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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.  

While for power production different datasets may be needed wind speeds, solar 
radiation, ambient temperature, metocean conditions, the common thread is that 
all information provided by often open source free dataset carry large deviations 
that can be cata strophic or under -estimate power production significantly.  

This deliverable aims to bridge the gap and offer the EU -SCORES project three 
custom models wind, solar, wave and are then used for ultra high -fidelity 
assessment (sub 500m). The physical parametrisation are specifically calibrated 
with the need of EU -SCORES, and the models are intensively validated against in -
situ and satellite information. This report describes the different models used for 
the construction of the open -source databases for wind -wave -solar information, 
from 1990 -2021. All models have been developed, calibrated and validated against 
in -situ measurements, providing with the uncertainty levels for the hindcasts.  

The physics behind the wave model were specifically tuned for the Atlantic region 
and considered, winds, surface currents, tidal levels& currents, ice concentration 
and coastal orography. The validation against satellite significant wave height (H m0 ) 
overall showed that the wave hindcast ECHOWAVE, achieved a normalised mean 
bias 0 -4%, a scatter index (SI) Ộ10%, with large waves >10 m having a difference Ộᶴụ 
in the coastal shelf. Validation with Hm0 buoy data in shallow coastal locations 
showed enhanced perf ormance, when compared to open source datasets, for 
Ƀɐɾʌ ȺɐǪǍʌȡɐɅɾ ʌțǸɶǸ ȡɾ Ǎ ɾɃǍȺȺ ɳɐɾȡʌȡʬǸ ǩȡǍɾ ɐȒ Ộᶮṣᶯ-0.2 m and a SI Ộ10-12%, proving 
that the physical parametrisation in ECHOWAVE produce reliable data. Similarly 
for the peak wave period ( Tp) at  several locations and years, the bias is slightly over -
estimated Ộ-ɳ3 sec and with SI Ộ12-20%. 

For the wind model the parametrisations were adjusted considering Terrestrial 
Data, Meteorological Gridded Data, and Observational Data  that allowed to 
simulate phenomena such as Low Level Jets much better than expected. The 
boundary information used a state -of -the -at 5 Km climate input, that allowed to 
efficiently reach the 500m desired resolution, resolving the physical aspects better. 
Unlike wave buoy data, wind mast long -term conditions in the offshore regions are 
rare. The validation of the models used  a mix of wind mast and wind power 
produced data (where available), and ERA5 to have a direct comparison.  With 
regards to wind at all the different regions our model showed only a slight under -
estimation of Ộ0.2-0.7 m/s,  inline closer to observation, while the ERA5 dataset 
showed a large under -estimation Ộ2-4 m/. In addition, our models manage to 
represent wind speeds >13m/s much better than ERA5. In terms of power 
production, our custom model replicated impacts of Low Level Jets better than 
with only sli ght over -estimated 200MW. ERA5 missed the impact on power 
production, over -estimating by 600 MW.  
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For the solar model, a special module extending the capabilities of the atmospheric 
model was employed, as in line with international literature. For the EU -SCORES 
database cloud effects on shortwave radiation is activated, as well as convection. 
Similarly , offshore solar measurements are rare, but in -situ buoys data of 
atmospheric conditions were used to validate the model such as air temperature, 
and also cross compared with ERA5. Across all the different high fidelity regions 
our built data have a higher  correlation Ộ97-99%, a SI 7-9%, and negligible biases 
0.1-0.3 Celcius.   
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1 Wave Energy Resource Assessment  
1.1 Limitations of Existing Wave Databases  

One of the main sources of uncertainty in the estimation of the available wave 
power, is related to the accuracy of the used data.  This is the main reason why the 
creation and usage of a dataset specially adjusted and validated is the first step to 
properly develop a wave energy resource assessment.  

Currently  there are s everal global reanalysis or hindcasts available  to the scientific 
and engineering community  (Alday, Accensi, Ardhuin, & Dodet, 2021; Accensi, et al., 
2021; Hersbach H. a. -S., 2020; Rascle & Ardhuin, 2013; Chawla, Spindler, & Tolman, 
Validation of a thirty year wave hindcast using the Climate Forecast System 
Reanalysis winds, 2013) . These datasets provide extensive spatial and temporal 
coverage. They represent a useful source to draw an initial mapping of the wave 
resource, but there are some important limitations to consider when interpreting 
the results of an analysis based on these data sources.  

The first, and probably most obvious limitation  when it comes to global models,  is 
the spatial resolution, typically ranging from 0.5° to 0.25° (~0.3° in the case of the 
ERA5 wave product), which is equivalent to ~55 km to ~27 km. Thus, it could be 
ȓǸɅǸɶǍȺȡʽǸǱ ʌțǍʌ ʌțǸ ǪȺɐɾǸɾʌ ɐʔʌɳʔʌ ȒɶɐɃ ʌțǸ ɃɐǱǸȺɾẏ ȓɶȡǱǱǸǱ ǱǍʌǍ ȡɾ Ǎǩɐʔʌ ᶰᶮ ʌɐ 
30 km  offshore. In most cases this corresponds to deep water conditions, where 
wave propagation is not affected by interactions with the surrounding bathymetry.  
Additionally, the mai n objectives behind th ese different datasets are different . 
W hich implies that specific attention is paid to a wide range of elements , ranging 
from temporal and spatial resolution to wave breaking and its effect in ocean -
atmosphere gas exchange.  

In this section, the implementation, adjustment and validation of a high resolution 
wave hindcast specially developed for the European North Atlantic coasts is 
presented.  

