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Executive summary  

Renewable energy project require long term climate information, offshore 
renewable energies in particular are in need of higher fidelity information as both 
power production, reliability and survivability rely on them. Existing open source 
datasets are too  coarse, and often do not have the suitable physics based solutions 
to resolve high fidelity areas.  

The deliverable offers an in -depth resource assessment for wind -wave -solar 
renewable energy resources along the European Atlantic region. The duration of 
information cover 1990 -2021 (including 2021), resulting in 32 years. This deliverable 
uses state of th e art high resolution data for wind and solar, and introduces the 
European Coasts High resolution Ocean WAVEs (ECHOWAVE) hindcast, a new 
open source database for wave conditions with superior accuracy. ECHOWAVE 
covers North Atlantic European waters within the coastal shelf, from intermediate 
to shallow water relative depths and is specially adjusted to improve the 
representation of sea states within the area of interest. This translates as a 
reduction of the uncertainties in the estimation of some of the mo st important 
wave parameters for wave energy applications.  

There is a clear overall difference in the mean significant wave height (Hs) between 
several regions. The 32 -years mean off the coasts of Portugal is of about 2.4 m, 
slightly higher than 2.6 m on the North -West coast of Spain and Brittany (France). 
A highe ɶ ʭǍʬǸ țǸȡȓțʌɾẏ ɃǸǍɅ ȡɾ ȒɐʔɅǱ ǍȺɐɅȓ ʌțǸ !ʌȺǍɅʌȡǪ ǪɐǍɾʌɾ ɐȒ uɶǸȺǍɅǱ ǍɅǱ ʌțǸ 
Ć©ṣ  ÿțǸ ɃǸǍɅ oɾ ȡɅ uɶǸȺǍɅǱ ȡɾ Ộᶱṣᶰ Ƀ Ǎʌ ǱȡɾʌǍɅǪǸɾ ȒɶɐɃ ʌțǸ ǪɐǍɾʌ ồ ᶰᶳ ȶɃ ṵȡɅ 
intermediate to deep waters > 80 m). Significantly smaller values are observed 
along the southern coast ɾ ɐȒ ʌțǸ ¸ɐɶʌț ñǸǍṞ ʭȡʌț ɃǸǍɅ oɾ Ộᶯṣᶲ Ƀ Ǎʌ ǱȡɾʌǍɅǪǸɾ 
ranging from 25 to 30 km offshore (depths of about 25 m). The 32 -years Tp mean 
peak wave period along the coasts of Portugal and Western Spain is 11 s. Similar 
values are found in the southern end of the  Bay of Biscay and only slightly shorter 
ɃǸǍɅ ɳǸǍȶ ɳǸɶȡɐǱɾ ɐȒ Ộᶯᶮṣᶶ ɾ ǍɶǸ ɐǩɾǸɶʬǸǱ ǍȺɐɅȓ ʌțǸ ǪɐǍɾʌɾ ɐȒ ʭǸɾʌǸɶɅ =ɶȡʌʌǍɅʳṣ 
Values of the Hs yearly mean can have a variability of ± 0.3 to ±0.5 m with respect 
to the 32 years mean, in average, along the North A tlantic European coasts 
(Portugal, Brittany, Ireland, and Scotland). Smaller oscillations of about ± 0.2 m are 
observed in the North Sea when comparing yearly wave heights mean with the 32 -
years bulk mean. For the peak periods, these oscillations are in ge neral < ± 0.4 s for 
all locations. ECHOWAVE allows to confidently evaluate the extreme conditions in 
the European Atlantic coastlines. The extreme return wave of 100 year period is 
close to 12 -15 m off the Portuguese coastlines,  15 -18 m in the Spanish Atl antic 
coastlines. Highest values are obtained off the coast of Ireland and Scotland with 
values 20 -25 m.  

The wind resource assessment based on a high resolution dataset from 1990 -2020, 
wind speed magnitudes range from 2 m/s to 10 m/s. More specifically for regions 
of interest Iberia coast, Ireland coast, and BeNeLux (Belgium, Netherlands, and 
Luxemburg) coast ɾ ʌțǸ ɃǸǍɅ ʭȡɅǱ ɾɳǸǸǱɾ ǍɶǸ Ộᶴ ɃṩɾṞ ᶯᶮ ɃṩɾṞ ǍɅǱ ᶶ ɃṩɾṞ ɐʬǸɶ ʌțǸ 
31 years. In terms of temperature decrease is observed as latitude increase. 
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However, temperatures in Ireland and Netherlands coasts are relatively warmer 
compared to the areas on the same latitude, which is attributed to the Gulf Stream. 
Over the interested regions, the mean temperatures are seen to be around 15 oC 
(Iberia) and 10  oC (Ireland and BeNeLux). The annual mean downward shortwave 
radiation flux at the surface is persistent throughout the 31 year dataset, in Iberia it 
is 200 W/m2, 125 W/m2 Ireland, and 100 W/m2 (BeNeLux).   
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1 High resolution wave dataset  

The wave resource characterization and wave energy flux analysis considered in 
the present document, is carried out using the 32 -years high resolution hindcast 
specially develop for this purpose. This wave dataset, which covers from 1990 to 
2021, is descri bed in -depth within report D6.6. Here, a brief description included to 
provide some context.  

