floating WECs will be deployed at these depths.
As a result of these findings Pdepth-adj will be used
throughout in assessing the wave energy resource at
AMETS

Figure 4 AMETS annual average wave power

4.

Extreme Wave Conditions

Extreme metocean conditions can refer to both
individual and often transient waves of great height and
sustained and severe sea states with large values of
Hm0. These events constitute important considerations
in the design of WECs and their occurrence at AMETS
is discussed in this section. It should also be noted that
many floating structures are also susceptible to wave
groups, successions of high waves that are especially
prevalent in narrow banded swell seas, but this effect is
not addressed in this work.

Figure 3 Deep-water and depth adjusted average wave
power
The average incident wave power over the 15 years
of model data is plotted as a solid line in Fig. 4 for the
available model data. The power values that fall within
one standard deviation of the average are bounded by
the dotted line and the outliers, the most and least
energetic years, are marked by the triangle symbols.
The percentage difference between the years with the
highest and lowest energy resources at each location
are also included beneath the main figure. Fig. 4
illustrates that a great deal of variability of the incident
wave energy exists at the site, and that these
fluctuations are relatively similar across the range of
water depths that were analysed. Previous work [9]
however has shown that this variability is reduced to an
extent
if
large
storms,
which
contribute
disproportionately to the annual average power but are
unsuitable for the capture of energy by WECS, are
disregarded. A large drop of in average power levels
for the 10m and 20m locations is also evident, though
this may be a result of the sheltering effect of Annagh
Head to the north and Inishglora Island to the southwest rather than solely a function of water depth.
These results also highlight the value of long term
datasets that wave models can provide and that can
rarely be retrieved from buoy measurement campaigns.
If a project developer attempted to calculate the
available resource on the basis of only a few years
worth of records they could easily be left with an
unrealistic estimate if the measurements happened
taken during one of the outlier years. This would in
turn have a significant impact on the economics of the
project.

1.1. Observations of Extreme Wave Heights
Until recently the outputs from the measurement
buoy network in Irish coastal waters were limited to
summary statistics, resulting in a deficit of information
on large individual waves. The growth of interest in
wave energy and the development of test areas such as
AMETS and the Galway Bay ¼ scale site has led to the
deployment of more sophisticated instrumentation. The
Datawell Waverider buoy deployed at a depth of 50m
at AMETS records and stores measurements of water
surface elevation at a sampling frequency of 1.28Hz
and allows for crest to trough heights to be identified
from the incident wave conditions. These data provide
valuable knowledge for WEC designers, for example
the degree of excursion that will need to be allowed for
in mooring systems. Since the buoy was deployed in
late 2009 the largest observed wave height at the site
had a trough to crest height of 23.87m (Fig. 5). This is
also believed to be the largest wave ever recorded in
Irish waters. While even greater wave heights
approaching 40m have been identified, further
inspection of the time series has shown them to be
erroneous and artefacts of unusual buoy behaviour.
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Figure 5 23.87m wave recorded at AMETS
A straightforward method to estimate the highest
individual wave from a sea state (HMax) when only
summary statistics or spectral data are available is to
assume a constant relationship between HMax and Hm0
of the surrounding waves. This ratio is often referred to
as the Abnormality Index (AI), particularly in the study
of freak or rogue waves which are commonly defined
as events with AI values greater than 2 [10]. Many
WECs are designed to enter ‘survival mode’ when
faced with extreme sea states in an attempt to evade the
damaging impacts of waves such as the one illustrated
in Fig. 5. Conversely, an unexpectedly large wave that
a device encounters while it is still operating may
potentially prove more detrimental to components such
as the power take-off.
Measurements from the AMETS Waverider buoy
taken in 2011 (77% data recovery) were analysed and
the AI values plotted against Hm0. Exactly 300
measured sea states (≈ 2% of the records retrieved from
the buoy) display AI values greater than 2. This
approximates to one rogue event among every 11,000
waves, a noticeably infrequent rate of occurrence when
compared to the 1 in 3000 waves probability predicted
by theory [11].

