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Abstract The Northeast Atlantic possesses some of the
highest wave energy levels in the world. The recent years
have witnessed a renewed interest in harnessing this vast
energy potential. Due to the complicated geomorphology of
the Irish coast, there can be a significant variation in both
the wave and wind climate. Long-term hindcasts with high
spatial resolution, properly calibrated against available mea-
surements, provide vital information for future deployments
of ocean renewable energy installations. These can aid in
the selection of adequate locations for potential deployment
and for the planning and design of those marine operations.
A 34-year (from 1979 to 2012), high-resolution wave hind-
cast was performed for Ireland including both the Atlantic
and Irish Sea coasts, with a particular focus on the wave
energy resource. The wave climate was estimated using
the third-generation spectral wave model WAVEWATCH
III® version 4.11, the unstructured grid formulation. The
wave model was forced with directional wave spectral data
and 10-m winds from the European Centre for Medium
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École Normale Supérieure de Cachan, 94235 Cachan, France

Present Address:
S. Gallagher
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Range Weather Forecasts (ECMWF) ERA-Interim reanaly-
sis, which is available from 1979 to the present. The model
was validated against available observed satellite altimeter
and buoy data, particularly in the nearshore, and was found
to be excellent. A strong spatial and seasonal variability
was found for both significant wave heights, and the wave
energy flux, particularly on the north and west coasts. A
strong correlation between the North Atlantic Oscillation
(NAO) teleconnection pattern and wave heights, wave peri-
ods, and peak direction in winter and also, to a lesser extent,
in spring was identified.
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1 Introduction

Studies aimed at quantifying the variability of the wave cli-
mate and energy resource in areas of the Northeast Atlantic,
over timescales of a decade or more, have been performed in
recent years (for example, Gallagher et al. 2013; Boudière
et al. 2013; Charles et al. 2012; Dodet et al. 2010). In the
operational wave forecasting community, increased attention
is being paid to the nearshore (van der Westhuysen 2012),
awakened in part by the potential energy resource but also by
an increased awareness of coastal hazards and their possi-
ble impacts on coastal communities. Improvements in ocean
wave forecasting skill (Janssen 2008) and the availability
of high-quality global reanalysis datasets now enable long-
term regional and local area wave hindcasts to be performed,
downscaling to a high resolution in the nearshore.

Additionally, recent studies have shown that in
nearshore locations, wave energy extraction levels could be
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commensurate to those found in the offshore (Folley and
Whittaker 2009). In addition, the cost of transferring power
onshore and the accessibility for maintenance can be
improved by the proximity to the coastline.

Most wave climate studies for Ireland have targeted
limited nearshore sites (Gallagher et al. 2013; Tiron et al.
2013) and also offshore locations on the Irish west coast
(Electricity Supply Board (ESB) 2005; Curé 2011; Rute
Bento et al. 2011; Cahill and Lewis 2011). The geomorphol-
ogy of the Irish west coast is in fact quite heterogeneous
and complex. This is likely to introduce significant vari-
ability in the wave energy resource for this region (Tiron
et al. 2013). In order to investigate this variability, a high-
resolution nearshore, 34-year wave hindcast was carried out
for Ireland, with a particular focus on the wave energy
resource. To complete the wave climate picture, the entire
coastline has been modelled, both the Atlantic coast and the
eastern seaboard, where the majority of the population is
located and where wind-seas dominate.

The wave climate is estimated using the third-generation
spectral wave model WAVEWATCH III® version 4.11
(Tolman 2014), the unstructured grid formulation (Roland
2008). The wave model was forced with directional wave
spectral data and 10-m winds from the European Centre for
Medium Range Weather Forecasts (ECMWF) ERA-Interim
reanalysis, which is available from 1979 to the present (Dee
et al. 2011; Persson 2011).

The wave hindcast was validated with altimeter data
from the Centre de Recherche et d’Exploitation Satellitaire
(CERSAT) database (Queffeulou and Croizé-Fillon 2013)
and with data from wave buoys located all around the coast
of Ireland, in particular with buoys located in nearshore
regions. Two such areas on the west coast, which possess
steep bathymetry gradients, and complex exposed rocky
shorelines, are the southern part of Achill Island on the Co.
Mayo coastline and an area centred at Killard point on the
Co. Clare coast. For these areas, wave buoy and acoustic
Doppler current profiler (ADCP) data for intermediate to
shallow depths (50 m or less) was obtained from the West-
Wave project of the ESB (WestWave 2013). Additionally,
nearshore wave buoy data from other areas with more gentle
bathymetric gradients (such as Broadhaven Bay, Co. Mayo)
is used to validate the wave model. The location and depths
of the buoys are described in Fig. 3 and Table 1.

2 Construction of the wave hindcast model

2.1 The digital elevation model

The quality of the bathymetric data used to build the compu-
tational grid greatly influences the accuracy of wave models
in the nearshore. Historical seabed surveys have substantial

Table 1 Buoy location depth and duration of the time series used in
comparison with model data

Buoy Location Depth Period

(m) (mm/yyyy)

M3 SW of Mizen Head 155 01/2003–12/2012

M1 W of Aran Isl. 140 03/2001–12/2007

BH4 W of Belmullet 100 05/2012–12/2012

M2 E of Lambay Isl. 95 05/2003–12/2012

M4 Donegal Bay 72 04/2003–11/2012

M5 SE Coast 70 10/2004–12/2012

BH3 W of Belmullet 56 12/2009–01/2012

K1 Killard Point 51 11/2011–01/2012

AC1 Achill Isl. 43 11/2011–08/2012

BH1 Broadhaven Bay 38 01/2009–10/2009

K2 Killard Point 36 08/2012–12/2012

SB2 E of Aran Isl. 28 01/2010–06/2010

G1 Galway Bay 22 05/2008–01/2012

AC2 Achill Isl. 21 11/2011–01/2012

SB1 Mace Head 18 04/2009–09/2009

BH2 Broadhaven Bay 11 06/2009–07/2009

Buoys listed in order of depth

uncertainties which only recently came under the scrutiny of
the hydrographic community (Calder 2006). These uncer-
tainties are related to the survey methodology, interpolation
of the scattered survey data and any changes in the seabed
topography that may have occurred over time, after the
bathymetric survey was carried out.