The high resolution spectral wave model has been implemented, adjusted and 
validated for North Atlantic European waters using the WAVEWATCH III (WW3) 
modelling framework ( The WAVEWATCH III® Development Group, 2019) . The 
main aim of this implementation, is to generate a database adequate for the 
assessment of the available wave resource within intermediate to shallow water 
conditions. This includes properly capturing the transformation processes of the 
wave field in coastal environments, mainly, wave -current interactions, depth 
induced refraction, dissipation due to bottom friction. To develop this high quality 
wave dataset, special attention was paid to the nesting scheme, spatial and 
spectral resolution, forcing fie ȺǱɾ ȡɅǪȺʔǱǸǱṞ ǍɅǱ ʌțǸ ɳțʳɾȡǪǍȺ ɳǍɶǍɃǸʌǸɶȡʽǍʌȡɐɅɾẏ 
adjustments. In particular, to improve the modelled sea states characterization, 
within the European North Atlantic waters, a series of adjustments were applied to 
the wind -wave growth and swell dissipation  parameterizations (Ardhuin, et al., 
2010). These adjustments follow the analysis proposed in Alday et al. (Alday, 
Accensi, Ardhuin, & Dodet, 2021) . 

The model uses a multi -grid system with a 2 -way nesting scheme, which means 
that higher rank grids, in this case with higher resolution too, feed spectral 
information back to the lower rank grids (Chawla, et al., 2013; Tolman, 2008) . Three 
regular grids have been defined with increasing resolution: The base grid N_ATL -
15M with a spatial resolution of 0.25°, an intermediate grid for European waters 
(N_ATL-8M) with 0.125° resolution, and a coastal grid (EU_ATL -2M) with high spatial 
resolution of 0.03° (see Figure 1). Details of the spatial resolution and extension of 
each grid are presented in Table 1. 
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Figure 1: (a) Multi -grid nesting scheme adapted from Alday , et al. (2023) . (b) Detail of N_ATL -8M 
and EU_ATL -2M.  

Obs.: In blue, active nodes from N_ATL -15M. In cyan dashed lines the limits of N_ATL -8M, with its active nodes in 
green. Black lines show the limits of EU_ATL -2M, its active grid nodes in yellow. Computations are only perform 

on active grid nodes.  

 

Table 1: Model grids details.  

Grid Name  

Grid  

Rank  

 

Longitude  

[°]  

Latitude  

[°]  

Spatial 
resolution  

Min  Max  Min  Max  [°]  [m]  

N_ATL-15M 1 -99.5 50.0  0.25 80.0  0.25 18125,0 

N_ATL-8M  2 -21.0 64.0  31.0 64.0  0.125 9062,5  

EU_ATL-2M 3 -12.0 10.0 36.0 61.0 0.03  2175,0 

Obs.: Spatial resolution in m estimated for dx considering 1° as 72.5 km (at 50° latitude). Resolution in dy should 
be estimated using 1° = 111 km approx.  

2 Wave Energy Resource Assessment , the ECHOWAVE 
dataset  

In the present section, the wave climate and wave energy flux (pWave) 
characterizations are included. All computations are done using the modelled 
wave data from the EU_ATL -2M  high -resolution grid, which covers North Atlantic 
European waters within the coastal shelf, from intermediate to shallow water 
relative depths ( Figure 1, Table 1). 

One of the main advantages of the high resolution hindcast developed for the EU -
SCORES project, is that it is specially adjusted to improve the representation of sea 
states within the area of interest. This translates as a reduction of the uncertainties 
in  the estimation of some of the most important wave parameters for wave energy 

(a)  (b ) 
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applications. Additionally, the high resolution of the European Coast s H igh 
resolution Ocean WAV Es hindcast , know n from now on as ECHOWAVE , allows to 
better capture spatial variability of the wave field down to ~3 km offshore and 
minimum depths of about 20 m. This means that most areas of interest for the 
development of wave energy (or floating wind) projects, within the European North 
Atlant ic, are covered by the high resolution domain.  Which is unique and superior 
to existing wave datasets  

The following statistical parameters are used to characterized the wave climate 
and the wave energy flux: The mean ( Equation 1), the coefficient of variation 
(Equation 2), and percentiles 95 and 99 (P99, P95): 

Equation 1   ╜╔═╝╧ Ⱨ 
╝
В ╧░
╝
░  

Equation 2   ╒▫╥ 
Ɑ

Ⱨ
 

Equation 3   ╢╣╓╧ Ɑ
╝
В ╧░ Ⱨ╝
░  

In Equation 1 to Equation 3, X is the analysed variable and N the total amount of 
analysed data. More specific formulations (outside P99 and P95) are employed for 
the analysis of extreme wave conditions, and the estimation of operation time 
windows, these are described in sections 2.1.3 and 2.1.4 respectively.  

The wave climate characterization is presented in section 2.1, then the wave energy 
resource is analysed in section 2.2. Given the size of the high resolution fields output 
from the wave model, the analysis is divided in 2 zones: Portugal -Biscay and North 
of Europe. The latter includes the UK, North sea and the English Channel (La 
Manche).  

2.1 Wave climate characterization  

Characterization of the wave conditions within the modelled domain is done in 
terms of the significant wave height ( H s) and the peak period ( Tp). These 2 wave 
parameters are selected since they are widely used in many wave energy 
applications, from estimation of the wave energy flux to the construction of power 
matrices from wave energy converters.  

¶ɐɾʌ ɐȒ ʌțǸ ʭǍʬǸ țǸȡȓțʌɾẏ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾ ǱǸɾǪɶȡǩǸǱ ȡɅ ʌțȡɾ ɾǸǪʌȡɐɅ ɾțɐʔȺǱ ǩǸ 
considered representative reference value. In general within intermediate to 
shallow water depth (for example <30m) the local wave field characteristics are 
highly dependent on t he local bathymetry. This implies potential changes in the 
scales of a few kilometres.  

