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Abstract4

One barrier affecting progress in the wave energy sector is detailed knowledge5

of the spatiotemporal distribution of waves in shelf sea regions, including their6

inter- and intra-annual variability. Here, a recent decade (2012 − 2021) of7

waves is simulated at high-resolution in the Irish Sea – a region with much8

offshore energy infrastructure. The spectral wave model SWAN is forced9

with ERA5 wind fields. There is a strong seasonal cycle in wave height and10

power. In all months except for July, large waves (significant wave height11

greater than 5 m) can penetrate into the northern part of the Irish Sea, but12

the most energetic region is the Celtic Sea, where monthly mean wave power13

exceeds 30 kW/m in December. In this region, wave power strongly correlates14

with the North Atlantic Oscillation (NAO) from September to March. To15

investigate the potential for co-location, i.e. to reduce costs through shared16

infrastructure, wave and wind power were compared at a leased floating wind17

site in the Celtic Sea. Over the simulated decade, r2 ∼ 0.5, demonstrating18

modest potential for co-location of wind and wave energy technologies in this19

part of the Irish Sea – considerably less favourable than other sites in the20

North Atlantic that experience greater swell.21

Keywords: Spectral wave model, Wave energy resource, Climate,22

Variability, Uncertainty, International Electrotechnical Commission23

1. Introduction24

Understanding the spatiotemporal distribution of waves in shelf sea re-25

gions, including their seasonal and inter-annual variability, is important for26

a range of applications and sectors. Knowledge of long term trends in waves,27

for example the frequency and magnitude of extreme events, contributes to28
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our understanding of the impacts and mitigation of climate change [1, 2].29

Although tidal currents tend to dominate the transport of shelf sea sed-30

iments, particularly in sheltered regions, waves increase bed shear stress,31

enhancing sediment resuspension and enabling (enhancing) suspended sed-32

iment transport by weak (strong) tidal currents [3]. The contribution of33

waves to sediment dynamics can be used to assist mapping the evolution of34

sea bed sediment distribution over extended time periods – in some cases35

over thousands of years [4]. As well as affecting marine ecosystems and bio-36

diversity [5], waves affect many maritime activities such as transport and37

offshore energy. Further, and the focus of this study, waves can be directly38

exploited as a form of renewable energy conversion, and hence detailed infor-39

mation about their spatiotemporal distribution, including how wave power40

varies within and between years, is important for resource assessment and41

characterization [6, 7].42

This study focusses on the Irish Sea – a relatively shallow shelf sea en-43

vironment between Ireland and Great Britain. The Irish Sea experiences44

complex wave dynamics that are influenced by a combination of local and45

large-scale meteorological factors. Waves have played a critical role in shap-46

ing the Irish Sea since the Last Glacial Maximum [4], influencing sediment47

transport, erosion and deposition patterns [8]. The wave climate in the Irish48

Sea is influenced by a combination of factors, including prevailing wind pat-49

terns, storm tracks, and local variations in bathymetry/topography, leading50

to significant temporal and spatial variability in wave properties across the51

region. The waves in some regions of the Irish Sea interact with strong tidal52

currents [9] and large tidal ranges [10], further complicating their spatiotem-53

poral variability.54

Wave energy resource characterization, particularly at the early stages55

of project development, is generally performed using numerical models, val-56

idated at discrete points in the model domain against in situ datasets, typi-57

cally sourced from limited existing wave buoy observations [11]. Since phase58

resolving models are computationally expensive [12], such model assessments59

are based on (phase averaged) spectral wave models. Various popular third60

generation spectral wave models, such as WAVEWATCH III, SWAN and61

WAM, adopt a similar approach [13, 14]; however, one consideration between62

modelling frameworks is whether the grid is structured or unstructured, with63

the majority of wave models having both options available. In this study,64

since there is no focus on any particular region of the domain (as would65

occur if a proposed wave energy array at a known geographic location was66
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to be investigated), a structured (curvilinear) grid is appropriate, providing67