Figure 7 Selected surface elevation profiles from Fig.6.
A selection of time series, identified by the coloured
triangles in Fig. 6, which produced these very high AI
values is illustrated in Fig. 7 to demonstrate that these
measurements are reasonable surface profiles, rather
than erroneous reading. The third profile, the record
with the highest observed AI value, is particularly
interesting, showing a 7.53m wave that was preceded
by several waves with heights of less than 2m. No other
wave in this 30 minute record exceeded a height of 5m.
The impacts of wave trains like this on WECs should
be investigated in the controlled environments of wave
tanks to ensure device survivability prior to large scale
deployment. It is also notable that no sea states where
Hm0 > 8m display AI values greater than 2, though it is
likely that this is an artifact of the relatively small
population size and not an indication that a reduced
factor could be used to estimate the largest wave
heights in these stormy sea states.
1.2. Extreme Value Analysis of Hm0 Design Values
All ocean engineering developments require
knowledge of the most extreme conditions that are
likely to be encountered over the lifespan of the project
but because in-situ measurements rarely exist for these
long time scales various methods have been developed
to provide estimates of the conditions that must be
designed for. The approach applied here to extrapolate
Hm0 values from the available data from AMETS is the
commonly used Peaks Over Threshold (POT) method
outlined by Goda [12]. The POT method involves
fitting an empirical distribution to selected storm values
of Hm0 which exceed a user defined threshold to
calculate the return values. When choosing an
appropriate threshold it is advised that at least 10 peaks
should be returned, with an upper bound limit of at
most 10 values per year of data [13].
It is also suggested [14] that the wave data being
used should have a duration that is at least 1/5th of the
desired return period, for example in this case the 16
year AMETS model allows for the extrapolation of the
80 year return value. This highlights once again the

Figure 6 AI vs. Hm0 for 2011 AMETS Waverider
measurements. Selected records marked by coloured
triangles
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importance of long term measurements or numerical
models for proposed project locations. Buoy
measurement campaigns carried out over a handful of
years will not provide sufficient data to allow for
accurate extrapolations of design parameters over the
time scales relevant to commercial WEC deployments
would be expected to operate for up to 25 years.
For the case of the 50m depth location at AMETS a
threshold of 8.5m, with a 36 hour separation of peak
events to ensure the values are statistically independent,
was finally chosen as it produced a reasonable return of
four peaks per year (Fig. 8). The data was then fitted to
the Weibull distribution (Eqn. 3) and the Fisher-Tippett
type-1 (FT-1) distribution (Eqn. 4), as illustrated in Fig.
9. In these equations F(x) represents the probability of
nonexceedance of the variate x, where A, B and k are
referred to as the location, scale and shape parameters.
For the Weibull distribution k values of 0.75, 1.0,1.4
and 2.0 were used.
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The most appropriate distribution for the data is
selected by regression analysis of the best fit line of the
plotted data, though user discretion should be applied
to identify unrealistic results. For the case of the 8.5m
threshold the Weibull distribution (k=1) was shown to
best match the peaks, with an R2 value of 0.973.
Figure 9 Fitted distributions in POT analysis
Extrapolated values of Hm0 for return periods of up to
80 years are plotted in Fig. 10 for a variety of
thresholds. The level of uncertainty associated with this
method is evident from the spread of curves produced
by the different thresholds. Selected design Hm0
estimates, calculated with the 8.5m threshold, are
reproduced in Table. 1. Significant differences in the
extrapolated values of Hm0 derived from the various
fitted distributions are evident, particularly for the
longer return periods. As illustrated in Fig. 9 the
Weibull fit with k=1.0 was shown to display the
greatest level of correlation with the fitted data for the
case of the 8.5m threshold so the return values of Hm0 it
predicts were considered to be the most representative
for the 50m depth location at AMETS, though a degree
of uncertainty should accompany all of these estimates.
Figure 8 Selected peaks from POT analysis of AMETS
SWAN model data (depth = 50m)
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HMax=2Hm0 is reasonably conservative and indicates
that individual wave heights in excess of 30m are
probable over the life span of such a project.
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Weibull

Return
Period

k=0.75

k=1.0

k=1.4

k=2.0

1

10.23

10.46

10.65

10.75

10.64

5

12.52

12.61

12.50

12.29

12.40

10

13.65

13.53

13.20

12.82

13.13

25

15.26

14.75

14.07

13.4

14.07

50

16.56

15.68

14.70

13.88

14.79

80

17.47

16.30

15.11

14.15

15.27

FT-I

Table 1:Return values of Hm0 from 50m water depth at
AMETS for 8.5m threshold.

5.

Conclusion

This paper has utilised measured and modelled wave
data from AMETS to investigate the interannual
resource variability and extreme wave conditions that
could be considered typical of an exposed ocean
location on the Irish west coast. Differences of up to
80% are evident between the most and least energy rich
years at the site, and this variability is relatively
constant across the range of water depths that were
analysed.
Extreme individual waves with heights of up to 24m
have been observed at the test site Rogue waves, which
a device may encounter during its normal operational
conditions, were observed to occur less frequently at
AMETS than what is suggested by theory but are
another risk that should be accounted for in the design
of a WEC.
Though there is a level of uncertainty associated
with long term extrapolations of design conditions, sea
states with values of Hm0 approaching 16m should be
expected over the duration of floating WEC
deployments at AMETS, which should also be typical
of many exposed sites on the west coast of Ireland.
While there is insufficient measured data to accurately
predict what the most suitable HMax/Hm0 ratio is for the
most extreme sea states at AMETS, assuming
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