2.1.1 Mean wave characteristics for the 32 years dataset  ECHOWAVE  

First, an overview of the H s and Tp is presented with the 32 -years mean, which 
provides a general description of the expected values of these parameters within 
the analysed area.  
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There is a clear overall difference in the mean H s between Portugal and the Bay of 
Biscay, the UK Atlantic coasts and the North Sea. The 32 -years mean off the coasts 
of Portugal is of about 2.4 m, slightly higher than 2.6 m on the North -West coast of 
Spain and Brittany (France), and typically < 2 m within  the Bay of Biscay at depths 
around 30 to 40 m ( Figure 2ṣǍṶṣ ! țȡȓțǸɶ ʭǍʬǸ țǸȡȓțʌɾẏ ɃǸǍɅ ȡɾ ȒɐʔɅǱ ǍȺɐɅȓ ʌțǸ 
Atlantic coasts of  Ireland and  the UK. The mean H s in Ireland is typically ~3.2 m at 
distances from the coast > 25 km (in intermediate to deep waters > 80 m), similar 
values are found in The Hebrides Islands. Significantly smaller  values  are observed 
along the southern coasts of the North Sea ( Figure 2.b), with mean Hs of about 1.4 
m at distances ranging from 25 to 30 km offshore (depths of about 25 m).  

 

Figure 2: Significant wave height 32 -years mean. (a) Iberian Peninsula, Bay of Biscay (b) 
Ireland, UK and The North Sea . Using the EU_ATL -2M active nodes  which have 500 maximum 

depth as limiter.   

Obs.: black circles show the position of the locations detailed in Figure 4. 

In terms of the overall mean peak period, similar results are found on the western 
coasts of Europe, directly exposed to the storms and radiated swells from the North 
Atlantic. The 32 -years Tp mean along the coasts of Portugal (and west coast of 
Spain) is 11 s. Similar values are found in the southern end of the Bay of Biscay and 
only slightly shorter mean peak periods of ~10.8 s are observed along the coasts of 
western Brittany ( Figure 3.a).  

In fact this latter value is also found along the western costs of Ireland and 
Scottland ( Figure 3.b). Shorter peak periods are more common in those areas 
where the local winds are the main drivers of the sea states as it is the case of the 
Irish Sea and The North Sea ( Figure 3.b). An overall mean Tp of 7 s is characteristic 
within the southern coasts of the North Sea (e.g.; along the Dutch coast), with 
shorter values around 6 s found closer towards the English Channel.  
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Figure 3: Peak period 32 -years mean. (a) Iberian Peninsula  (b) Ireland, UK and The North Sea . 
Using the EU_ATL -2M active nodes which have 500 maximum depth as limiter.  

Obs.: black circles show the position of the locations detailed in Figure 4. 

 

ÿțǸɾǸ ẌǩʔȺȶẍ H s and Tp mean values provide a good description of the expected 
average wave conditions and its spatial variability. Nevertheless, it is still interesting 
to have an idea of the differences between yearly mean wave field conditions. In 
Figure 4 the time series of yearly mean H s and Tp is presented for 5 selected 
locations in Portugal, Britanny, Ireland, Scottland and The North Sea. The specific 
position of these locations is detailed in the maps from Figure 2 and Figure 3. 

Values of the Hs yearly mean can have a variability of ± 0.3 to ±0.5 m with respect 
to the 32 years mean, in average, along the North Atlantic European coasts 
(Portugal, Brittany, Ireland, and Scotland). Smaller oscillations of about ± 0.2 m are 
observed i n the North Sea when comparing yearly wave heights mean with the 32 -
years bulk mean. For the peak periods, these oscillations are in general < ± 0.4 s for 
all locations.  

The occurrence of yearly mean H s values particularly larger or smaller than the 32 -
years wave heights average can be observed in Figure 4ṣǍṣ ÿțɐɾǸ ɾɳǸǪȡȒȡǪ Ẍțȡȓțẍ ɐɶ 
ẌȺɐʭẍ ǸɅǸɶȓʳ ʳǸǍɶɾ Ǳɐ Ʌɐʌ ɅǸǪǸɾɾǍɶȡȺʳ ǪɐȡɅǪȡǱǸ Ȓɐɶ ǍȺȺ ᶳ ȺɐǪǍʌȡɐɅɾṞ ǩʔʌ ʌțǸɶǸ ǍɶǸ ɾɐɃǸ 
apparent trends that could be related to atmospheric oscillations. For example in 
1996 the mean H s for the location selected at Portugal (off the coast of Viana do 
Costello) is close to the total average, while in all the other 4 locations 1996 might 
ǩǸ ǪɐɅɾȡǱǸɶǸǱ Ǎ ẌȺɐʭ ǸɅǸɶȓʳẍ ʳǸǍɶṣ ÿțǸɅṞ ɾɐɃǸʌțȡɅȓ ɾȡɃȡȺǍɶ ȡɾ ɐǩɾǸɶʬǸǱ Ȓɐɶ ᶰᶮᶯᶮṣ 
ᶰᶮᶮᶰ ȡɾ ǪȺǸǍɶȺʳ Ǎ Ẍțȡȓț ǸɅǸɶȓʳẍ ʳǸǍɶ Ȓɐɶ æɐɶʌʔȓǍȺ ǍɅǱ =ɶȡʌʌǍɅʳṞ ʭțǸɶǸ ɐɅǸ ɐȒ ʌțǸ 
largest yearly mean Hs values are found for these locations. On the other hand, the 
ɾǍɃǸ ʳǸǍɶ ǪǍɅ ǩǸ ǪɐɅɾȡǱǸɶǸǱ Ǎɾ ẌȺɐʭ ǸɅǸɶȓʳẍ Ȓɐɶ ñǪɐʌȺǍɅǱṣ !ȓǍȡɅṞ Ǎ ɾȡɃȡȺǍɶ ɳǍʌʌǸɶɅ 
is observed for 2014.  
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Figure 4 : (a) H s and (b) T p  yearly mean values compare d  to the 32 -years mean.  