Modern and highly accurate survey techniques such
as light detection and ranging (LIDAR) or multi-beam
echo-sounder (MBES) are currently used to map nearshore
areas in campaigns such as the Integrated Mapping For
the Sustainable Development of Ireland’s Marine Resource
(INFOMAR 2006), which is a successor to the Irish
National Seabed Survey (INSS), as described by Dorschel
et al. (2011). However, it may take several years for map-
ping of the Irish seabed to be completed.

In the interim, digital elevation models (DEMs) have to
combine sets of data with varying degrees of accuracy and
resolution. The level of accuracy of a DEM has an impact
on coastal hydrodynamical models (for example, wave or
circulation models) and, if not accounted for, could lead
to erroneous interpretations of the results (Calder 2006).
Recent efforts have been made to construct DEMs with
uncertainty estimates (Poti et al. 2012).

The final DEM for Ireland (see Fig. 3) was obtained by
merging three bathymetric sources (shown in Fig. 1):

1. Vector data obtained from OceanWise Ltd., derived
from the United Kingdom Hydrological Office
(UKHO) admiralty charts. The quality of this data is
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Fig. 1 Bathymetric datasets used in building the DEM for Irish coastal
waters: INFOMAR (light-blue), UKHO (yellow) and EMODnet (red)
bathymetry. The land is depicted with blue

not uniform, and some of the surveys predate modern
techniques;

2. The European Marine Observation and Data Network
(EMODnet 2013) bathymetric dataset. This dataset has
a resolution of approximately 500 m and blends bathy-
metric datasets from many sources in Europe. It is
constantly updated with new surveys, so the quality will
continue to improve;

3. High-resolution MBES and LIDAR INFOMAR survey
data. Approximately 50 gridded datasets, with resolu-
tions from 2 to 80 m were used.

The mismatch between the coarser datasets (EMODnet
and UKHO) and the high-resolution/high-quality INFO-
MAR dataset was evaluated on areas of overlap. Differences
of more than 20 m were observed in some nearshore loca-
tions (Tiron et al. 2013). The EMODnet dataset was found
to be less accurate than the UKHO data in some nearshore
areas on the west coast. Based on this observation, we have
ranked the datasets in the order of accuracy (INFOMAR,
UKHO and EMODnet).

To avoid artificial ridges at the boundaries between these
datasets (which are likely to induce spurious refraction
effects and numerical instabilities in the hydrodynamical
model), a blending and smoothing procedure was then
applied. The datasets were first gridded on a common grid
with a resolution of 50 m. Smoothing was applied if the
original data was at a finer resolution than the target grid.
The overlap areas were excluded from the coarse resolution

datasets, based on the ranking mentioned above. Weights
of 10, 5 and 1 were assigned to each of the datasets,
respectively, and a smoothing kernel with a variable radius
based on depth was applied. The radius of smoothing varies
between 100 m (rmin) for depths smaller than 22 m (h0) to
2.5 km (rmax) in the offshore area:

rmin + rmax − rmin

2
[1 + tanh (λ(h− h0))] , (1)

where λ = 0.2.

2.2 Wave model description

The wave model grid is an unstructured triangular grid
with a resolution varying from 250 m in the nearshore to
10 km in the offshore. The coast and island boundaries were
derived from the Global Self-consistent Hierarchical High-
resolution Shoreline (GSHHS) database (Wessel and Smith
1996), the finest resolution version, smoothed and sampled
at approximately 250 m. Geo-referenced satellite imagery
(LANDSAT 2013) was used to correct the coastline and
islands. It is worth noting that there are some areas on the
west coast of Ireland where a significant mismatch between
GSHHS and the shoreline can be seen (see, for example,
Tiron et al. 2013).

The resulting grid has approximately 15,000 nodes with
a maximum resolution of 250 m in the nearshore (resolved
to a depth of 5 m from the shoreline). The outer boundary of
the grid was chosen to align with ERA-Interim wave model
grid points (see Fig. 2). The boundary feeding was set at grid
nodes on segments of the open boundary (in between, and
at, the ERA-Interim grid points) where depths were larger
than 90 m. The spectral domain was discretized in 24 direc-
tions and 30 frequencies logarithmically spaced with an
increment of 1.1 from 0.0345 Hz, which coincides with the
resolution of the ERA-Interim wave spectra used to force
the model. The temporal resolution of the boundary feeding,
and of the 10-m ERA-Interim wind forcing fields, is 6 h (the
four standard synoptic times). The winds were kept con-
stant on six-hourly intervals centred at the synoptic times.
The spatial resolution of the ERA-Interim winds is approxi-
mately 79 km (Dee et al. 2011). The default WAVEWATCH
III® physical parameterisation switches were employed,
with the exception of the ST4 input and dissipation source
term package (see Tolman (2014) for all switch details).
This allows for improved parametrisation of source terms
and dissipation as formulated by Ardhuin et al. (2010). The
model parameterisation formulation TEST451, as described
by Ardhuin et al. (2010), was selected. This parameterisa-
tion produced the smallest verification errors when tested in
the study area. TEST451 also generally provides improved
results at the global scale using ECMWF winds (Tolman
2014; Rascle and Ardhuin 2013).
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Fig. 2 The wave model grid.
Red ERA-Interim wave model
points used for boundary
feeding. Green points where
three-hourly directional spectra
outputs were generated
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Hourly field outputs were produced for standard mean
wave parameters (significant wave height, standard wave
periods, directions), the wave energy flux, spectral partitions
parameters and wave-ocean layer parameters. Additionally,
the directional spectra was saved every 3 h at the buoy loca-
tions and at points on the 60-m depth contour, as can be seen
in Fig. 2.