1.2 High resolution wave model for European coasts  

A high resolution spectral wave model has been implemented, adjusted and 
validated for North Atlantic European waters using the WAVEWATCH III 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. To 
achieve this, the following steps have been considered:  

1. Selection of the bathymetry and forcing fields sources.  
2. Definition of the model nesting scheme and discretization (spatial and 

spectral).  
3. Adjustment of the physical parameterizations to improve performance of 
ʌțǸ ɾǸǍ ɾʌǍʌǸɾẏ ɾȡɃʔȺǍʌȡɐɅɾṣ 

4. Validation of the generated sea states with altimeter and bu oy data.  

It is important to highlight that the generation of a high quality wave dataset for a 
ɾɳǸǪȡȒȡǪ ǪɐǍɾʌǍȺ ɶǸȓȡɐɅṞ ɾʌǍɶʌɾ ǩʳ ǍɾɾǸɾɾȡɅȓ ʌțǸ ɾǸǍ ɾʌǍʌǸɾẏ ǪțǍɶǍǪʌǸɶȡɾʌȡǪɾ ȡɅ ɐɳǸɅ 
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ocean (or deep waters) conditions. Which is why the adjustments of physical 
parameterizations at basin scale is key is so important, especially in a nesting 
scheme where boundary conditions are first defined in deep waters. The local wave 
climate, and thus  the quantification of the wave resource, in coasts exposed to the 
North Atlantic swells (e.g.; Portugal, Ireland and Northern Scotland) are the most 
affected by the quality of the boundary conditions used (Alday, Ardhuin, Dodet, & 
Accensi, 2022) . 

In the following sections, details on the wave model setup, adjustments and 
validation of the 32 years (1990 to 2021) generated dataset , ECHOWAVE  (European 
Coasts H igh resolution Ocean WAVE s), are provided.  

The total required time to generate the ECHOWAVE dataset was ~4000 hrs of cpu 
usage. In average 1 year required a total of 432 cores  (normally distributed in 9 hpc 
nodes ). 

1.2.1 The WAVEWATCH III model  
WAVEWATCH III (from hereon WW3) is a third generation wave model originally 
developed at the US National Centers for Environmental Prediction (NOAA/NCEP), 
based on the initial work from  Hendrik Tolman (Tolman, 1991; Tolman, 1992) . To date, 
as the core of a modelling framework community, the model include s the latest 
developments in the field of wind -wave modelling dynamics, including processes 
of generation, propagation and different sources of dissipation.  

WW3  solves the spectral action density balance equation, with the assumption 
that water depth, currents, as well as the wave field vary on time and space scales 
that are much larger than a single wave length or period . Physical processes in the 
governing equation are incorporated as Ẍsource terms ẍ which include 
parameterizations for: Wave growth due to the action of the wind, different forms 
to account for nonlinear wave to wave interactions and wave evolution, scattering 
caused by wave -bottom interactions, bottom friction, triad wave interactions, and 
dissipation effects due to whitecapping, depth induced breaking, and interactions 
with mud and ice.  

The wave governing equation is solved in terms of the wave action ( N(k, )̒) because 
in general, the wave action is conserved. In cartesian coordinates the wave action 
balance equation is expressed as follows:  

Equation 1   ╓╝▓ȟⱣ
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where N  is the wave action, E the wave directional spectrum. ů is the relative (or 
intrinsic) radian frequency observed from a reference frame that moves with the 
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mean current and ʖ is the absolute wave frequency observed from a fixed frame 
of reference.  T is the wave period, d the mean depth, k  is the wave number vector, 
and U the mean current vector depth and time averaged over the scale of 
individual waves. Then, cg  = (cgcos( )̒,cgsin( )̒) is the wave group celerity vector, s a 
local coordinate in the direction of ʃ and m  a local coordinate perpendicular to s. 

In Equation 1, the quasi -uniform linear wave theory is used considering slowly 
varying currents and depth changes. Thus, the following expression for the 
dispersion relation ( Equation 2) and Doppler shift effect ( Equation 3): 

Equation 2   Ɑ ▌▓ ◄╪▪▐ ▓▀ 

Equation 3   ⱷ Ɑ ▓Ͻ╤ 

For large scale applications, Equation 1 is expressed in spherical coordinates:  

Equation 4    ⸗╝
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ğțǸɶǸ é ȡɾ ʌțǸ MǍɶʌțẏɾ ɶǍǱȡʔɾṞ  ˂ the longitude,  ˒the latitude, and U˒ and U  ˂are the 
projected current components.  

On the right hand side of Equation 1 and Equation 4, S is the net source term which 
includes the effect of all parameterizations to account for energy input, spectral 
evolution, and sink terms (loss of energy from the waves). In deep waters there are 
typically 3: The wind input term Sin  for atmosphere -wave interactions . The 
nonlinear interactions term Snl  to account for the wave -wave resonant mechanism, 
which is key for the transfer of energy from high to lower frequencies of the 
spectrum. And finally, the wave -ocean interactions term dominated by wave 
breaking dissipation Sds . 

Sin  describes better the dominant exponential wind -wave growth process, which is 
why for model initialization a linear input term Sln  is added to simulate a more 
realistic initial wave growth.  

Within intermediate to shallow waters, other processes must be taken into 
account. These mainly include shoaling, depth -induced refraction, triads 
interactions Stri , energy dissipation due to bottom friction Sbot ,, or in very shallow 
water conditions depth -induced wave breaking Sdb . 

Other source terms included in the WW3 implementation for EU -SCORES are 
wave -interactions Sice , and wave reflection at coastlines Sref . Taking into account all 
these parameterizations, the net source term can be expressed as:  

Equation 5:   ╢ ╢■▪ ╢░▪ ╢▪■ ╢▀▼ ╢╫▫◄╢▀╫ ╢◄►░╢░╬▄╢►▄█ 

1.2.2 Model setup  
The WW3 implementation was especially design to generate a reliable high 
resolution dataset for European waters that will allow to reduce uncertainties in 
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the estimation of the available resource in intermediate to shallow waters. To that 
effect, the first important step is to define an adequate model setup, which allows 
to properly capture the sea states characteristics relevant for the intended 
application , and the use of affordable computing resources.  

In this section the selected domain, nesting scheme, main parameterizations used 
and used forcing fields are described.  

1.2.2.1 Model domain and nesting scheme  
The model use 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°. In Figure 1 is possible to observe the multi -grid nesting scheme 
layout. N_ATL -8M covers the full North Atlantic basin from latitude 0.25° to 80° 
North and provides boundary conditions to N_ATL -8M on deep waters, mostly 
outside the European coastal shelf. At the same  time, N_ATL -8M provides 
boundary conditions to the coastal grid EU_ATL -2M with active computing nodes 
only in intermediate to shallow waters. Note that boundary conditions in N_ATL -
8M and EU_ATL -2M are prescribed along the outer edge of the active nodes ( see 
Figure 1.b). Details of the spatial resolution and extension of each grid are 
presented in Table 1. 