Obs.: Locations showed in maps from Figure 2 and Figure 3. Yellow rectangles in (a) highlight years 1996, 2002, 
2010 and 2014. Dashed black lines show the 32 -years mean of H s or Tp at each location.  
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2.1.2 Mean seasonal conditions  

The seasonal analysis provides further insights on the variability of the wave field 
characteristics throughout the year. This is done by estimating the mean H s and Tp 
values for winter (DJF), spring (MAM), summer (JJA), and autumn (SON) months. 
As presented in section 2.1.1, the analysis is done first for the average per season 
using the 32 years dataset. All wave height mean values provided for general areas, 
should be considered as a reference and not an absolute value since the wave 
height conditions will change locally depending on the interactions between wave 
fields and the bathymetric features (or/an d wave -current interactions). Analog to 
the information provided in Figure 4, the detail of the mean seasonal conditions 
per year, for H s and Tp ,are presented in Annex A, for the same specified locations 
included in Figure 4. 

At the coasts of Portugal and the Bay of Biscay the higher mean H s values are found 
during the winter months (DJF). Along the Portuguese coast, the DJF mean goes 
from ~3.3 m in deep waters till  depths of approximately 40 m, and decreases to ~2.5 
in shallower areas closer to the shore. At the North -West coast of Spain and 
Brittany in France, the DJF wave height mean is of about 3.6 m in deep waters. 
These values decrease in shallower areas as the wave fields interact wit h the sea 
bottom and refraction become s important, for example in Brittany, at 40 m depth 
the mean H s is closer to 2.6 m, similar to the DJF mean along the Bay of Biscay at 
50 to 40 m depth (see Figure 5, top left panel).  

ñȡɃȡȺǍɶ ǍɅǱ ẌɃȡȺǱǸɶẍ ɾǸǍ ɾʌǍʌǸ ǪɐɅǱȡʌȡɐɅɾ ǍɶǸ ȒɐʔɅǱ ǱʔɶȡɅȓ ɾɳɶȡɅȓ ṵ¶!¶Ṷ ǍɅǱ 
autumn (SON) months. In this case, along the coast of Portugal, the MAM and SON 
H s mean is of about ~2.4 m in deep waters down to 40 m depth, reducing to about 
2 in shallower areas closer to the coast (this depends on the local bathymetric 
features). Similar values are found in deep waters off the coast of Brittany in France, 
and in gen eral reducing to ~1.8 m for depth in the range of 80 to 60 m. Along most 
of the Bay of Biscay the MAM and SON bulk Hs mean ranges from 1.7 to 1.8 m at 
depth from 60 to 40 m depth. ( Figure 5, top and bottom right panels).  
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Figure 5: Hs 32-years seasonal mean for the Iberian Peninsula  and The Bay of Biscay.  Using the 
EU_ATL -2M active nodes which have 500 maximum depth as limiter.  

The lowest wave heights mean is found for summer months (JJA). Mean Hs values 
of ~1.7 m are observed off the coast of Portugal in deep waters, decreasing to 1.6 or 
1.5 m at depth of ~40 m. Similar mean values are found in deep waters along the 
North -West c oast of Spain and Brittany. Along most of the Bay of Biscay the JJA 
mean Hs ranges between 1.4 to 13 m at depths ranging from 40 to 60 m. ( Figure 5, 
bottom left panel).  

As expected, a similar behaviour to what is observed at Portugal and the Bay of 
Biscay, is found along the western coasts of Ireland and the UK, also exposed to the 
North Atlantic storms and swells travelling from far away. This implies higher wave 
heights during winter, smaller ones during autumn and spring, and the smallest 
H s mean during summer. On the other hand, a slightly different pattern can be 
seen within the North Sea ( Figure 6). 

The DJF H s mean is typically ~4.5 m between Ireland and The Hebrides at depths 
close to 150 m, and in average decreasing towards the coast to mean values < 3.5 
m at depths of about 60 m ( Figure 6, top left panel). Then, the wave heights mean 
decreases during MAM and SON, although the mean for SON is slightly higher than 
the one for MAM. The SON H s mean is close to 3.3 m between Ireland and The 
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Hebrides (3.0 m during MAM) at depths of 150 m. In average this mean decreases 
to 2.5 m for depths in the range of 60 to 80 m (similar during MAM; Figure 6, top 
and bottom right panels). Finally, during summer month (JJA) the mean Hs is close 
to 2 m at depths of 150 m between Ireland and The Hebrides, and in average 
decreasing to 1.7 or 1.8 m at depths of 60 to 80 m ( Figure 6, bottom left panel).  

At the North Sea, the  highest mean H s values are also found during winter (DJF), 
followed by SON, then MAM, and finally the smallest mean values are obtained for 
summer (JJA). In general along the Dutch and German coast the DJF mean is in 
the range of 1.8 to 2.0 m within depths of 25 to 35 m (Figure 6, top left panel). This 
values are progressively smaller towards the Belgian coast (~1.5 m). These values 
range between 1.4 to 1.7 m during SON for the Dutch and German coast (depths 
between 25 to 35 m) and 1.1. to 1.3 m within Belgian waters. For MAM the wave 
heights mean ranges between 1.2 to 1.4 m, and reducing to about 1 m within 
Belgian waters. Finally, JJA the 32 -years mean a long the Dutch and German coasts 
ranges from 1.0 to 1.2 m (in average) within depths of 25 to 35 m, and ranges 
approximately be tween 0.7 to 0.8 m off the Belgian coast.  

 

Figure 6: Hs 32-years seasonal mean for  Ireland, UK and The North Sea . 
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As for the mean seasonal wave heights, the mean peak periods at Portugal and the 
Bay of Biscay have their highest values (longer waves) during DJF, with similar 
shorter mean periods during MAM and SON, and the smallest mean values during 
JJA (Figure 7). The mean DJF Tp along Portugal is typically ~12.9 s reaching about 
13.1 s close to the shore. Smaller values are found at Brittany, the North -West coast 
of Spain and the Bay of Biscay, with mean Tp values of ~12.5 s going up to ~12.8 s (or 
higher) close to the shore (distances < 10 km; Figure 7 top left panel). During SON 
and MAM, the mean peak periods along Portugal are on average 11.25 s increasing 
towards the coast up to 11.5 s, these values decrease to ~11 s at Brittany, the North -
West coast of Spain and the Bay of Biscay, also reaching 11.5  s closer to the shore 
(Figure 7 top and bottom right panel).  