3 Validation of the wave model

3.1 Wave buoys

The wave model was validated with data from 17 differ-
ent wave buoys located around the Irish coastline as shown
in Fig. 3. These buoys vary in depth from 155 to 11 m, as
described in Table 1. It should be noted that the Irish Marine
Weather Buoy Network, maintained by Met Éireann and the
Marine Institute (MI 2013), has only been in operation since
2001, when the first buoy was deployed. Additionally, buoy
data in the nearshore has only become available in recent
years, predominantly on the west coast, targeting potential
wave energy testing and deployment sites, as it can also be
seen Table 1.

The comparison between model and observations using
statistical quality indexes for significant wave height (Hs),
period and direction is summarised in Table 2. Taylor dia-
grams (Taylor 2001) for Hs, period and direction are shown
in Fig. 4. A separation of the results by depth is shown for
clarity, with offshore buoys (depths > 60 m) shown with

black symbols and nearshore buoys (depths < 60 m) shown
with red symbols. Generally, the model appears to perform
well when compared to the measured values. The correla-
tion coefficients for significant wave heights are over 0.94
with the exception of 0.89 for the SB2 buoy (located in
Galway Bay, in the shadow of the Aran Islands).

A significant bias in Hs can be seen for SB1
(over 40 %). This buoy is located in an area where
only EMODnet bathymetry was available, with shallow
depths of under 20 m. Interestingly, the correlation coef-
ficient is very good for this location. The observed
discrepancy raises questions regarding the accuracy of
the bathymetry dataset in this region and in particular for
these depth ranges.

Generally, directional biases are under 10◦ with the
exception of the M2 buoy in the Irish Sea and the SB2 buoy,
where the direction might be affected by the shadowing
effect of the Aran Islands.

The Taylor diagrams in Fig. 4 offer a condensed picture
of the overall quality of the model, allowing the assess-
ment of spatial variability in the model’s performance. For
significant wave height, the model performance is quite
homogeneous. In contrast, for the zero-crossing period, a
lower performance of the model is quite evident for some
sheltered/wind-sea-dominated locations (G1, SB1, SB2 in
the Galway Bay area and M2 in the Irish Sea), where mean
periods of 4.1 to 4.7 s can be seen (Table 2). At the same
time, for offshore buoys on the west coast, the correlation
coefficients for period are exceeding 0.8. Correlations for
direction are overall larger than 0.65 (better performance
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Fig. 3 DEM for Irish coastal waters (resulting from the merging of the
bathymetric datasets shown in Fig. 1) and the locations of the buoys
used for validation of the wave model hindcast. a Locations of the
M-buoys from the Irish Marine Weather Buoy Network with the inset

(dashed box) representing the area shown in panel (b). b Locations of
the nearshore buoys. The buoy availability ranges from time periods
of a few weeks to almost 10 years, as can be seen in Table 1. Depth is
shown positive down

Table 2 Comparison between the model and buoy for significant wave height (Hs), period and direction: the mean of the buoy (X), the bias, the
root-mean-square error (RMSE), the correlation coefficient (R) and the scatter index (SI) are shown

Hs Period Direction

Buoy X Bias RMSE R SI X Bias RMSE R SI X Bias RMSE R SI

(m) (cm) (cm) (%) (s) (s) (s) (%) (deg) (deg) (deg) (%)