!ȺȺ ȺǍɅǱ ȒǸǍʌʔɶǸɾ ȺȡȶǸ ȡɾȺǍɅǱɾṞ ʭȡʌț ɾʔɶȒǍǪǸ ɾɃǍȺȺǸɶ ʌțǍɅ Ǎ ɳǍɶʌȡǪʔȺǍɶ ȓɶȡǱẏɾ ɶǸɾɐȺʔʌȡɐɅ 
are treated like (sub -grid) blocking obstacles (Chawla & Tolman, 2008) . 

 
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  

(a)  
(b ) 
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 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.  

1.2.2.2 Parameterizations and numerical choices  
The following main physical parameterizations have been considered in the model 
implementation:  

1. Wind -wave growth, wave breaking and swell dissipation expressions from 
the WW3 ST4 parameterizations package (Ardhuin, et al., 2010; Lekler, 
Ardhuin, Filipot, & Mironov, 2013) . 

2. 4-wave nonlinear interactions are represented with the Discrete Interaction 
Approximation (DIA) to reduce computing time (Hasselmann & 
Hasselmann, 1985)  

3. Wave scattering in sea ice with a wave -induced ice break -up (Boutin, 
Ardhuin, Dumont, Sévigny, & Girard -Ardhuin, 2018; Ardhuin, Otero, 
Merrifield, Grouazel, & Terrill, 2020)  and dissipation below ice plates (Stopa, 
Ardhuin, & Girard -Ardhuin, 2016)  from the IS2 and IC2 parameterizations 
packages.  

4. Bottom friction effects are accounted with the SHOWEX parameterization 
(WW3 switch BT4), which includes sub -grid parameterization for the 
variability of water depth (Ardhuin, O'Reilly, Herbers, & Jessen, 2003; Tolman, 
1995). 

5. An ad hod constant 5% reflection is considered at coastlines using the REF1 
parameterization switch (Ardhuin & Roland, 2012) . 

The complete list of switches use to activate parameterizations in the used WW3 
implementation is included in Appendix A . 

1.2.2.3 Forcing fields and bathymetry  
Wind f ields  

Wind fields are the main forcing in the model for wave generation. In this case, the 
fifth generation ECMWF global atmospheric reanalysis, ERA5 (Hersbach, et al., 
2020) , is employed. This reanalysis was created with the Integrated Forecast 
System (IFS) model cycle 41r2 , which includes 4D -var data assimilation. The 
amount of assimilated data ranges from 0.75 million measurements per day to ~24 
million between 1979 to 2018. The dataset present hourly output of wind velocity 
components, u  and v, at 10 m above sea level with a 0.25° spatial resolution (25 to 
30 km approx.).  This forcing filed is applied in all grids (N_ATL -15M, N_ATL-8M, 
EU_ATL-2M). 

Global surface current  

Global surface currents are included to account for changes in the effective wind 
vector, which is the result of the combined effects of the wind and the surface 
current vectors. In regions where the main current characteristics are well 
constrained, inclu ding them in the model help to improve wave generation and to 
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account for current induced refraction at larger scales (Marechal & Ardhuin, 2021; 
Echevarria, Hemer, & Holbrook, 2021; Alday, Accensi, Ardhuin, & Dodet, 2021) .  

The global surface current fields are taken from the CMEMS -Globcurrent product 1. 
This current field is the sum of geostrophic and Ekman components (Rio, Mulet, & 
Picot, 2014) , using an updated mean dynamic topography (MDT) from CNES -CLS 
(Mulet, et al., 2021) . The MDT is used to estimate surface currents when the 
geostrophic approach is used. This product has a spatial resolution of 0.25° with 3 -
hourly data.  This forcing field is only applied to the N_ATL -15M grid.  

Tidal levels and currents  

Tidal currents become dominant within the European shelf, developing intensities 
that can be much larger than those induced by geostrophic currents, as it is for 
example in the English Channel, northern Scotland and the Irish sea. Tidal currents 
have a sig nificant effect in wave advection, current induced refraction due to larger 
velocity gradients reduced spatial scales that can be of the order of the dominant 
wave lengths. Wave focusing and blocking , and induced breaking can occur as 
waves propagate again st strong current jets with increasing velocities  (Ardhuin, et 
al., 2012).  

Tidal levels become more important in shallow water regions or in those areas with 
ȺǍɶȓǸ ʌȡǱǍȺ ǍɃɳȺȡʌʔǱǸ ɶǸȓȡɃǸɾ ʭțǸɶǸ ǪțǍɅȓǸɾ ȡɅ ʌțǸ ʭǍʬǸɾẏ propagation conditions 
are induced.  Tidal currents and level fields are taken from the Atlantic European 
North West Shelf Ocean Physics Reanalysis  product 2. This product presents hourly 
data with a spatial resolution of ~7km (1/16°), and covers the North -West European 
coastal shelf (longitudes -19.89° to 12.99°, and latitudes 40.0 7° to 65.00°).  Tidal 
current forcing  is applied to N_ATL -8M and EU_ATL -2M. Tidal levels are only used 
in EU_ATL -2M, as it expresses a higher spatial representation near coastal areas 
with tidal resource . 

Ice concentration  

At high latitudes, ice coverage seasonal changes play an important role in wave 
dumping and scattering. Additionally, in the artic circle, changes in the ice 
coverage affect also the fetch extension for wind generation. To account for this 
effects, ice con centration data is taken from the Ifremer SSMI -derived daily product 
(Girard -Ardhuin & Ezraty, 2012) . Due to limited knowledge on ice thickness 
distributions, a constant 1 m thickness was considered.  

Bathymetry  

High resolution bathymetry accurately describing intrinsic features in coastal 
areas, becomes more important in intermediate to shallow waters as waves 
interact with the sea bottom, which results in wave refraction and shoaling.  

 
 

1 Global Ocean Multi Observation Product, MULTIOBS_GLO_PHY_REP_015_004  
2 NWSHELF_MULTIYEAR_PHY_004_009 (https://doi.org/10.48670/moi -00059)  
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Here, the GEBCO 2021 gridded bathymetry product is used. This product presents 
depth/elevation data referenced to the mean sea level (MSL), with a spatial 
resolution of 15 arc -second (~450 m).  