Finally, the mean Tp estimates for JJA range between 9 and 9.2 s along Portugal, 
with a slight increase towards the coast (distances < 10 km offshore) reaching 9.3 s 
average. On the North -West coast of Spain the JJA mean ranges from 8.9 to 9.2 s, 
with mean values between 9.1 to 9.4 s in Western Brittany and the Bay of Biscay 
(Figure 7, bottom right panel).  

 

Figure 7: Tp  32-years seasonal mean for Portugal and The Bay of Biscay.  
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Results for the seasonal mean peak periods in Ireland, the UK and the North Sea 
are presented in Figure 8. Along the western coasts of Ireland and The Hebrides, 
the DJF Tp mean typically ranges between 12.3 and 12.5 s. Higher values can be 
found closer to the shore reaching 13 s. At the North Sea more spatial variability is 
observed, with DJF mean peak periods of 6.9 to 8 s along the Dutch and German 
coasts and 6.5 to 7 s m ore common on the Belgian coast. ( Figure 8, top left panel).  

Very similar results are found for MAM and SON within the Atlantic coasts of the 
UK, and the North Sea. For these seasons, the mean Tp along the Irish and The 
Hebrides western coasts ranges from 10.7 to ~11 s, with some higher increases up 
to 11.5 s close to the shore. More homogeneous values are estimated along the 
Dutch and German coasts with mean values ranging from ~6.6 to ~7.0 s, an d mean 
periods ranging from 6.2 to 6 .8 s along the Belgian coast and closer to the English 
Channel. ( Figure 8, top and bottom right panels)  

 

Figure 8 : Tp  32-years seasonal mean for Ireland, UK and The North Sea . 
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2.1.3 Wave Extreme Value Analysis  

The extreme wave analysis is aimed to characterize first the highest wave heights 
(H s) obtained within the 32 -years hindcast. Then, using a probabilistic fit over a set 
of H s selected with a peaks over threshold (POT) analysis, the expected extreme 
wave height values are estimated for different return periods.  

2.1.3.1 Estimation of the highest wave hights  

Characterization of highest wave heights obtained in the 32 -ʳǸǍɶɾẏ ʌȡɃǸ ʭȡɅǱɐʭṞ ȡɾ 
done with the 95 th  and 99 th  percentiles (p95 and p99). These parameters give the 
wave height values that are exceeded , during severe storm conditions,  5% (p95) 
and 1% (p99) of the time.  Particularly, p99 gives a good idea of the maximum wave 
heights obtained at each location for the 32 -years dataset. Wave height percentiles 
p95 and p99 estimated for Portugal and the Bay of Biscay are presented in Figure 
9. The same results for Ireland, the UK and The North Sea in Figure 10. 

ÃȒȒɾțɐɶǸ æɐɶʌʔȓǍȺ ʌțǸ ʭǍʬǸ țǸȡȓțʌɾẏ ɳᶷᶳ ǍɅǱ ɳᶷᶷ ǍɶǸ ộᶲṣᶳ Ƀ ǍɅǱ ộᶴṣᶵ Ƀ 
respectively. These values decrease down to ~4 m in the case of p95 and ~5 m for 
p99 for depths typically <40 m. As seen before for the mean wave conditions, the 
highest H s are found along the North -East coast of Spain and western Brittany in 
France. Along the North -East coast of Spain the H s p95 is in average 5.3 m in deep 
waters and goes down to 4.6 m closer to the coast (depths <60 m). The p99 is about 
7.3 m in deep waters and decreasi ng to ~6.6 m close to the coast. In Western 
Brittany the p95 and p99 are respectively ~5.5 m and ~7.5 m for depths > 120 m. At 
depths of 60 to 50 m the p95 wave heights range from 4.0 to 4.7 m and the p99 
from ~6.5 to ~5.5 m (or less). Along the Bay of Bis cay the H s p95 is ~5 m for depth 
>80 m and the p99 is of the order of 7 m for the same depths (these values are 
smaller at the southern end of the bay) , See Figure 9. 

 

Figure 9: Hs 32-years (1990 to 2021) 95 th  percentile (a) and 99 th  percentile (b).  Portugal and Bay 
of Biscay.  
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Along the western coasts of Ireland the H s p95 and p99 is typically ~6.7 m and 8.9 
m respectively. In shallower depths (between 80 to 60 m) these values drop to 
about ~6.0 m (p95) and ~8.0 m (p99). Similar results are observed along the western 
coasts of The Hebrides, with clear a decrease of the highest wave heights towards 
the North coast of Scotland and the Orkneys. There, the p95 is of about 6.3 m and 
p99 close to 8.7 m (at depths between 100 to 80 m).  

fȡɅǍȺȺʳṞ ȡɅ ÿțǸ ¸ɐɶʌț ñǸǍṞ ʌțǸ ʭǍʬǸ țǸȡȓțʌɾẏ ɳᶷᶳ ǍȺɐɅȓ ʌțǸ EʔʌǪț ǪɐǍɾʌ ɶǍɅȓǸɾ 
between ~2.5 to ~3.2 m between depths of approximately 25 to 35 m. The p99 in 
the same area ranges between ~3.3 to ~4.0 m. Following the behaviour already 
observed in the mean wa ve conditions characterization, the extreme wave heights 
are also smaller towards the Belgian coast. Here the p95 ranges between ~1.5 to 
~2.5 m, and the p99 between ~2.2 to ~3.4 m (at depths between 20 to 30 m). (see 
Figure 70 ) 

 

Figure 10: Hs 32-years (1990 to 2021) 95 th  percentile (a) and 99 th  percentile (b). Ireland, UK The 
North Sea.  