M3 2.86 −4 45 0.95 16 6.9 0.3 0.8 0.87 11 275 5 13 0.95 15

M1 2.94 −15 46 0.96 16 7.3 0.3 0.9 0.86 12 – – – – –

BH4 2.87 5 38 0.96 13 6.7 0.2 0.6 0.92 8 292a 9 20 0.7 29

M2 1.19 15 31 0.94 25 4.5 0.9 1.2 0.65 26 189 −15 24 0.77 14

M4 3.11 −1 39 0.97 13 7 0.2 0.7 0.98 19 275 2 13 0.94 15

M4 (old) 2.34 −24 55 0.94 23 6.7 0.3 0.9 0.84 13 – – – – –

M5 1.81 −3 38 0.94 21 5.5 0.1 0.8 0.82 15 231 −6 18 0.84 14

BH3 2.77 11 40 0.97 15 7 0.2 0.7 0.89 10 296a 7 16 0.69 25

K1 4.57 31 53 0.97 12 8 0.0 0.7 0.88 7 291a 4 9 0.74 13

AC1 2.32 −14 34 0.98 15 6.3 −0.1 0.7 0.91 11 270a 5 13 0.68 14

BH1 1.90 2 31 0.97 16 6.2 0.1 0.9 0.86 14 317 4 11 0.83 25

K2 2.44 20 40 0.96 16 6.7 0.0 0.7 0.90 11 292a −0.5 9 0.75 13

SB2 0.62 −5 17 0.89 27 4.3 −0.4 1.9 0.61 43 259 12 29 0.65 29

G1 0.75 7 18 0.94 25 4.1 −0.3 1.5 0.60 6 – – – – –

AC2 3.79 −6 43 0.95 11 12.3a −0.5 1.5 0.76 12 260a 6 12 0.45 12

SB1 0.85 −36 44 0.95 52 4.7 −0.4 1.1 0.71 23 230 6 12 0.70 9

BH2 0.36 1 8 0.97 15 – – – – – – – – – –

Where possible, the zero-crossing period and mean direction were used. In some locations, only the peak period or peak direction was available.
All directional error statistics were calculated using the circular statistics toolbox from Berens (2009)
aComparisons were between the buoy and model peak period or peak direction, respectively
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Fig. 4 Top panel (a) Hs, middle panel (b) zero-crossing period, and
bottom panel (c) mean direction. Taylor diagrams (showing a
statistical comparison in terms of correlation, centred root-mean-
square error (CRMSE) and the ratio of standard deviation) between
the buoy observations and the model. Further statistical compar-
isons can be seen in Table 2. Additional separation of the results by
depth can be seen with offshore buoys with depths > 60 m shown
with black symbols and nearshore buoys with depths < 60 m shown
in red. (The asterisk denotes where comparisons were between
the buoy and peak direction instead of mean direction, with the
exception of AC2 buoy, where the comparison was between the
model and both peak period and peak direction from the buoy,
respectively)

for the offshore locations being evident), with the excep-
tion of AC2. Nonetheless, at this nearshore location (water
depth 21 m), refraction affects direction strongly (the stan-
dard deviation of the measured direction is 11.7◦), and the
bias between model and measurements is only 6◦.

3.2 Altimeter data

Satellite-derived wave data can provide an additional
method to verify the wave models’ performance. Altimeter
wave data is reliable only in the open ocean, up to tens of
kilometres from the coast (data in the coastal zone is often
discarded). Recently, work has been carried out to improve
satellite-derived measurements in the nearshore coastal
zone, such as the COASTALT Project (COASTALT 2014).
Currently, however, only altimeter data from the open ocean
can provide reliable wave measurements. Altimeter data
can provide a way to further validate the hindcast in areas
with little or no buoy records available, as is the case on
the eastern seaboard of Ireland, where presently there is
only one buoy (M2). This data provides a good spatial
description of the wave climate, although the temporal res-
olution is low due to the long repeat cycle orbits of the
various satellites (as detailed in Table 3). The CERSAT
altimeter database was used to compare with model results
(CERSAT 2013). The CERSAT database data was obtained
from the CERSAT, at Ifremer, Plouzané, France. They were
produced in the framework of the GlobWave project (Glob-
Wave 2013), funded by the European Space Agency (ESA).
These altimeter-derived measurements have been calibrated
and corrected in a previous work by Queffeulou and Croizé-
Fillon (2013). This data provides an almost continuous 21-
year record with which the wave model was compared. The
different altimeter missions include ERS-1&2, TOPEX-
Poseidon, GEOSAT Follow-ON (GFO), Jason-1, Jason-2,
ENVISAT and Cryosat-2. The tracks over the wave model
area for all of 2006 can be seen in Fig. 5.

Altimeters typically yield one second mean values, with
a 6–7-km resolution (GlobWave 2013). The wave model
hindcast has a varying resolution of approximately 10 km
(offshore) to 250 m (in the very nearshore) and a tem-
poral resolution of 1 h. In order to compare Hs from the
two datasets, the nearest model Hs was interpolated onto
the position of the altimeter tracks. The results of this
spatiotemporal comparison between the satellite data and
the model data (interpolated to collocate along the satel-
lite tracks) are summarised in the statistical quality indexes
shown in Table 4. These global statistics show a low model
bias of 7 cm in Hs. This corresponds to a relative bias
(normalised by the observed mean) of only 3 % and a very
good agreement overall between the model and satellite
data.
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Table 3 Summary of the
altimeter data extracted from
the CERSAT database that was
used to validate the wave
model hindcast

Satellite Repeat cycle (days) Period

ESA ERS-1 35 August 1991–June 1996

ESA ERS-2 35 May 1995–July 2011

ESA Envisat 35 (pre October 2010) May 2002–April 2012

30 (post November 2010)

CNES/NASA 10 September 1992–October 2005

TOPEX/Posidon

CNES/NASA Jason-1 10 January 2002–present

CNES/NASA Jason-2 10 July 2008 - present

US Navy/NOAA GFO 17 January 2000–September 2008

ESA/NOAA CryoSAT-2 30 (pseudo cycle) January 2012–present

Details of the calibrations
applied to the dataset can be
found in Queffeulou and
Croizé-Fillon (2013)

A breakdown by satellite can be seen in Fig. 6 panel
a, which shows a Taylor diagram of the model versus
measurements. The similarity of the statistics confirms con-
sistency in the quality of the satellite measurements of
wave heights over the area of interest. As can be seen
from the quantile-quantile Q-Q plot in Fig. 6 panel b, the
model begins to slightly underestimate Hs values above 8 m.
This is consistent with that of Tolman (2014), which men-
tions a known low bias for WAVEWATCH III® using the
TEST451 parameterisation and ECMWF winds. This is also
evidenced by the heavier positive tail of the histogram of dif-
ferences between observed (altimeter) and model displayed
in Fig. 6 panel c.