1.3 æǍɶǍɃǸʌǸɶȡʽǍʌȡɐɅɾẏ ǍǱȲʔɾʌɃǸɅʌɾ (model calibration ) 

To improve the model performance within the analysed area (with the described 
setup), it is necessary to make adjustments to the physical parameterizations used. 
In this case, these are mainly applied to the wind -wave growth and dissipation 
terms from the atmosphere -wave interactions parameterization (Ardhuin, et al., 
2010). Here, only the expressions which terms are modified in the tuning process 
are included. The source term has the following expression:  

Equation 6  ╢╪◄□█ȟⱣ ╢▫◊◄█ȟⱣ
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with S out  the energy flux from the ocean to the atmosphere  representing the swell 
dissipation effect ( Equation 7). This expression is based on observations of swell 
evolution from satellite data (Ardhuin, Chapron, & Collard, Observation of swell 
dissipation across oceans, 2009) : 

Equation 7   ╢▫◊◄▓ȟⱣ ►○░▼╢▫◊◄ȟ○░▼▓ȟⱣ ►◄◊►╢▫◊◄ȟ◄◊►▓ȟⱣ 

where rvis and r tur  ǍɶǸ ᶰ ʌțǸ ẌʭǸȡȓțʌẍ ʌǸɶɃɾ ʌɐ ȓȡʬǸ ʌțǸ ɶǸȺǍʌȡʬǸ ȡɃɳɐɶʌǍɅǪǸ ɐȒ ʬȡɾǪɐʔɾ 
and turbulent swell attenuation which effects are controlled by the ratio of the 
significant Reynolds Number Re and its critical value Rec: 

Equation 8   ►○░▼ Ȣ ◄╪▪▐╡▄ ╡▄╬Ⱦ▼  

Equation 9   ►◄◊► Ȣ ◄╪▪▐╡▄ ╡▄╬Ⱦ▼  

with Re = 2u orb ,sH s/ʉa 

Sout  includes the effects of the transitions from (linear) viscous boundary layer to 
(non -linear) turbulent boundary layer to account for the Rayleigh distribution of 
wave heights (Perignon, Ardhuin, Cathelain, & Robert, 2014) . Particular 
adjustments are introduced to enhance the turbulent dissipation term in Equation 
7 (Sout,tur ) which has the following form:  

Equation 10   ╢▫◊◄ȟ◄◊►▓ȟⱣ
ⱬ╪

ⱬ◌
█
▄
Ɑ◊▫►╫Ⱦ▌╕▓ȟⱣ  

with     Ὢ ίρὪȟ ȿίȿ ίÃÏÓ — — όzȾό  

In Equation 6, max  is the non -dimensional wind -wave growth coefficient,  á ŀƴŘ ˊw 

are the density of the air and the water respectively, and ʆ is th e von Karman ẏs 
constant . Then, Z= log( )᷅, with  ᷅the dimensionless critical height  (Janssen, 1991), C 
is the phase celerity and ʔậ* is a frequency -dependent modified friction velocity 
used to reduce the wind input source term. ʃ is the wave direction, ʃu the wind 
direction, and  as explained before,  ʎ the wave relative frequency  observed from a 
reference frame moving with the mean current.  

In Equation 8 and Equation 9Ṟ ɾᶵ ȡɾ Ǎ ẌʌʔɅǸǍǩȺǸẍ ɳǍɶǍɃǸʌǸɶ ʔɾǸǱ ʌɐ ǪțǍɅȓǸ ʌțǸ 
range of wave heights with turbulent boundary layers over groups of larger waves 
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and viscous boundary layer on the groups of lowest waves (Perignon, Ardhuin, 
Cathelain, & Robert, 2014) . Equation 10, fe includes the adjustable effects of wind 
speed on the surface roughness, where fe,GM ȡɾ ʌțǸ gɶǍɅʌ ǍɅǱ ¶ǍǱɾǸɅẏɾ ȒɶȡǪʌȡɐɅ 
factor (Grant & Madsen, 1979)  for rough oscillatory boundary layers without a mean 
flow. In particular, s1 is an adjustable parameter of O(1) that can be used to enhance 
the effect of turbulent swell dissipation.  

1.3.1 Performance parameters  
To assess changes/improvements of the simulation related to changes introduced 
in the model parameterizations, the following expressions are used: The 
Normalized Mean Bias (NMB), the Scatter Index (SI), and the Hanna Heinhold index 
(HH).  

Equation 11   ╝╜║
В╧□▫▀╧▫╫▼

В╧▫╫▼
 

Equation 12   ╢╘
╧□▫▀╧□▫▀ ╧▫╫▼╧▫╫▼

В╧▫╫▼
 

Equation 13   ╗╗
В╧□▫▀╧▫╫▼

В╧□▫▀╧▫╫▼
 

From Equation 10 to Equation 13, Xobs  and X mod  are the observed and modelled 
quantities respectively. For example significant wave heights, peak or mean 
periods. Overbars on top of variables denote the mean of the analysed quantity.  

uɾ ɾțɐʔȺǱ ǩǸ ɅɐʌȡǪǸǱ ʌțǍʌ ʌțǸ oo ȡɅǱǸʲṞ ǍȺɾɐ ȶɅɐʭɅ Ǎɾ ʌțǸ ẌɾʳɃɃǸʌɶȡǪǍȺȺʳ 
ɅɐɶɃǍȺȡʽǸǱ ɶɐɐʌ ɃǸǍɅ ɾɵʔǍɶǸǱ ǸɶɶɐɶẍṞ țǍɾ ǩǸǸɅ ǪțɐɾǸɅ ȡɅɾʌǸǍǱ ɐȒ ʌțǸ ɃɐɶǸ ȶɅɐʭɅ 
Normalized Root Mean Squared Error. The main reason for this , is that the HH 
index is less sensitive to  the presence of large biases of fluctuations (Mentaschi, 
Besio, Cassola, & Mazzino, 2015) , which is more common in model -measurement 
comparisons for wave heights larger than ~8 m. It is expected that the HH index 
together with the SI, will provide a more adequate idea of the random errors for 
large wave heights. It is also important to mention  that, when comparing with 
altimeter data, attention is paid mainly to wave heights > 1.0 m. This is due to the 
poorer accuracy of altimeters for resolving smaller wave heights, which is related 
ʌɐ ʌțǸ ȡɅɾʌɶʔɃǸɅʌɾẏ ǩǍɅǱʭȡǱʌț ȺȡɃȡʌǍʌȡɐɅɾ (Smith & Scharroo, 2015) . 