approximately consistent resolution throughout the study region. Resource68

assessments can include the theoretical and/or technical resource, with the69

latter applied once a technology type (or number of technology options) has70

been selected. In this study, the focus is on theoretical resource assessment71

(e.g. in units of available power per metre of wave crest, kW/m), since no72

past study has provided such an assessment for the Irish Sea. However, the73

outputs from the model, specifically significant wave height and energy wave74

period, allow for the subsequent calculation of device specific wave power,75

applying an available power matrix [15].76

While wave energy conversion holds promising potential to displace the77

combustion of fossil fuels, it faces substantial technological challenges, mak-78

ing wave energy one of the more expensive renewable energy technologies79

at present [16]. One way to reduce costs is to co-locate wave energy with80

other maritime industries (e.g. aquaculture; [17]) or offshore energy tech-81

nologies (e.g. offshore wind; [18]). In addition to reducing the costs for each82

technology, e.g. by sharing infrastructure, cabling and O&M programmes,83

the combination of multiple renewable energy conversion resources has the84

further advantage of providing a more balanced (aggregated) power output,85

provided there is low correlation between the resources [19]. Whereas such86

co-location potential has been demonstrated for other combinations of energy87

technologies that rely on weather such as wind and solar [20], wind and wave88

are more directly linked, since the wave climate relies on the wind climate.89

Therefore, weaker correlation between wind and wave is found on sites that90

are characterized by a substantial swell component, such as Lanzarote in the91

Atlantic [21] and the west coast of Ireland [19]. Areas such as the relatively92

enclosed (and hence less swell-dominated) North Sea have less potential for93

wind/wave co-location [18] since the waves tend to be in phase with the lo-94

cal wind. In this study (Section 4.4) the potential for co-location of wind95

and wave energy in the Irish Sea is investigated, since part of the region is96

relatively exposed to the North Atlantic.97

In this study, a modelling approach is used to understand the spatiotem-98

poral distribution of wave properties and theoretical wave power throughout99

the Irish Sea, and the potential for co-location with wind in the most ener-100

getic regions. Although various wave models that incorporate the Irish Sea101

have been developed at various spatial and temporal scales (e.g. [22, 23]),102

and these models are/were generally suited to their purpose, there are still103

a few areas that need to be addressed. One product that incorporates the104
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Irish Sea is the Atlantic-European North West Shelf-Wave Physics Reanal-105

ysis dataset1. This dataset is based on the WAVEWATCH III model [24],106

with a model resolution of 1/33 × 1/74◦ (approximately 1.5 km), forced by107

ECMWF ERA5 wind fields [25]. Although such a resolution can be use-108

ful for many applications, it does not facilitate the investigation of subtle109

spatial changes in wave climate, for example as required for micro-siting of110

wave energy convertors [26]. In addition, as few models are developed for111

the specific purposes of wave energy resource assessment, wave energy period112

is rarely output as a variable, nor is the full wave spectrum routinely used113

to calculate wave power. Finally, a recent decade needs to be investigated,114

improving on studies published over a decade ago that encompass the Irish115

sea (e.g. [27]). The methodology in this study adheres to the IEC (Interna-116

tional Electrotechnical Commission) Technical Specification 62600-101 [11],117

following a Class 2 (feasibility) resource assessment. A Class 2 resource as-118

sessment is the level of assessment conducted prior to undertaking a design119

level assessment.120

2. Study region – the Irish Sea121

The Irish Sea has overall dimensions of around 200×400 km. It connects122

to the Celtic Sea in the south through St. George’s Channel, and to the123

Malin Sea in the North through the North Channel (Fig. 1a). There are124

two large islands in the Irish Sea (the Isle of Man and Anglesey) along with125

numerous smaller islands. There is a deeper channel along the west of the126

Irish Sea, with shallower regions to the east such as Liverpool Bay. The127

deepest part of this main channel is 250 m (found in the North Channel),128

but typical depths are around 100 m. Water depths are generally 20− 40 m129

in the shallower regions to the east.130

The Irish Sea experiences some of the largest tidal ranges in the world,131

with a (mean) spring tidal range of 12 m at Avonmouth in the Severn Estuary.132

Tidal ranges are also large in Liverpool Bay (e.g. 10 m in Liverpool), but133

there are also regions in the west (Arklow – near Dublin) where tidal range134

is close to zero due to the presence of an amphidromic point [28]. Some135

regions are associated with very strong tidal currents, particularly where the136

currents flow around islands and headlands. Spring depth-averaged current137

1https://doi.org/10.48670/moi-00060
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Figure 1: Irish Sea. (a) Bathymtery in metres relative to mean sea level. Red circles
are locations of wave buoys used for model validation: 1=AFBI 038A, 2=Liverpool Bay,
3=Cardigan Bay, 4=Scarweather. IoM = Isle of Man. (b) Offshore agreements for wind
energy (op. = operational, pl. = planned), tidal stream energy, wave energy, and the ex-
traction of marine aggregates. The location of Erebus Floating Wind Demo is highlighted
in (b) as it is used for the co-location analysis presented in Section 4.4.