A regional examination of the model performance was
undertaken, to take into account the very different wave cli-
mate regimes that exist around Ireland between the Atlantic
Ocean (swell dominated, mean Hs of 2.69 m) and the
Irish Sea (wind-sea dominated, mean Hs of 1.29 m). The
different wave climate regimes are discussed further in
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Fig. 5 Satellite altimeter tracks over the wave model area during 2006

Section 4 and can be seen in Fig. 10. The Irish Sea area was
defined as the part of the wave model domain east of −6.4◦
W in longitude, between the 51.75◦ N and 55.25◦ N paral-
lels. The Atlantic and Celtic Sea regions were defined, for
the purposes of the comparison, as all of the model domains
except for the region that is both east of −6.4◦ W and north
of 51.75◦ N (i.e. the Irish Sea and the Firth of Clyde).

Looking at Table 4, the relative bias for the Atlantic and
Celtic Sea regions covered by the wave model is less than
2 %. The statistical comparison for the Irish Sea (Table 4)
shows a much larger relative bias of over 9 % (12 cm). The
lower performance of the model in this region with respect
to the Atlantic coast can also be seen in Fig. 7 panel a. This
is consistent with the results of the M2 buoy comparison
with the model, where the bias of 15 cm, or a relative bias
of over 12 % as can be seen in Table 2. A lower correlation
and a much larger scatter index and spread in the data can
also be found in the Irish Sea area as can be seen in Fig. 7,
where scatter plots of the Irish Sea and Atlantic model
results versus the altimeter data are shown for Hs. The fact
that the wind forcing for the hindcast has a relatively coarse
resolution of 79 km, and might therefore be too coarse to
capture some localised mesoscale wind effects, especially
due to orography, could explain the small drop in model

Table 4 Global comparison from 1991 to 2012 (21 years) between
the model and satellite altimeter data from the CERSAT database for
significant wave height (Hs): the mean of the satellite (X), the bias, the
root-mean-square error (RMSE), the correlation coefficient (R) and
the scatter index (SI) are shown

Hs Number X Bias RMSE R SI

of points (m) (cm) (cm) (%)

All areas 523,471 2.29 7 39 0.97 17

Atlantic and Celtic Sea 376,099 2.69 5 39 0.97 15

Irish Sea 144,453 1.29 12 38 0.91 29

See Table 3 for details of the different altimeter campaigns
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Fig. 6 Global comparison between altimeter and model, for the period
of 1991–2012 (at all collocated track points). Top panel (a) Taylor
plot of the wave model versus the CERSAT satellite altimeter database
(global comparison). Middle panel (b) Q-Q plot of the global satellite
altimeter data versus Hs of the wave model (WW3). Bottom panel (c)
A histogram of the difference between altimeter and model for Hs at
the collocated track points (0.2-m bins)

performance in the Irish Sea region. These forcing wind
fields would need to be of sufficient resolution to reflect the

Fig. 7 Scatter diagrams of altimeter versus model Hs (m). Model data
interpolated onto satellite tracks. Colours indicate density of points. a
Irish Sea area. b Atlantic and Celtic Sea areas

small-scale features associated with the coastline of the Irish
Sea basin and the sheltering effects of bays and islands. A
downscaling of the wind forcing, to capture better this wind-
sea-dominated area has been shown to improve the model
performance. For details, see Dias et al. (2013), where a
shorter-term (13 years) hindcast for Ireland is presented,
forced with high-resolution winds. In fact, to examine fur-
ther some of the statistical quality indexes spatially, we
have compared the ERA-Interim 10-m wind forcing fields
to altimeter-measured wind speeds over the model area;
see Fig. 8. ERA-Interim 10-m winds and altimeter wind
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m winds, from the ECMWF ERA-Interim reanalysis, for the period
of 1991–2012. Top panel (a) Relative bias (%). Bottom panel (b)
Normalised root-mean-square error (%)
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speeds (over the 21-year period of altimeter data) were
collocated along the satellite tracks (using 6-h windows
centred on the synoptic times) and were then interpolated
to a regular grid by averaging along the tracks in a
0.5◦ latitude by 0.5◦ longitude grid. An overall low bias
of approximately 5 % can be seen (panel a of Fig. 8).
Note the increased variability in the bias in the Irish
Sea region and also a higher nRMSE (panel b of Fig. 8).
A high bias is present over islands and close to the shore,
in areas where sheltering effects are not resolved by the
resolution of the model. It is evident that the wind forcing
does not have sufficient resolution to resolve such a small
sea basin.

Spatial quality index maps were also used to
examine further the wave model hindcast performance
of Hs. Altimeter and wave model Hs results, already
collocated (spatially and temporally) along the satellite
tracks, were interpolated to a regular grid by averaging
along the tracks in a 0.2◦ latitude by 0.2◦ longitude grid.
Using this collocated data, the overall mean Hs, the rela-
tive bias and normalised root-mean-square error (nRMSE)
can be seen in a spatial context in Fig. 9. (Similar meth-
ods have been employed as part of the GlobWave project
by Appendini and Camacho (2012), collocating data to
examine spatial quality index maps and by Liberti et al.
(2013), although no temporal or spatial interpolation was
carried out as the nearest grid cell was used for the statistical
comparison.)