For most model -altimeter comparisons, the NMB, SI and HH index are computed 
for an along -track type analysis. To perform this analysis, wave height values from 
the closest 4 points of the model grid to an altimeter measurement location, are 
interpolated in  time and space to collocate the model data along the altimeter 
track.  

1.3.2 Adjustment effects at basin scale  
The parameterization adjustment is based on the method described in Alday et al. 
(2021) for global scales. In this case the adjustments are applied to improve model 
performance in the North -East Atlantic first comparing modelled H s fields with 
altimeter data from the ESA Sea State Climate Change  Initiative (CCI) Version 3 
product (Piolle, et al., 2022)  and then verifying the results with H s and Tp time series 
with a set of buoys placed mainly in deep and intermediate waters.  
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All model -altimeter comparisons are done within a subregion that covers 
longitudes -40° to 37.5°, and latitudes 15° to 80°, excluding the Mediterranean, the 
Black, and Baltic Sea. This is done to verify how all changes introduced affect 
(improve) the sea states representation exclusively in the area of interest. All model 
ẌʌʔɅȡɅȓẍ ʌǸɾʌɾ ǍɶǸ ǱɐɅǸ ǪɐɃɳǍɶȡɅȓ 1-year simulations of significant wave heights 
(H s) fields from the N_ATL -15M grid, with altimeter data from the Jason -2 altimeter. 
Jason -2 is selected since it is the altimeter used to intercalibrate all of the missions 
included in the CCI dataset (Dodet, et al., 2020)   

The T475 parameterization values (Alday, Accensi, Ardhuin, & Dodet, 2021) , are used 
Ǎɾ Ǎ ɾʌǍɶʌȡɅȓ ɳɐȡɅʌ Ȓɐɶ ʌțǸ ǍǱȲʔɾʌɃǸɅʌɾẏ ɾǸɅɾȡʌȡʬȡʌʳ ǍɅǍȺʳɾȡɾṣ !ɾ ǱɐɅǸ Ȓɐɶ ʌțǸ 
adjustments that lead to T475, the year 2011 was selected to perform the model 
tuning here. On the one hand, this allows to have a more direct comparison with 
the res ults previously obtained in Alday et. al (2021) and quantify the improvement 
of the model results with the proposed WW3 implementation. Conversely , the 
highest wave heights detected by altimeters were recorded on February 2011 
(Hanafin, et al., 2012) , which makes this year suitable for performing the calibration 
of the model using a wide range of sea states. The main tuning tests with their 
relevant adjusted parameters are listed in Table 2, including the terms used to 
correct underestimation of wind intensities >20 m/s in the ECMWF atmospheric 
products (Pineau -Guillou, et al., 2018) . All other parameters values not included in 
Table 2, are equal to those of T475. Wind intensities correction expression is detailed 
in Equation 14. There, U10,corr is the corrected wind intensity used to force the model, 
U10,input  is the wind intensity as read from the wind fields, xc is the correction factor 
and Uc the wind intensity threshold from which the correction starts working.  

Table 2: Parameters adjusted per test.  
Test Name  ⱶmax  

s7 Rec s1 Uc 

[m/s]  
xc 

T475 1.75 4.32x105 1.15X105 0.66  21 1.05 
Bm1.65-WC  1.65 4.32x105 1.15X105 0.66  20.5 1.04 

Bm1.65-WC -s7-s4 1.65 3.60x105 0.90X10 5 0.66  20.5 1.04 
TUD -165 1.65 3.60x105 0.90X10 5 0.68  20.5 1.04 

Obs.: max , s7, Rec, s1, Uc, and xc correspond to input parameters BETAMAX, SWELLF7, SWELLF4, WCOR1 and 
WCOR2 in WW3.  

Equation 14   ╤ ȟ╬▫►►╤ ȟ░▪▬◊◄●╬□╪● ╤ ȟ░▪▬◊◄╤╬ȟ  

In Figure 2.a is possible to observe that, for the analysed area (North -East Atlantic), 
the use of T475 gives a large NMB, of about 5 %, in the neighbourhood of the most 
frequent H s (2 m; see distribution in Figure 3). This over estimation increases for 
smaller H s. There is also, in average, a non -negligible positive bias of 2.5 % for wave 
heights in the 2.5 to 6 m range. Reducing the overall overestimation for Hs<6 m is 
of vital importance, since this is main wave heights operation range for wave 
energy converters (WEC). This is first done by reducing the max  parameter and 
slightly modifying the wind correction applied to the ERA5 wind forcing to prevent 
an excessive underestimation of Hs >7 m (see test Bm1.65 -WC in Figure 2.a). 

With Bm1.65 -WC there is still a noticeable overestimation for H s Ỗ ᶰ Ƀ. This is 
partially reduced in two steps. First by decreasing the s7 parameter to 3.6 X 10 5 as 
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proposed originally for the T471 parameterization (Rascle & Ardhuin, 2013) . Then, 
the turbulent swell dissipation was enhanced by reducing the critical Reynolds Re c 
(see Bm1.65 -WC -s7-s4 in Figure 2.a). Note that these changes in the swell 
dissipation parameterization have also a beneficial effect in terms of minimizing 
the H s distributions compared to the altimeter data ( Figure 3). Finally it is noticed 
that with a slight intensification of the Sout,tur  term in Equation 7, increasing s1 to 
0.68, helps to further reduce an extra ~1.2 % the NMB for H s Ỗ ᶯṣᶳ Ƀṣ ÿțȡɾ ɾǸʌ ɐȒ 
parameters values are defined as parameterization TUD -165. 