speeds exceed 2.5 m/s in the Skerries to the northwest of Anglesey [29] and138

in Ramsey Sound off the coast of Pembrokeshire [30].139

The Irish Sea is host to much offshore energy activity including present140

and future wind farms, planned tidal stream and tidal range projects, and141

wave energy arrays (Fig.1b). All tidal and wave projects are in the process142

of development, but 13 wind sites, covering 449 km2 of seabed, are currently143

operational. Many additional wind energy sites are at various stages of plan-144

ning, covering a further 3118 km2 of sea bed.145
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3. Methods146

The third-generation spectral wave model SWAN (Simulating WAves147

Nearshore) was used to simulate wave climates over the North Atlantic, and148

within the Irish Sea. SWAN is an Eulerian formulation of the discrete wave149

action balance equation [31]. The model is spectrally discrete in frequencies150

and directions, and the kinematic behaviour of the waves is described by151

the linear theory of gravity waves. SWAN accounts for wave generation by152

wind, non-linear wave-wave interactions, whitecapping, and the shallow wa-153

ter effects of bottom friction, refraction, shoaling, and depth-induced wave154

breaking.155

The evolution of the action density (N = E/σ) is governed by the wave156

action balance equation which, in spherical coordinates, is157

∂N

∂t
+
∂cλN

∂λ
+
∂cφN

∂φ
+
∂cσ N

∂σ
+
∂cθN

∂θ
=
Stot
σ

(1)

where E is spectral energy density, σ is angular frequency, θ is wave direction,158

cλ and cφ are the propagation velocities in the zonal (λ) and meridional (φ)159

directions, cσ and cθ are the propagation velocities in spectral space, and160

Stot represents the source terms, i.e. generation, dissipation, and non-linear161

wave-wave interactions.162

Version 41.31 of SWAN was run in third-generation mode, with Komen163

linear wave growth and whitecapping, and quadruplet wave-wave interac-164

tions. SWAN default formulations and coefficients were used for all of the165

physical processes.166

3.1. Data167

3.1.1. Wind data168

Wind data for model forcing was ERA5 – a reanalysis product generated169

by ECMWF [25]. 10 m components of wind speed (northward and eastward)170

were extracted 3-hourly over both model domains (outer North Atlantic and171

inner Irish Sea) at a spatial resolution of 1/4 × 1/4◦. For the co-location172

analysis presented in Section 4.4, wind speeds at 100 m height were extracted173

(to calculate wind power) as this is more consistent with the hub height of174

wind turbines.175

3.1.2. Bathymetry176

Bathymetry at both model scales was interpolated to the model grid177

points from GEBCO, available at a resolution of 15 arc-seconds.178
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Figure 2: Outer model domain of the North Atlantic wave model. Red box is nested (Irish
Sea) region.

3.1.3. Wave buoy data179

Wave data used for model validation was extracted from Cefas-Wavenet.180

The data was hourly, and two different years were used for the validation –181

2012 and 2020.182

3.2. Outer Atlantic model183

Initially, an outer model of the North Atlantic was run, extending from184

60◦W to 15◦E, and 40◦N to 70◦N (Fig. 2). This model has a spatial resolution185

of 1/6×1/6◦. Spectral (directional) resolution of this outer model was 8◦ (i.e.186