 

2.1.3.2 Estimation of expected extreme wave height for different return periods  

The estimation of the expected extreme wave heights for different return periods 
is mainly aimed to provide reliable information for design conditions.  

fȡɶɾʌṞ Ǎ ɾǸȺǸǪʌȡɐɅ ɐȒ ʌțǸ ɾʌɐɶɃɾ ǪɐɅɾȡǱǸɶǸǱ ẌǸʲʌɶǸɃǸ ǸʬǸɅʌɾẍ ȡɾ ɳǸɶȒɐɶɃǸǱ Ȓɐɶ ǸǍǪț 
year of the wave hindcast. This selection is done based on the POT method applied 
to the time series of Hs at each grid node of the high resolution grid (EU_ATL -2M). 
In this case, the H s value corresponding to the p95 ( Figure 9.a and Figure 10.a) is 
used as the threshold to consider an event as extreme. Thus, the threshold applied 
to each grid node depends on its local wave conditions. From each group of wave 
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heights corresponding to an extreme event, the maximum value (the peak) is 
ɾǸȺǸǪʌǸǱṣ uɅ ʌțȡɾ ǪǍɾǸṞ ʌɐ ǸɅɾʔɶǸ ʌțǍʌ ǸǍǪț ʭǍʬǸ țǸȡȓțʌ ẌɳǸǍȶẍ ǪɐɶɶǸɾɳɐɅǱɾ ʌɐ ǍɅ 
independent (different) storm, a minimum time separation of 24 hours is imposed 
in the peaks selecti on.  

With the selected H s peaks from each identified extreme event, it is then required 
to apply a probabilistic fit of the wave heights samples. The selected cumulative 
probability distribution function is Weibull ( Equation 4), typically used to analyse 
extreme wave heights data (Goda, 2000) . The data fitting is done in two steps. A 
first guess of the shape ( k), scale (A) and location ( B) parameters is done using the 
maximum like method implemented in the weibull_min function from the spcipy 
computation library package (Virtanen, et al., 2020)  in Python (Van Rossum & 
Drake, 2009) . Subsequently , this first guess of k , A and B is used to start the iteration 
for the least squares fit between the extreme wave heights selection and the 
cumulative probability function, which gives the final set of Weibull parameters.  

Finally, to verify the suitability of the Weibull distribution with the obtained 
distribution parameters, a the Pearson correlation index (CORR, Equation 5) is 
computed using the unbiased plotting probability of the wave heights selected 
(Equation 6), with the cumulative probability function. A minimum value of CORR 
of 0.95 was imposed to ensure that the distribution fit is well suited for the 
estimation of extreme wave heights related to a given return period. All locations 
with CORR <0.95 are not c onsidered in the analysis (a few cases in very shallow 
waters , depth <15). This helps to reduce the potential over estimation of the 
extreme H s.  

Equation 4    ╕● ▄●▬
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were     ɻ πȢς πȢςχȾЍË   and ɼ πȢς πȢςσȾЍË 1 

In Equation 3 (the Weibull cumulative probability function), x  is the significant 
wave height, k  is the shape parameter, A  the scale parameter and B  the location 
parameter. In Equation 5, ╧ is the Weibull cumulative probability and ╨= &Í -1, the 
un biased plotting probability ( Equation 6) of the H s selected with the POT method. 
In Equation 6, m  are each one of the N extreme H s values sorted from minimum to 
maximum. In this case NT=N ǩǸǪǍʔɾǸ Ʌɐ Ẍɾʔǩ ȓɶɐʔɳẍ ɐȒ ǸʲʌɶǸɃǸ ʭǍʬǸ țǸȡȓțʌɾ țǍɾ 
been selected form the initial population defined with POT (otherwise, N< NT). 

 
 

1 Equation 6 and its parameters have been take from equation 11.14 and table 11.2 from Goda (2000).  
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The CORR results for the probability distribution fit at each grid node in EU_ATL -
2M is presented in Figure 11. In most areas the CORR values are >0.998, which 
implies that the selected k , A and B  parameters properly describe the extreme 
waves distribution at each location.  

 

Figure 11: Weibull probability distribution fit correlation ( ╕●, ╕□ ) for (a) Portugal and Bay of 
Biscay, and (b) Ireland, UK and The North Sea.  

With the probability distribution function defined, it is possible to estimate the 
expected extreme wave height ( HR) for a storm of a certain return period R with 
the following expression:  

Equation 7   ╗╡ ║ ═◐╡ 

where B and A are the Weibull parameters obtained fr om the best fitting , and y r is 
the so called reduced variable. For the Weibull distribution, this reduced variable 
has the following expression:  

Equation 8   ◐╡ ■▪ⱦ╡ Ⱦ▓ 

with     ʇ .Ⱦ+ 

where k  is the Weibull shape parameter, N the total amount of Hs values selected 
with the POT method and K is the total amount of analysed years.  

One must consider the intrinsic variability of the return value HR at every return 
period R considered. This variability range is  largely  related to the sampling 
method and the effects of the variability in the data population used to estimate 
the probability distribution fit. For practical cases, a normal distribution of the 
return value is assumed (Goda, 2000) , which helps to define the upper and lower 
bounds. Thus, the 90% confidence interval is set as the range ± 1.645 times the 
standard deviation around the estimate of the return value ( HR). 

The standard deviation of H r for each return period can be expressed with the 
following empirical formula:  
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Equation 9   Ɑ╗╡ Ɑ◑Ɑ● 

where ůx is the standard deviation of the extreme H s sample, and ůz is the standard 
deviation of the reduced variable ( Equation 8) given by:  

Equation 10   Ɑ◑ Ȣ ╪◐╡ ╬ ♪■▪ⱳ ȢȾЍ╝ 

and where the constant a  is computed as follows:  

Equation 11   ╪ ╪▄●▬╪╝ Ȣ ⱥ ■▪ⱳ  

Then, the rest of the constants from Equation 10 and Equation 11 are interpolated 
between the tabulated values from Table 2 depending on the value of the Weibull 
shape parameter k. 