 
Figure 2: Model performance for parameterization adjustment tests (WW3 ẙ Jason -2), year 

2011. (a) Hs normalized mean bias (NMB), (b) scatter index (SI), and (c) Hanna Heinhold index 
(HH).  

Obs.: H s bins width is 0.25 m.  

Compared to T475, using TUD -165 helps to reduce about 5 % the bias for wave 
heights <2 m in the North -East Atlantic. Additionally a small H s NMB of about -1.2 % 
is obtained in the range of 2.5 to 6 m. Although there is an increase of the negative 
bias of about 2.5% in the range of 7.5 to 9 m, this is a great improvement in the 
model accuracy for most of the wave heights contained within the WE Cs 
operational range.  

It is observed that throughout all the different parameterizations tests, no 
significative changes are introduce to the H s SI values for the complete range of 
analysed wave heights ( Figure 2.b). On the other hand, with TUD -175, there is a clear 
reduction of 2 to 2.5 % of the HH for wave heights < 2 m compared to T475 ( Figure 
2.c). As mentioned before, changes in the swell dissipation parameterization, have 
an effect in the shape of the H s distribution. This is due to the modifications 
introduced to the transition from a laminar boundary layer above the group of 
smaller waves to a turbulent one on the group of larger waves. It is this combined 
effect that is key to account for the Raleigh d istribution of waves. In Figure 3.a is 
possible to observe that, in general, all tests closely follow the distribution curve 
obtained with the Jason -2 altimeter. By making the occurrences differences 
(model -altimeter) it becomes more clear the main changes are introduced ( Figure 
3.b). Most noticeable effects of TUD -165 are found between H s of 1 to 1.5 m, with a 
clear reduction of the underestimation of occurrences (e.g.; about 1 % at H s=1.25 m). 
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Figure 3Ṹ ñȡȓɅȡȒȡǪǍɅʌ ʭǍʬǸ țǸȡȓțʌɾ ɅɐɶɃǍȺȡʽǸǱ ǱȡɾʌɶȡǩʔʌȡɐɅɾ Ȓɐɶ ɳǍɶǍɃǸʌǸɶɾậ ǍǱȲʔɾʌɃǸɅʌ tests 
(year 2011).(a) Hs occurrences normalized by total amount of data (1,113,727). (b) Normalized 

occurrences differences (model ẙ altimeter) with respect to Jason -2 CCI V3.  
Obs.: H s bins width is 0.25 m.  

1.3.3 Adjustments verification with merged altimeter tracks and buoy data  
ÿțǸ ɳǍɶǍɃǸʌǸɶȡʽǍʌȡɐɅɾẏ ǍǱȲʔɾʌɃǸɅʌɾ ȺǸǍǱȡɅȓ ʌɐ ÿĆ-165 have been done analysing 
ʌțǸȡɶ ǸȒȒǸǪʌ ɐɅ ʌțǸ ɾȡɃʔȺǍʌǸǱ ʭǍʬǸ țǸȡȓțʌɾ Ǎʌ ẌǩǍɾȡɅ ɾǪǍȺǸɾẍṞ ǪɐɃɳǍɶȡɅȓ ¦ǍɾɐɅ-2 
data with output from the N_ATL -15M grid. Here the analysis is extended to verify 
the model perfor mance using TUD -165 within the European coastal shelf for the 
calibration year (2011). To that end, the integrated altimeter tracks from Jason -1, 
Jason -2, and Envisat (with available measurements for 2011) are used as reference 
to compare with H s fields fo rm the N_ATL -8M grid, which has higher resolution.  

Using combined altimeter missions helps to increase the measurements density 
in the area, and to increase the number of repetitions in places crossed by several 
altimeter tracks. Using a higher resolution grid within the coastal shelf, helps to 
better capt ʔɶǸ ǪțǍɅȓǸɾ ȡɅ ʌțǸ ʭǍʬǸ ȒȡǸȺǱ ǱʔǸ ʌɐ ʭǍʬǸɾẏ ȡɅʌǸɶǍǪʌȡɐɅ ʭȡʌț ʌțǸ ɾǸǍ 
bottom and wave -tides interactions that become important in this area (Alday, 
Ardhuin, Dodet, & Accensi, 2022) . 

Considering the resolution from the model grid used here, altimeter 
measurements closer than 12 km from the coastline are not considered in the 
present analysis.  

uɅ ʌțȡɾ ǪǍɾǸṞ ȡɅɾʌǸǍǱ ɐȒ ȺɐɐȶȡɅȓ Ǎʌ ʌțǸ ʭǍʬǸ țǸȡȓțʌɾẏ ¸¶= ǍɅǱ ñu ǱȡɾʌɶȡǩʔʌȡɐɅ Ǎɾ 
function of H s, the performance parameters are analysed in terms of their spatial 
distribution ( Figure 4). This provides additional information regarding mean 
accuracy levels within different areas of the model domain. In general, outside the 
coastal shelf, at depths >500 m, the wave heights bias is < 5 %. Higher values are 
found at the south of the Bay of B iscay where the H s NMB can reach about 10 % 
(Figure 4.a). Within the coastal shelf The North sea, Ireland and Portugal stand out 
Ǎɾ ʽɐɅǸǱ ʭȡʌț Ⱥɐʭ ɃǸǍɅ ǩȡǍɾ ṵổᶳ ụṶṣ ñɐɃǸ ǍɶǸǍɾ ʭȡʌț ȺǍɶȓǸɶ ʬǍȺʔǸɾ ṵổ ᶯᶰ ụṶ ǍɶǸ ȒɐʔɅǱ 
in the South of the Irish Sea, the south of the Bay of Biscay (close to the Spanish -
French boar der). The largest bias values (> 15 %) are found between the Hebrides 
and Scotland, and the Danish straits. These areas also present the highest SI values 
ṵổ ᶯᶴ ụṨ Figure 4.b). For these particular locations, the combined high NMB and SI 
are thought to related to the high noise to signal ratio in the  measurements taken 
ǪȺɐɾǸ ʌɐ ȺǍɅǱṣ ÿțǸ ẌɅɐȡɾǸẍ ȡɅ ʌțǸ ǍȺʌȡɃǸʌǸɶ ɃǸǍɾʔɶǸɃǸɅʌ ǪɐɶɶǸɾɳɐɅǱɾ ʌɐ ʌțǸ 
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detection of the non -gǍʔɾɾȡǍɅ ȺǍɅǱ ɾʔɶȒǍǪǸ ʌțǍʌ ǍȺʌǸɶɾ ʌțǸ ɶǸʌɶȡǸʬǍȺ ɐȒ ʌțǸ ʭǍʬǸɾẏ 
geophysical signal in the radar footprint. As a result, this leads to errors in the 
estimation of the significant wave heights.  