45 azimuthal directions). Discretized frequencies were in the range 0.04−2.0187

Hz, logarithmically distributed into 40 intervals. Three-hourly ERA5 wind188

fields were used to force this model, which was run for a full decade (2012-189

2021) at a time step of 15 minutes. Since the Irish Sea is sufficiently far190

from the boundary (Fig. 2), no boundary conditions were applied to the191

North Atlantic model. However, two-dimensional action density spectra were192

output every hour along the boundaries of the Irish Sea nested model at a193

resolution of 1/12× 1/12◦ – a suitable compromise between outer and inner194

model resolutions.195

3.3. Nested Irish Sea model196

The nested Irish Sea model extended from 7◦W to 2.7◦W, and 51◦N to197

56◦N (Fig. 1a). This model was developed on a curvilinear grid, with 516×198

1011 grid points (i.e. approximately a resolution of 1/120 × 1/202◦ – a199

resolution that is consistent with IEC Technical Specification 62600-101 for200

a Class 2 resource assessment [11]). The Irish Sea grid is described further201
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Station Lat Lon Year Useable (%) R2 RMSE (m) S.I. (%) Bias (m)
AFBI 038A 53◦47′.03N 5◦38′.20W 2020 100 0.939 0.241 20.44 -0.149
Liverpool Bay 53◦32′.00N 3◦21′.20W 2012 100 0.930 0.247 29.61 -0.173
Cardigan Bay 52◦26′.00N 4◦48′.00W 2020 98.8 0.948 0.262 17.46 -0.102
Scarweather 51◦26′.00N 3◦56′.00W 2012 100 0.884 0.239 20.01 -0.045

Table 1: Details of model validation for Hs. RMSE is the Root Mean Square Error, and
S.I. is Scatter Index.

in Lewis et al. [10]. The spectral resolution of this model was identical to202

the outer model of the North Atlantic. In addition to the boundary forcing203

from the outer model, the inner nest was also forced by three hourly ERA5204

wind fields. The Irish Sea model was again run for a decade (2012 − 2021)205

at a time step of 2 minutes. Model variables such as significant wave height206

(Hs), energy wave period (Te), and wave power (calculated using the full207

wave spectrum) were output at the model grid points every three hours.208

3.4. Validation209

The inner nested model was validated at four contrasting locations through-210

out the Irish Sea (Fig. 1a), using one year of hourly2 wave buoy data at each211

location. Two of the locations (Liverpool Bay and Scarweather) were vali-212

dated throughout 2012, and the other two locations (AFBI 038A and Cardi-213

gan Bay) throughout 2020. Agreement between the observations and model214

are plotted for Hs in Fig. 3, and further details of the validation are pro-215

vided in Table 1. The validation is an improvement on other, coarser, model216

studies that incorporate the study region, such as a 1/24 × 1/24◦ SWAN217

model of the NW European shelf, forced by ERA-Interim wind fields [27].218

For that model, the Hs error metrics calculated for the year 2005 in the mid-219

dle of the Irish Sea – approximately mid-way between the Cardigan Bay and220

AFBI 038A wave buoys – were RMSE=0.31 m, Scatter Index (S.I.)=25%,221

and Bias=-0.16 m.222

4. Results223

The results focus initially on the fundamental wave properties – Hs, Te224

and wave direction – before examining wave power. The results consider225

both intra- and inter-annual variability.226

2The hourly wave buoy data were interpolated to the three hourly model output.
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Figure 3: Validation of Hs over one year. Dashed orange line is x = y, and dashed grey is
line of best fit. Locations of observations shown on Fig. 1a.
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4.1. Wave height, period and direction227

The spatiotemporal distribution of Hs is shown as an annual cycle of228

monthly means averaged over all 10 years of simulation (Fig. 4). Given the229

location of the Irish Sea relative to the North Atlantic, there is a strong sea-230