Table 2: Constans for the standard deviation of the return value.  

Weibu ll (k)  a 1 a 2 ʆ c ♪ 

0.75 1.65 11.4 -0.63 0 1.15 

1.0 1.92 11.4 0 0.3 0.90  

1.4 2.05 11.4 0.69  0.4  0.72 

2.0 2.24 11.4 1.34 0.5 0.54  

Obs.: Adapted from Table 11.11 in  Goda (2000).  

 

Following this method, the extreme wave height values ( HR) and the 
corresponding 90% confidence intervals , for return periods ( R) of 10, 25, 50, 75 and 
100 years were computed. Results are presented from Figure 12 to Figure 15.  

To provide an idea of the extreme wave height obtained, for the selected return 
periods in different areas, the HR v/s R curves (and the 90% confidence interval 
bounds) at the same locations from Figure 4 are presented in Figure 16. Here the 
differences of the estimated return value are notorious, with HR (100) close to 14 m 
off the coasts of Viana do Castelo in Portugal and ~18.5 m in Western Brittany 
(France). Then, higher values are obtained off the coast of Doonbeg (Ireland) and 
the Orkneys (Scotland) with HR(100) of ~24.8 m and 21.0 m respectively. In contrast, 
but also expected, smaller extreme wave height values are found in the North Sea 
(Dutch waters), where the HR for 100 years return period is close to 6.4 m.  

Although outside the scopes of this study, it is important to highlight that, there is 
a difference between the significant wave heights and the maximum estimated 
wave height ( Hmax ) from the same sea state. In general, the ratio Hmax /H s is assumed 
to be close to ~1.8, which is a reasonable approximation (Holthuijsen, 2010; Goda, 
2000) . Nevertheless, in highly energetic locations (as the west coast of Ireland, or 
Portuguese waters) this ratio can be >2.4 during extreme events, and depending 
on the local distribution of waves (Oliveira, Neves, Fidalgo, & Esteves, 2018) . In the 
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present section all the analysis of extreme wave heights has been done in terms of 
H s, thus, the estimation of the Hmax , for design purposes, should be carried out 
carefully depending on the analysed location.  

 

Figure 12: Expected extreme significant wave heigh return value ( HR) for 10, 25, 50, 75, and 100 
years return periods. Portugal and Bay of Biscay.  
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Figure 13: Upper and lower confidence bounds from the 90% confidence interval (for each H R 
return value in Figure 12). Portugal and Bay of Biscay.  
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Figure 14: Expected extreme significant wave heigh return value ( HR) for 10, 25, 50, 75, and 100 
years return periods. Ireland, UK and The North Sea.  
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Figure 15: Upper and lower confidence bounds from the 90% confidence interval (for each H R 
return value in Figure 14). Ireland UK and The North Sea . 
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Figure 16: Return value H R and 90% confidence interval bounds.  

Obs.: Lower bound of the 90% confidence interval in blue. Upper bound of the 90% confidence interval in red.  

2.1.4 Operation ti m e windows  

ÿțǸ ɾʌʔǱʳ ɐȒ ʌțǸ ɐɳǸɶǍʌȡɐɅ ʌȡɃǸ ʭȡɅǱɐʭɾ ɐɶ ẌʭǸǍʌțǸɶ ʭȡɅǱɐʭɾẍṞ ȡɾ ǍȡɃǸǱ ʌɐ ǱǸȒȡɅǸ 
the probability of having H s smaller than a certain threshold Hac  continuously for a 
defined amount of hours T. Thus, the definition of the weather windows is expected 
to be of use to assess the time availability for access to deployment or maintenance 
at potential sites of interest.  

The proposed analysis is based on the NMI method (Kuwashima & Hogben, 1986; 
Kato & Nobuoka, 1996)  for estimating wave persistence statistics, which has been 
included in the EquiMar guidelines for analysing  site accessibility (Stallard, Dhedin, 
Saviot, & Noguera, 2010) . The followed steps are briefly explained here using a 30 -
year time series of Hs from a randomly selected point offshore Ireland  (section 
2.1.4.1). Then, the obtained results for the complete high resolution domain 
(EU_ATL-2M grid) are presented  in section 2.1.4.2. 

2.1.4.1 Method  

As done for the estimation of extreme waves, the first step is to find the best fit of 
a time series of H s to a Weibull distribution using the same procedure described in 
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2.1.3.2. An initial estimation of the Weibull 3 parameters is done using the maximum 
likelihood method. Then, these parameters are used as the seed value for the least 
squared method which gives the final shape, location (or position) and scale 
parameters. To avo id confusion with the defined variables in previous sections, the 
Weibull probability of exceedance function is re -written as follows:  

Equation 12   ╟╗▼ ╗╪╬ ▄●▬
╗╪╬●▫

╫

▓
 

Equation 12 describes then the probability of occurrence of H s to be smaller than a 
certain threshold Hac . Here, xo is the location parameter, b  the scale  parameter, and 
k  the shape parameter.  An example of the probability function fitting results is 
presented in Figure 17.  

 

Figure 17: (a) Wave height Probability of exceedance from Weibull best fit and from modelled 
time series. (b) wave height density probability distribution from modelled time series and 

Weibull fit.  

Obs.: Analysed period is from 1992 to 2021 (30 years). On (b) is possible to see the high correlation (CORR) 
between the modelled data distribution and the Weibull fit  (black  lines ). 