In general, outside the afore mentioned areas, the H s SI ranges between 10 to 12 % 
which aligns with previous studied in the area using altimeter data by Alday et al. 
(2022). 

 
Figure 4 : Performance parameters for calibration year (2011) using TUD -165 compared with 

integrated tracks from Jason -1, Jason -2 and Envisat. (a) Hs Normalized mean bias (NMB) and 
(b) Hs scatter index (SI).  

Obs.: Green lines indicate the 500 m depth contour . 

Figure 4 gives a good idea of the model performance obtained with TUD -165 within 
the coastal shelf. Nevertheless, it is still necessary to verify the model performance 
with in situ measurements from buoys which provide records of a wider range of 
sea states at spe cific locations. Using buoy data also allows to use other parameters 
that characterize the sea state, like the wave peak period, mean periods and mean 
wave direction.  

A selection of 34 buoys located within the coastal shelf, covering a wide variety of 
depths, utilised in order  to verify the model accuracy in the simulations of H s, the 
peak period Tp, the T02 mean period, and the mean wave direction Dm . Results for 
the NMB, BIAS, SI and the Pearson correlation index (CORR) are presented in 
Figure 5. All wave parameters from buoy measurements were obtained from the 
CMEMS In Situ Thematic Assembly Center (TAC). Details of the buoys locations and 
depths are presented in Table 3 at the end of this section.  

First thing observed in Figure 5Ṟ ȡɾ ʌțǍʌ ʭǍʬǸ țǸȡȓțʌɾẏ ¸¶= ȡɅ ʌțǸ ñɐʔʌț ɐȒ ʌțǸ =Ǎʳ 
of Biscay is, smaller than previously estimated with altimeter data, ranging from -
4.2 to 6.5 % along the Spanish North coast ( Figure 5.a). This is equivalent to a bias 
of -0.2 to 0.2 m. Along Portuguese waters the H s ̧ ¶= ȡɾ Ỗᶯṣᶵ ụ ǸʲǪǸɳʌ Ǎʌ ʌțǸ ȺɐǪǍʌȡɐɅ 
of buoy 6200199 with NMB = 9.9 % (equivalent to 0.2 m). Note that, in general, for 
ʌțǸ ɶǸɾʌ ɐȒ ʌțǸ ǱɐɃǍȡɅ ʌțǸ ʭǍʬǸ țǸȡȓțʌɾẏ ¸¶= ȡɾ ʌʳɳȡǪǍȺȺʳ Ổᶳ ụṣ ¬ǍɶȓǸɾʌ ¸¶= ǍɶǸ 
found at the location of the 2 buoys in the English Cha nnel 6200103 and 6200027, 
with values of 35 % and 19.5 % respectively, equivalent to 0.46 and 0.26 m. The 
highest Hs SI values are also found at these locations (19.3 % at 6200103 and 16.6 % 
at 6200027). It is thought that this combined high biases and S I are related to 
inadequate resolution of the tidal and wind forcing within the English Channel, 
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leading to an overestimation of the effective wind. In this area the wave conditions 
are dominated by the local wind, thus the effect of boundary conditions (or waves 
incoming from the North Atlantic) is negligible (Alday, Ardhuin, Dodet, & Accensi, 
2022) . 

Overall, the spatial distribution of the H s scatter index obtained with buoys, follows 
the distribution obtained previously with altimeter data ( Figure 4.b). Although, 
results at the location of buoy L91, close to the Dutch coast, show a SI considerably 
lower (12.8 %) compared to the previously estimated value with merged altimeter 
tracks (~18 %).  ğǍʬǸ țǸȡȓțʌɾẏ ǪɐɶɶǸȺǍʌȡɐɅ ǩǸʌʭǸǸɅ ɃɐǱǸȺ ǍɅǱ ǩʔɐʳ ǍɶǸ ʌʳɳȡǪǍȺȺʳ ồ 
0.95, with the exception of the Donostia -buoy, which is 0.92. This results points to a 
close agreement between the simulation of wave heights evolution and the 
recorded H s time series.  

The model performance in terms of peak periods ( Tp) are presented in Figure 5.b. 
This parameter commonly presents high temporal variability from measurements, 
which is mainly related to its dependence on the local wind conditions (which is 
highly dynamic).The measuring instrument characteristics (namely accuracy and 
sampling rate) should also be taken into account as a source of potential 
differences in the estimation of Tp between instruments. Thus, it is not rare to find 
larger SI or biases when comparing with spectral model results, mainly because 
such temporal variability is not properly captured. This is mainly related to the wind 
forcing characteristics, and the wave n onlinear interactions discretization (e.g., 
DIA). Frequencies discretization of the spectrum in the model can also affect where 
the peak period is estimated.  To partially reduce the high temporal variability of Tp 
from buoy measurements, a moving average with a 2 -hours window was applied.  

About half of the 34 buoys  recorded  Tp data. It is observed that the highest peak 
period NMB values are obtained when comparing with buoys from Puertos del 
Estado (6200024, 6200025, 6200083, and 6200084). At these locations, the model -
buoy comparisons point to a Tp NMB of about 14 % (equivalent to 1.2 s). For the rest 
of the analysed locations the NMB ranges between -1.2 % to 2 % in average.  
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Figure 5: Model performance indicators obtained comparing with buoy data for (a) H s, (b)  Tp , 

(c) T02  and (d) Dm . Results for calibration year 2011 using TUD -165. 
Obs.: Green lines indicate the 500 m depth contour, dashed green lines indicate the 50 m depth contour . Depth 

data obtained from the N_ATL -8M model grid.  