Comparing the overall altimeter mean Hs in Fig. 9
panel a, to the annual mean shown in Fig. 11 from the
analysis of the wave model hindcast Hs, the overall
pattern is similar. The relative bias and nRMSE show
the lower performance of the hindcast in the Irish Sea.
As discussed previously, this could be due to the rela-
tively low-resolution forcing wind fields, which prevent the
adequate modelling of wind-sea growth in the wind-
dominated Irish Sea. Looking at the western seaboard,
the relative bias is generally less than ±3 %. This is
consistent with Table 2 where the biases for buoys on
the west coast vary between negative and positive, although
the variability and magnitude of the relative bias is
larger when comparing the buoy and model data. For
example, the BH3 buoy has a low relative bias of 4 %,
while the M1 buoy has a high relative bias of −5 %.
Looking at Fig. 9, the largest relative biases are on the
south coast in the Celtic Sea region which show a
negative relative bias (a high bias mostly between −1
and −4 %) overall. The M3 buoy located in this region
(see Fig. 3 for location and Table 2 for quality index
statistics) was found to have a negative relative or high
bias of −1.4 %, consistent with the findings of the
re-gridded collocated model and altimeter data
in Fig. 9.
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CERSAT satellite altimeter data (observed) and the wave model hind-
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error (%)

4 Characterisation of the present wave climate
of Ireland

In this section, the wave climate of Ireland during the period
of 1979–2012 is characterised, based on the hindcast intro-
duced in the preceding sections of this article. The goal
is to compose an overall picture of wave climate vari-
ability around the Irish coast and in particular to contrast
the Atlantic west and southern coasts to the milder wind-
dominated Irish Sea coast. As such, the details gained in
describing the wave climate in the nearshore are perhaps
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not immediately apparent in this analysis. As shown in
Section 3.1, the hindcast results compare favourably with
measurements from buoys in water depths as low as 20 m
and thus offer a detailed picture of the nearshore wave cli-
mate of Ireland. Further analysis focusing on regions close
to the coastline will be performed in the near future. A
look at the overall average of the wind-sea fraction of the
wave energy spectra (presented in Fig. 10) reveals three
areas with distinct wave climate regimes. The local winds
are responsible for more than 60 % of the wave energy in
the Irish Sea. On the southern coast, the swell and wind-
sea components are equally represented, whereas the west
coast is swell dominated, with the exception of areas where
the Atlantic swells are attenuated by islands or in bays
and inlets. It is interesting to note that the hindcast qual-
ity appears to degrade with higher wind-sea fraction values
(see, for instance, Fig. 9 where spatial quality index maps
for the model performance by comparison to satellite data
are shown). This fact offers supplementary evidence for
the insufficient spatial resolution of the forcing wind fields
employed in the current hindcast as discussed previously in
Section 3.2.

4.1 Seasonal means and interannual variability

In the following section, we focus on the spatial, seasonal
and interannual variability of mean wave parameters of
interest. The annual and seasonal means for significant wave
height are shown in Fig. 11, left panels. The right panels
show the normalised standard deviation of the annual means
(%) which quantifies the variability from year to year.

The overall means display a pronounced spatial variation
around the coast: from 3 m off the west coast to less than
1 m in the Irish Sea. The southwest to the northwest exhibit
the largest levels of Hs, and, in fact, these patterns are pre-
served for all seasons. The largest values of Hs can be seen
in winter off the west coast (close to 5 m). In contrast, mean
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Fig. 10 Average of the wind-sea fraction of the wave energy spectra
for the period of 1979–2012 (%)

Hs values do not exceed 2 m on the Irish Sea coast in any
season. The spring and autumn means are very similar (and
commensurate with the overall annual mean). This is in fact
the case for all mean wave parameters.

The Irish wave climate presents significant interannual
variability in terms of Hs: overall less than 15 % for
the annual means but up to 25 % in winter and spring.
On the Atlantic coast, the interannual variability is more
pronounced in the nearshore.

Figure 12 displays the annual and seasonal means for the
wave power per metre of wave crest (upper panels) and the
normalised standard deviation of the yearly means, percent-
age (lower panels). The wave power per metre of wave crest
is defined as follows:

J = ρwgEcg , (2)

with ρw being the density of water, g the gravity accelera-
tion, E the first moment of the frequency-direction spectrum
and cg the averaged group velocity taken over the frequency-
direction spectrum (Tolman 2014). The focus is on the west
coast, since the power levels typically seen on the south and
east coasts are quite reduced, and thus these areas are not
targeted as potential sites for wave energy converter farms.

In winter, the Atlantic coast is exposed to highly ener-
getic sea states (over 100 kW/m), which do not dissipate
significantly until very close to the shoreline. It is important
to note in this context that wave energy converters (WECs)
are typically designed to extract energy up to a certain level
above which they are not safe to operate. A more accurate
measure of the wave energy resource would have to take
into account these limitations (Folley and Whittaker 2009).
It is thus expected that the exploitable energy levels in win-
ter are substantially smaller. The decrease in energy levels
from winter to summer is quite dramatic, even though on the
west coast, energy levels of up to 20 kW/m are maintained
in summer months. For the wave power level, the variability
from year to year is markedly larger than for Hs, as evident
in Fig. 12—around 20 % for the annual mean and over 50 %
in spring.

The Irish wave climate exhibits little seasonal variabil-
ity in terms of direction. In Fig. 13, the overall average of
the mean and peak wave direction for the period of 1979–
2012 is displayed. (The circular mean was evaluated for
all directional quantities.) The predominant incoming wave
direction on the Atlantic coast is west to southwest (with
only a slight 10–20◦ southerly shift from the west direc-
tion). In the southwest of Ireland and in a small area from
the Dingle peninsula up to the Loop head, the predominant
direction is from the west.