sonal cycle of Hs, with more energetic autumn/winter months (January to231

March and October-December) compared to spring/summer months. Mini-232

mal wave energy propagates into the Irish Sea via the North Channel, but233

swell waves from the Atlantic penetrate from the south (through St. George’s234

Channel) as far as Anglesey, particularly when supplemented by local winds.235

The largest wave heights are experienced in the Celtic Sea, where the Febru-236

ary mean (for example) Hs is around 3 m. Examining the most energetic237

year within each month (Fig. 5), it is possible to experience large waves238

(maximum values of Hs exceeding 5 m) in the northern part of the Irish Sea239

under certain conditions in all months other than July. Examining Febru-240

ary 2014 in more detail, the atmospheric conditions that resulted in this241

energetic month consist of repeated low pressure systems generated in the242

Atlantic propagating across the UK (Fig. 6). Peak wind speed during this243

month was 32.5 m/s or 63 knots (4 February 2014 09:00). Some areas that244

are persistently sheltered from waves include the north Wales coast and the245

Severn Estuary (i.e. upstream of the Bristol Channel) – Fig. 5. To compare246

with a previous WAM modelling study that ecompasses the Irish Sea, the247

maximum value of Hs simulated by a WAM model in Liverpool Bay from248

1996− 2006 was 5.63 m (1997) [32] – comparable to the maximum values in249

this region calculated in the current study (Fig. 5).250

Energy wave period generally follows the distribution of wave heights251

(Fig. 7). Longer period (swell waves) are associated with more exposed252

locations close to the Celtic Sea, where monthly mean wave periods during253

winter months are around 8 s, reducing to around 5− 6 s in the summer. In254

the northern part of the Irish Sea, average wave periods are typically 4 − 5255

s at all times of the year.256

The mean and maximum Hs, Te and P 3 over the entire decade of simu-257

lation are shown in Fig. 8. In the Celtic Sea, the maximum wave height and258

period are around 10 m and 16 s, respectively. Applying259

Pdeep =
ρg2

64π
H2
sTe (2)

3Calculated using the full wave energy spectrum – see Section 4.2.
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Figure 4: Annual cycle of monthly mean significant wave height averaged over all 10 years
(climatological monthly wave height).

11



Figure 5: Most energetic years for each month of the year plotted as Hsig. For each month,
the most energetic year is given in brackets.
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Figure 6: Isobars of mean sea level pressure (in mbar) every 24 hours throughout February
2014 – the month with the largest wave heights over the simulated decade (Fig. 5).
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Figure 7: Annual cycle of monthly mean energy wave period (Te) and wave direction
(shown as unit vectors based on the direction of mean energy transport).
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Figure 8: Distribution of mean and peak Hs, Te and P over the entire decade of simulation.
P is directly output from the SWAN model, based on the full wave energy spectrum.

gives a wave power of around 800 kW/m, i.e. corresponding to the peak260

value in panel (f). Wave power is examined in more detail in the following261

sections.262

4.2. Wave power263

The components of wave power (i.e. wave energy flux) were evaluated264

internally by SWAN, using265

Pλ = ρg
∫ ∫

cλE(σ, θ)dσdθ (3)

and266

Pφ = ρg
∫ ∫

cφE(σ, θ)dσdθ (4)

The annual cycle of monthly mean wave power (i.e. climatological monthly267

wave power) is shown in Fig. 9. The distribution has much in common with268
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the distribution of Hs, but since wave power is a function of wave height269

squared (in addition to wave period), the regions of high wave power are270

more localized, particularly within the Celtic Sea. Again, there is a strong271

seasonal trend, with January, February and December (i.e. winter months)272

associated with high wave power. Wave power is minimal from months April273

to September.274

Uncertainty was calculated using275

uncertainty =
ts√
n

(5)

where s is the standard deviation, and t = 1.833 is Student’s t-value at a276

confidence level of 90% for n = 10 samples (i.e. 10 years). Uncertainty in277

monthly wave power is shown in Fig. 10, focussing only on the six most278

energetic months (January to March and October to December). The high-279

est uncertainty occurs during February, followed by December. Expressing280

uncertainty as a percentage of the mean, February stands out, followed by281

December.282

The decadal mean wave power over a large portion of the Irish Sea is283

relatively low – in the range 5 − 10 kW/m (Fig. 8c). This is similar to the284

wave energy resource that is found to the east of Orkney (i.e. the region that285