 

Considering the average number of hours per year as D  = 8760, the aggregate 
annual period for which the significant wave height is smaller than a given 
threshold Hac can be estimated as follows:  

Equation 13   Ⱳ■ ╓Ͻ╟╗▼ ╗╪╬ 

† ȡɅǪȺʔǱǸɾ ǍȺȺ ʌțǸ ȡɅǱȡʬȡǱʔǍȺ ẌǸʬǸɅʌɾẍṞ ʭȡʌț ǱȡȒȒǸɶǸɅʌ ǱʔɶǍʌȡɐɅɾṞ ʌțɶɐʔȓțɐʔʌ ʌțǸ 
analysed period D (in this case a year), when H s is < Hac. As shown in Figure 17.a, for 
the analysed location, †ốᶱᶵᶯᶰṣᶳ țɐʔɶɾ Ȓɐɶ ǍɅ ẌǍǪǪǸɾɾẍ ɾȡȓɅȡȒȡǪǍɅʌ ʭǍʬǸ țǸȡȓțʌ Hac  = 
2 m.  

The mean duration of these events during which the defined Hac  is not exceeded 
(† ), is related to the Weibull distribution parameters:  
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Equation 14   Ⱳ╪╬
╟╗▼ ╗╪╬

╟╗▼ ╗╪╬

═

■▪╟╗▼ ╗╪╬
♫
 

with:  

Equation 15   ═ ȾЍ♬ 

Equation 16   ♫ Ȣ♬Ȣ  

Equation 17   ♬ ▓
Ȣ●▫

╗ ●▫
 

Equation 18   ╫ Ⱦ▓ ●▫ 

where xo, b  and k  are the Weibull coefficients.  

An example of the behaviour of †  as a function of Hac , for the analysed location, is 
presented in Figure 18. Notice that, at this site, the mean duration of a period where 
H s is < Hac=2 m is †  = 28.96 hours.  

 

Figure 18: Mean duration of periods where H s is < H ac . 

Obs.: Analysed period is from 1992 to 2021 (30 years). Same location specified in Figure 17. 

 

fȡɅǍȺȺʳṞ ȡʌ ȡɾ ǍȺɾɐ ɳɐɾɾȡǩȺǸ ʌɐ ǱǸȒȡɅǸ ʌțǸ ǱȡɾʌɶȡǩʔʌȡɐɅ ɐȒ ʌțǸ ǱʔɶǍʌȡɐɅ ɐȒ ẌǍǪǪǸɾɾȡǩȺǸ 
ʌȡɃǸ ʭȡɅǱɐʭɾẍ ȡɅ ʌǸɶɃɾ ɐȒ ʌțǸ ğǸȡǩʔȺȺ ɳǍɶǍɃǸʌǸɶɾ ɐǩʌǍȡɅǸǱ Ȓɐɶ ǸǍǪț ɾɳǸǪȡȒȡǪ ɾȡʌǸ 
(Kuwashima & Hogben, 1986) . The probability to have wave condition s with  H s < Hac 
that persist for a normalised duration Xi (Q(Xi>Xac)) can be defined as:  

Equation 19   ╠╧░ ╧╪╬ ▄●▬╒╧░
♪  

where the parameters C and  h are obtained with the xo, b  and k  Weibull 
coefficients:  

Equation 20    ╒╪╬ ♪╪╬

♪╪╬
 (◔ is the Gamma function)  
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Equation 21   ♪╪╬ Ȣ ♬
╗╪╬

╗

Ȣ
 

and with the normalized duration of an accessible period defined  as: 

Equation 22   ╧░ Ⱳ░ȾⱲ╪╬ 

Then, the number of occurrences of continuous time windows of duration  †Ὥ during 
which the wave height ( H s) remains < Hac is given by:  

Equation 23   ╝░
╠ ╟╓

Ⱳ░
 

Finally, the cumulative probability to have H s < Hac for a duration † †  can be 
expressed as follows:  

Equation 24    ╡░ ╓
ВⱲ░╝░ 

An example of the results obtained with the explained steps is presented in Figure 
19.a where the probability of occurrence of Q(Xi>Xac) is plotted as function of †Ὥ
ὢὭ†ὥὧ for different Hac values. Note that from this figure, it is possible to estimate the 
number of occurrences of continuous periods of duration †Ὥ (with in a year in this 
example)  where the wave height ( H s) remains < Hac. This is possible using Equation 
23 (Figure 19.b). 

 

Figure 19: : (a) Yearly probability of occurrence of continuous time windows with H s < H ac . (b) 
Yearly estimated number of events with time windows of duration Ⱳ░ with H s < H ac . 

Obs.: Analysed period is from 1992 to 2021 (30 years). Same location specified in Figure 17. 

 

2.1.4.2 Operation (weather) time windows general characteristics  

The wave height threshold ( Hac) to define the access time windows is directly 
related to the operation requirements on site, including vessel type and safety 
conditions. These requirements are exclusive of each particular project (e.g.; 
deployment, maintenance). Here, a general descrip tion of the operation windows 
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is given assuming a general Hac threshold of 2 m for the complete analysed domain. 
All the analysis was done using 30 years of H s for the probabilistic fit.  

The yearly mean duration of periods where H s < Hac is presented in Figure 20. Then, 
the joint probability of occurrence Q of H s < Hac to persist for a continuous time †Ὥ
ὢὭ†ὥὧ of 6, 9 and 12 hrs is presented in Figure 21. 

 

Figure 20 : Estimated yearly  Ⱳ╪╬, mean duration of periods with H s < H ac =2 m.  

Obs.: Dashed black lines show the 100 m depth contours, dashed white lines the 50 m depth contours. Colorbar 
shows †  in hours.  
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Figure 21: Estimated yearly prob. of occurrence Q of H s < H ac =2 m for continuous time windows 
of 6, 9 and 12 hrs (top, mid and bottom panels respectively). (a) Portugal and Bay of Biscay, (b) 

Ireland, UK and North Sea.  

Obs.: Dashed black lines show the 100 m depth contours, dashed white lines the 50 m depth contours.  

  




















































