On the Irish Sea coast, waves come predominantly from
a southerly direction. The same mean direction can be seen
on the southern coast of Ireland. The average peak direc-
tion is very similar to the mean direction. However, a small
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northerly shift in peak direction with respect to the mean
direction can be seen off the northwest coast.

4.2 Correlation with atmospheric teleconnection patterns

As the generating mechanism of ocean surface waves
consists in surface winds, global atmospheric circulation
patterns and wave climate characteristics are intimately
connected.

The strong interannual variability of the Irish wave cli-
mate (evidenced in Figs. 11 and 12) can be in fact linked to
larger-scale atmospheric circulation patterns. Several stud-
ies have identified strong correlations between the Atlantic
wave climate averages and various teleconnection indices,
in particular, the North Atlantic Oscillation (NAO) and the
East Atlantic (EA) teleconnection pattern (Barnston and
Livezey 1987) at the whole Atlantic basin scale (Wang and
Swail 2001, 2002) and also for the Northeast Atlantic region

Fig. 13 Directionality of the
Irish wave climate for the period
of 1979 to 2012. Left panel
annual average mean wave
direction (deg). Right panel
annual average peak wave
direction (deg). Directions are
given in the meteorological
convention: 0◦ corresponds to
waves coming from the north,
and 90◦ corresponds to waves
coming from the east
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(see, for example, recent studies by Charles et al. 2012; Le
Cozannet et al. 2010; Bertin et al. 2013; Dodet et al. 2010).

Local winds play an important role in the Irish wave cli-
mate, in particular in the Irish Sea (as Fig. 10 shows). At the
same time, the swells generated in the North Atlantic basin,
which propagate long distances before reaching Ireland, are
prevalent on the west coast. As a consequence, the wave cli-
mate around the Irish coast is quite heterogeneous. With this
in mind, we evaluate the correlation between the predom-
inant patterns in the North Atlantic region (NAO and EA)
and the Irish wave climate, contrasting the Atlantic and Irish
Sea coasts.

In Fig. 14 the correlation between winter and spring
yearly averages and NAO (retrieved from the Climate Pre-
diction Center NOAA 2014b) for Hs, wave energy period
(Tm) and wave peak direction (Pdir) are displayed. The
areas with correlation significant at more than 95 % by Stu-
dent’s t test are hatched for clarity. As discussed by Bacon
and Carter (1993), correlation coefficients greater than 0.5
signify a relatively strong connection between the wave
climate and teleconnection patterns.

As can be seen in this figure, the Irish wave climate is
highly influenced by the NAO pattern in winter. The sig-
nificant wave height is directly correlated with NAO, with
correlation coefficients exceeding 0.7 over most of the study

area extent, with the exception of the nearshore eastern
seaboard. These findings are consistent with similar studies
(for example, Charles et al. 2012; Le Cozannet et al. 2010;
Bertin et al. 2013; Dodet et al. 2010), which found positive
phases of the NAO index to be associated with increased
wave heights in the Northeast Atlantic in winter.

A significant positive correlation can be seen for the
energy period on the west and northern coasts in winter,
indicating an increase in energy period associated with po-
sitive NAO phases in these regions. For the peak wave direc-
tion, a statistically significant positive correlation is present
on the southern and east coasts and in the Galway Bay on
the west coast, corresponding to a northerly shift with in-
creasing NAO indexes. In contrast, a negative correlation in
direction (corresponding to a southerly shift) can be seen on
the east coast. The positive correlation of wave heights and
energy period with the NAO index persists on the west and
northern coasts in spring. The summer and autumn wave
climates are not impacted significantly by the NAO phase,
with the exception of a negative correlation for significant
wave heights in the southwest in summer which is consistent
with the findings of Charles et al. (2012). This decrease in
wave heights can be correlated with a strong high-pressure
present over the southern part of Ireland, which is a fea-
ture of positive NAO phases in summer (as evidenced, for
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example, by the maps of correlation between the standard-
ised height anomalies and the NAO index, retrievable from
the Climate Prediction Center NOAA 2014c).

Overall, the influence of the NAO on the Irish wave cli-
mate appears to be more significant than in other Northeast

Atlantic regions (for example, as estimated by Charles et al.
2012 in the Bay of Biscay), in particular in winter and
spring.

In the following, we take a closer look at the impact of the
winter NAO phase (depicted in Fig. 15) on the wave climate
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Fig. 16 Significant wave height for (a) winter 2012, corresponding to
the maximum NAO winter index in the period of 1979–2012 (depicted
in Fig. 15) and (b) winter 2010, corresponding to minimum NAO
winter index during 1979–2012. c–g Averaged wave-variance density
spectra (m2s/rad) for winter 2012 at the locations depicted in panel (a).

For each point, the average significant wave height, mean wave direc-
tion (Mwd) and peak wave direction (Pwd) are displayed. h–l Same
as above, for winter 2010. (0◦ corresponds to waves coming from the
north, and 90◦ from the east)
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around Ireland. To this end, we evaluate the winter average
significant wave height over the entire study area and the
wave-variance density spectra at five points around the coast
(depicted in panel a of Fig. 16) to contrast the following:

– the years corresponding to the maximum and minimum
NAO phases that occurred during the 1979–2012 period
(2012 NAO+ and 2010 NAO−, respectively)—results
summarised in Fig. 16;

– the average over the years with local NAO maxima and
local NAO minima—results summarised in Fig. 17.