is sheltered from the North Atlantic) [6] and most of the Mediterranean [33].286

The mean winter resource in the majority of the Irish Sea rarely exceeds 20287

kW/m (Fig. 10), and so the main part of the Irish Sea is highly unlikely288

to support wave energy conversion beyond the testing of scaled prototypes.289

However, in common with previous, albeit coarser, model studies of wave290

power that encompass the Irish Sea (e.g. [27]), the most energetic region is291

the Celtic Sea. In this region, the decadal mean wave power is around 20292

kW/m (Fig. 8c), with typical winter means of 30−40 kW/m (Fig. 10). These293

values are comparable to the west coast of Orkney, at the location of the294

highly successful EMEC (European Marine Energy Centre) grid-connected295

wave energy test site [34]. It should be noted that instantaneous wave power296

can exceed 800 kW/m in the Celtic Sea (Fig. 8f), and so devices would297

require a survivability mode [35].298

4.3. North Atlantic Oscillation (NAO)299

Many studies have investigated the impacts of natural climate variabil-300

ity on regional or global ocean waves [36]. Key to these studies are climate301

indices such as the Arctic Oscillation (AO) and North Atlantic Oscillation302
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Figure 9: Annual cycle of monthly mean wave power averaged over all 10 years (climato-
logical monthly wave power).
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Figure 10: Monthly distribution of mean wave power, wave power uncertainty (90% confi-
dence), and uncertainty expressed as a percentage of mean wave power. Contour values on
the bottom panels show mean wave power (i.e. the same data represented in the top row
of subplots). Focus is only on the more energetic months (January–March and October–
December).
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(NAO). The NAO is a climatic phenomenon characterized by fluctuations303

in atmospheric pressure between the subtropical high over the Azores and304

the Icelandic Low [37]. The NAO exhibits variability over interannual and305

decadal timescales. Positive NAO phases are associated with stronger west-306

erly winds and milder winters in northern Europe, while negative phases are307

associated with weaker westerlies and colder winters. Previous studies have308

demonstrated that there is a strong correlation between the NAO and wave309

power in the North Atlantic [38] and in the waters to the north of Scotland310

[39]. If such a relationship is established for a region or location, this would311

allow trends in wave power to be explored over long time periods. This re-312

lationship is explored here for the most energetic region in the study area –313

the Celtic Sea.314

Wave power was averaged over the region 7◦W to 5◦W and 51◦N to 52◦N,315

capturing the Celtic Sea. Monthly mean wave power over this region was316

compared against monthly NAO values available from https://crudata.317

uea.ac.uk/cru/data/nao/ – an update of the dataset described by Jones318

et al. [40]. The correlation between NAO and monthly means is shown in319

Table 2. A threshold of r ≥ 0.5 was chosen to select only those times of the320

year when there was a relatively strong relationship between the monthly321

mean NAO and wave power; therefore only those months where r ≥ 0.5322

are highlighted in bold on the table, corresponding to the period September323

to March (including the January anomaly where r = 0.403). The relation-324

ship is not as strong as that reported in the north of Scotland by Mackay325

et al. – they observed a relatively strong and positive relationship over all326

months of the year. Here, the continuous period September to March was327

used to establish a trend between the NAO and monthly mean wave power328

(Fig. 11). The strength of the relationship over these months is r = 0.609329

(r2 = 0.371), increasing slightly to r = 0.623 (r2 = 0.389) if the January out-330

lier is removed. Therefore, during the months September through to March,331

higher (positive) NAO values, characterized by stronger westerlies (associ-332

ated with milder temperatures), results in higher wave power in the Celtic333

Sea. In contrast, lower (i.e. strongly negative) NAO values are characterized334

by weaker westerly winds (associated with colder temperatures), and hence335

reduced wave power in the Celtic Sea.336

4.4. Co-location337

By developing multiple renewable energy technologies at a single location338

(co-location) it could be possible to reduce variability in power output and339
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Month r
January 0.403
February 0.670
March 0.617
April 0.355
May -0.087
June 0.040
July -0.401
August -0.128
September 0.810
October 0.674
November 0.659
December 0.584

Table 2: Linear Pearson correlation coefficient (r) between monthly NAO and monthly
mean wave power averaged over the Celtic Sea (7◦W to 5◦W and 51◦N to 52◦N). Those
months with r ≥ 0.5 are highlighted in bold, but note that the continuous autumn-winter-
early spring period (September to March) was used for the analysis presented in Fig. 11.