The differences in wave heights between winter 2012
(NAO+) and 2010 (NAO−) (shown in panels a and
b of Fig. 16) are staggering, in particular on the
west coast, where decreases of more than 20 % can be
seen. The contrast is only slightly diminished when
wave heights averaged over years with extreme NAO posi-
tive phases and negative phases respectively are considered
(see panels a and b of Fig. 17). Noteworthy also is the
enhanced directional spread for the offshore points on the
west coast (P1, P2 and P4) associated with the negative
NAO indexes, in particular for the point P1, located in the
northwest.

Furthermore, in the Irish Sea (point P5), the wave energy
spectra exhibits a directional reversal between the NAO pos-
itive phase and negative phase, respectively (see panels g
and l of Figs. 16 and 17, respectively). Indeed, negative
phases of the NAO index generally give rise to a weaken-
ing of mid-latitude westerly winds with more occurrences of
easterly winds in this region (Wilby et al. 1997; Castro-Dı́ez
et al. 2002). Interestingly, the point P3 located nearshore
(at a depth of 60 m), exhibits smaller directional spread
during negative NAO phases as opposed to positive NAO
phases, presumably due to the sheltering effects of the Aran
Islands which limit the fetch of the easterly winds. Finally,
a northerly shift in both mean and peak direction associated
with positive NAO phases can be seen at all points around
the coast.

To conclude this section, we investigate the impact of the
EA teleconnection pattern (retrieved from the Climate Pre-
diction Center NOAA 2014b) on the Irish wave climate. The
correlation maps between the wave climate seasonal aver-
ages (Hs, Tm and Pdir) and the EA for winter and autumn
are displayed in Fig. 18, with areas of correlation, signif-
icant at more than 95 % by Student’s t test, shown with
hatching for clarity.
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Fig. 18 Pearson correlation coefficient between EA and seasonal averages (for winter and autumn) of significant wave height, mean period and
peak direction. Hatched: areas with correlation significant at higher than 95 % by t test

The most consistent connection with the EA index
can be seen in autumn, in particular in the Irish Sea
region and on the southern coast, where statistically
significant positive correlations with the EA phase
are present for both significant wave height and mean
period. For this season, a positive correlation for the
significant wave height can also be seen on the western
coast.

The winter season presents significant correlations with
the EA index for Hs and Tm on the southern coast. At the
same time, the peak direction is inversely correlated with
the EA phase, implying a southerly shift for increasing EA
indexes.

Indeed, the positive phases of the EA are associated
with a strong low-pressure located to the northwest of
Ireland in autumn with a corresponding strong high in
the north of Africa and over the Mediterranean (see, for
instance, the maps of correlation between the standardised
height anomalies and the EA, retrievable from the Climate
Prediction Center NOAA 2014a). This situation leads to
an intensification of southwesterly winds, and hence
increased wave heights over the entire area around Ireland.
Note also a slight southerly shift in peak wave direction
(Fig. 18) and an increase in wave period in the Celtic and
Irish Seas. For winter, the high is displaced southwards

(southwest of Ireland). Hence, the area of increased wave
heights is limited to the south of Ireland, in the Celtic
Sea. The southerly shift in wave peak direction is amplified
in this case, as well as the increase in wave mean periods.
This could be attributable to an intensification of the wind,
associated with an increase in the EA pattern strength in the
winter season.

We note that significant positive correlations with Hs are
also present in summer and spring (not shown here), in par-
ticular on the southern coast. However, the mean period and
peak direction are not significantly affected by the EA phase
in these seasons.

Overall, the EA appears to have less of an impact on the
wave climate of Ireland in comparison with the NAO. The
strongest correlation with the EA occurs in the autumn and
persists throughout the seasons in the south and the south-
east. This is in contrast to the NAO which dominates the
wave climate on the west coast, particularly in winter and
spring.

5 Summary and conclusions

A 34-year, high-resolution, nearshore wave hindcast was
performed for Ireland, including both the Atlantic and the
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Irish Sea coasts. The model was validated with obser-
vations from 17 wave buoys around Ireland and with
altimeter data from the CERSAT database. The compar-
ison between the observations and the model was found
to be excellent. The lower quality of the model in the
Irish Sea with respect to the western part of the
model domain can be attributed to the different wave
climate regimes in these regions (wind-sea versus swell
dominated) in conjunction with the low spatial and temporal
resolution of the forcing ERA-Interim wind fields. Indeed,
comparing the ERA-Interim wind speed with altimeter
measurements, a consistent low bias of around 5 % was
found over the area of interest and an increased normal-
ized root-mean-square error and bias variability in the Irish
Sea basin.

Strong seasonal, interannual and spatial variability was
found for the significant wave height and the wave energy
flux. We have also identified a strong correlation between
the NAO teleconnection pattern and wave heights, wave
periods and peak direction in winter and, to a lesser extent,
in spring. The NAO impacts predominantly the wave cli-
mate on the western coast. This is due to an intensification
of the westerly winds at mid-latitudes across the North
Atlantic basin associated with positive phases of the NAO
index and, conversely, a weakening for negative phases. A
large increase in mean wave heights and a northerly shift in
peak wave direction were found for strong values of win-
ter NAO positive phases. A significant correlation with the
EA teleconnection pattern was identified in autumn. In con-
trast to the NAO, the EA teleconnection pattern influence
can be seen in particular in the southern part of Ireland,
due the positioning of the EA low-pressure centre to the
west/southwest of Ireland.
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