Figure 11: Relationship between monthly NAO index and monthly mean wave power in
the Celtic Sea. The dashed trend line (r2 = 0.389) is based on months February, March,
September, October, November, December (filled blue circles) and January (open blue
circles). Other months are shown as red circles.
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reduce overall costs due to shared infrastructure [41]. However, regions are340

only candidates for co-location if there is a weak correlation between the341

two (or more) energy resources, otherwise there are no particular benefits in342

diversifying energy conversion technologies, particularly when one technology343

(e.g. wave) is considerably more expensive than the other (e.g. offshore344

wind). Co-location potential was investigated for the most energetic region345

in the study area – the Celtic Sea.346

The primary renewable energy technology in this region is likely to be347

offshore wind; therefore the detailed wind energy resource was examined at348

the Erebus Floating Wind Demo site in the Celtic Sea (Fig. 1b) and it was349

assumed that wave energy technology could at some stage be incorporated350

into this location. Only theoretical power was considered for both resources –351

the wave power was based on the full wave spectrum output from the SWAN352

model (Section 4.2), and the power density of wind was calculated using353

P

A
=

1

2
ρU3

100 (6)

where A is the swept area of the rotor, ρ is air density, and U100 is the354

instantaneous (3 hourly) wind speed 100 m above sea level (available as a355

variable directly from ERA5). Variability in power was considered over the356

entire decade of the wave simulations (2012 − 2021). Typical time series357

(where power is normalized by the maximum over the year) is shown for358

2012 (Fig. 12). In this sample time series, there are times when wind and359

wave are very clearly in phase (e.g. the large events around 3− 6 January),360

and time periods when wind and wave are out of phase (e.g. 26−27 January).361

Since both resources are seasonal, correlation coefficients were calculated for362

each month, capturing all 10 years of simulation over each calendar month363

(Table 3). The r2 is relatively consistent across all months, with a mean364

value of 0.502, but with perhaps more potential for co-location during the365

months of April (r2 = 0.393) and September (r2 = 0.421). Calculating the366

cross-correlation (Fig. 13), there is a lag of around 3 hours between wind367

and wave. Therefore, in the Celtic Sea region, there is moderate potential368

for co-location between wind and wave – much less so than other regions of369

the North Atlantic such as Lanzarote (Canary Islands) where the correlation370

coefficient is consistently low (r2 < 0.1) due to a strong swell component [21].371
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Figure 12: Time series of (normalized) theoretical wind and wave power at the Erebus
Floating Wind Demo site in the Celtic Sea during 2012.

Month r2

January 0.444
February 0.503
March 0.442
April 0.393
May 0.497
June 0.519
July 0.482
August 0.581
September 0.421
October 0.479
November 0.472
December 0.479
Entire record 0.502

Table 3: Correlation coefficient squared (r2) between wind and wave power at Erebus
Floating Wind Demo during each month (entire 10 year simulation).
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Figure 13: Cross-correlation between wind and wave power at Erebus Floating Wind
Demo over the entire 10 year simulation. The maximum correlation was found at −3 h,
demonstrating that in general peak wind power leads peak wave power by around 3 h.

5. Conclusions372

This model study has provided insights into the spatiotemporal distribu-373

tion and variability of wave properties and wave power in the Irish Sea, with374

a particular focus on the energetic Celtic Sea region. The results revealed a375

distinct seasonal pattern in wave properties, with larger waves and enhanced376

theoretical wave power during autumn and winter months, attributed to377

more energetic atmospheric conditions and swell waves propagating from the378

North Atlantic. The Celtic Sea is the most energetic region in the study379

area, with a mean December wave power that exceeds 30 kW/m.380

The study investigated the relationship between wave power and the381

North Atlantic Oscillation (NAO), which exhibited a relatively strong corre-382

lation during the period September to March. This relationship highlights383

the potential for using climatic indices like the NAO to predict long-term384

trends in wave power, facilitating strategic planning for renewable energy385

applications in regions such as the Celtic Sea.386

Examining co-location potential for renewable energy technologies, con-387

sidering wave and offshore wind, the Celtic Sea demonstrated moderate suit-388

ability due to a 3 h lag between wind and wave events. Although the potential389

for co-location was found to be less promising compared to other regions of390
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the North Atlantic, this finding could be useful for optimizing the renewable391

energy mix and reducing costs through shared infrastructure.392

Although the study is robust, there are a few ways that it could be im-393

proved, i.e. possible areas for future work. Although the priority was to394

simulate a recent decade, extending the analysis to a longer time period (e.g.395

several decades) would provide an understanding of how wave power in the396

Irish Sea has changed over time, for example as a result of climate change.397

The study focussed on the theoretical resource, but extending to the technical398

resource, particularly in the Celtic Sea, would further help developers con-399

verge on a particular technology type. Finally, the (1D and 2D) wave spectra400

output from the model could be examined in more detail – interesting ex-401

tensions could be spectral validation against wave buoys, and characterizing402

bi-modal sea states.403
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Sabater, J. Nicolas, C. Peubey, R. Radu, D. Schepers, et al., The ERA5495

global reanalysis, Quarterly Journal of the Royal Meteorological Society496

146 (730) (2020) 1999–2049.497

[26] B. Yang, S. Wu, H. Zhang, B. Liu, H. Shu, J. Shan, Y. Ren, W. Yao,498

Wave energy converter array layout optimization: A critical and com-499

prehensive overview, Renewable and Sustainable Energy Reviews 167500

(2022) 112668.501

[27] S. P. Neill, M. R. Hashemi, Wave power variability over the northwest502

European shelf seas, Applied Energy 106 (2013) 31–46.503

[28] H. E. Pelling, J. M. Green, S. L. Ward, Modelling tides and sea-level504

rise: to flood or not to flood, Ocean Modelling 63 (2013) 21–29.505

[29] P. E. Robins, S. P. Neill, M. J. Lewis, Impact of tidal-stream arrays in506

relation to the natural variability of sedimentary processes, Renewable507

Energy 72 (2014) 311–321.508

[30] I. Fairley, P. Evans, C. Wooldridge, M. Willis, I. Masters, Evaluation of509

tidal stream resource in a potential array area via direct measurements,510

Renewable Energy 57 (2013) 70–78.511

[31] N. Booij, R. C. Ris, L. H. Holthuijsen, A third-generation wave model512

for coastal regions: 1. model description and validation, Journal of Geo-513

physical Research: Oceans 104 (C4) (1999) 7649–7666.514

27



[32] J. M. Brown, A. J. Souza, J. Wolf, An 11-year validation of wave-surge515

modelling in the Irish Sea, using a nested POLCOMS-WAM modelling516

system, Ocean Modelling 33 (1-2) (2010) 118–128.517

[33] L. Liberti, A. Carillo, G. Sannino, Wave energy resource assessment in518

the Mediterranean, the Italian perspective, Renewable Energy 50 (2013)519

938–949.520

[34] S. P. Neill, A. Vögler, A. J. Goward-Brown, S. Baston, M. J. Lewis, P. A.521

Gillibrand, S. Waldman, D. K. Woolf, The wave and tidal resource of522

Scotland, Renewable Energy 114 (2017) 3–17.523

[35] F. Madhi, R. W. Yeung, On survivability of asymmetric wave-energy524

converters in extreme waves, Renewable Energy 119 (2018) 891–909.525

[36] J. Liu, A. Meucci, I. R. Young, A comparison of multiple approaches to526

study the modulation of ocean waves due to climate variability, Journal527

of Geophysical Research: Oceans 128 (9) (2023) e2023JC019843.528

[37] J. W. Hurrell, Decadal trends in the North Atlantic Oscillation: Re-529

gional temperatures and precipitation, Science 269 (5224) (1995) 676–530

679.531

[38] D. K. Woolf, P. Challenor, P. Cotton, Variability and predictability532

of the North Atlantic wave climate, Journal of Geophysical Research:533

Oceans 107 (C10) (2002) 9–1.534

[39] E. B. Mackay, A. S. Bahaj, P. G. Challenor, Uncertainty in wave energy535

resource assessment. part 2: Variability and predictability, Renewable536

Energy 35 (8) (2010) 1809–1819.537

[40] P. D. Jones, T. Jónsson, D. Wheeler, Extension to the North Atlantic538

Oscillation using early instrumental pressure observations from Gibral-539

tar and south-west Iceland, International Journal of Climatology: A540

Journal of the Royal Meteorological Society 17 (13) (1997) 1433–1450.541

[41] S. Astariz, C. Perez-Collazo, J. Abanades, G. Iglesias, Towards the op-542

timal design of a co-located wind-wave farm, Energy 84 (2015) 15–24.543

28