For the SI of the peak periods, the highest values are observed in The North Sea, at 
the location of buoys D151 (20 %), J61 (21.9 %), and NsbIII (24.7 %). These locations 
also show the lowest CORR values, ranging from 0.7 to 0.75. This high SI and lower 
co rrelations are mainly caused by differences in the estimation of the peak period 
during calm sea states (characterized by small H s). Examples of this effect is 
presented in Figure 6.a,b between May 30 and June 4 2011. While the overall energy 
contained in the spectrum is well simulated, observed as a high agreement in 
model -buoy H s (Figure 6a), large jumps of the modelled Tp are observed ( Figure 6.a, 
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ɃȡǱ ɳǍɅǸȺṶṣ ÿțǸɾǸ ẌǸʬǸɅʌɾẍ ǍɶǸ ɃɐɶǸ ȒɶǸɵʔǸɅʌ ʭțǸɅ ʌțǸɶǸ ȡɾ Ǎ ɶǸǱʔǪʌȡɐɅ ɐȒ ʌțǸ H s 
(from an already low energy sea state), which is logically related to a drop in the 
local wind intensities.  

It is possible that, under very low wind intensities, the model underestimates the 
energy input to the spectrum, which leads to a slower growth of the wind sea 
component. As a result, the peak of energy is identified in the swell component 
carrying more en ergy (probably just slightly more), which is why the simulated 
peak periods are closer to 8 s than the 4 s identified in the buoy. This effect can be 
observed in Figure 6.b (highlighted events in orange rectangles), and the overall 
effect on the Tp ẌɾǪǍʌʌǸɶǸǱẍ ȡɾ ɾțɐʭɅ ȡɅ Figure 6.d. 

It is also possible that the wind input form ERA is too mild, and that is the cause of 
the underestimation of the local wind sea. In the absence of spectral data form the 
buoy, it is not possible to fully assess the source of these differences. On the othe r 
hand, there good correlation, lower SI, and almost negligible bias of the T02 mean 
period (especially in the range of the most frequent occurrences). This is another 
proper example of how the overall energy levels in the spectrum are well simulated 
(Figure 6.c). 

More details on the model performance in terms of the T02 mean period are 
presented in Figure 5.c. Overall the NMB levels are well constrained (as for H s), 
ranging from -3.5 % to 5.5 %. Nevertheless, two main exceptions are found. First, at 
the location of buoys 6200024, 6200025, 6200083, and 6200084 (off the North 
coast of Spain), where the T02 NMB ranges between 11 to 18 %, equivalent to 0.7 to 
1.2 s. And Second, at the English Channel when comparing with buoys 6 200103 and 
6200027  where the largest NMB values are found, -26 % and -35 % respectively. 
These latter values might be misleading since the comparison with the buoy data 
was done using the mean zero -crossing period ( Tz) and not the T02 obtained from 
the integration of spectral data. Thus, Its suitability can be questioned. 
Nevertheless, the comparison was still considered as a referenc e. 

The T02 scatter index spatial distribution is similar to that of the H s, with even lower 
values ranging from 7 to 12 %. One exception is found at the location of buoy 
6300110 (19.7 %) in the North Sea. Once again the comparison was done with Tz. 
Note how the SI obtained by comparing with buoy 6300112 immediately to the 
North is only 8.25 %. Most likely, the 19.7 % is related to problems in the periods data 
from buoy 6300110 and should be considered an outlier.  

Outside results compared with 6300110, correlation values obtained for T02 are 
typically >0.85, with values > 0.9 along the Bay of Biscay, Portuguese and Irish 
waters, and in most analysed locations in the North Sea ( Figure 5.c, right panel).  

Finally, on Figure 5.d, is possible to observed that only 10 of the 34 buoys used for 
comparison provide time series of the wave mean direction ( Dm ), most of them 
located along the Portuguese and Spanish waters (Bay of Biscay). NMB are <5 % at 
all locations. In absolute terms, the bias can range from about -9.5° at 6200192 and 
6200082 to ~8.9° at Donostia -buoy (of the order of the model directional 
d iscretization). The mean direction scatter index is < 6 % in all locations except 
when comparing with buoy 6200091 (in the Irish Sea), where it reaches 12.4 %. As 
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for the other 2 parameters obtained from spectral integration, correlation values 
for Dm  ǍɶǸ ʌʳɳȡǪǍȺȺʳ țȡȓț ổ ᶮṣᶷᶲṞ ʭȡʌț ʌțǸ ǸʲǪǸɳʌȡɐɅ ɐȒ EɐɅɐɾʌȡǍ-buoy with 
CORR=0.84.  

 
Figure 6: Model -buoy performance details at buoy J61. (a) Time series of recorded and 

modelled Hs. and Tp on top and mid panels, and wind intensity as read in WW3 on bottom 
panel. (b) Time series of the modelled wave spectra at J61. Scatter plot and performance 

pa rameters of T02 and Tp in (c) and (d) respectively.  
Obs.: Time series of peak periods in (a) is as given by the buoy records. Orange rectangles highlight time 

windows where differences in the estimation of the Tp  are found during low energy sea states. In (c) and (d), N is 
the total amount of analysed data.  

Table 3: Selected buoys for validation.  
Buoy ID  Longitude  [°]  Latitude  [°]  Depth [m]  Data type  
6200024 3.040 43.64 887.42 Wave parameters 
6200025 ҍ6.167 43.733 597.88 Wave parameters 
6200027 ҍ2.218 49.082 27.21 Wave parameters 
6200029 ҍ12.401 48.701 2046.10 Wave parameters 
6200066 ҍ1.614 43.53 53.50 Spectral 
6200069 ҍ4.968 48.29 58.39 Spectral/Wave param. 
6200081 ҍ13.301 51 2010.18 Wave parameters 
6200082 ҍ7.618 44.064 1149.46 Wave parameters 
6200083 ҍ9.21 43.49 378.53 Wave parameters 
6200084 ҍ9.374 42.121 488.27 Wave parameters 
6200091 ҍ5.431 53.484 87.45 Wave parameters 
6200093 ҍ9.999 55.002 121.15 Wave parameters 
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6200095 ҍ15.862 53.017 3246.79 Wave parameters 
6200103 ҍ2.900 49.9 65.05 Wave parameters 
6200105 ҍ12.367 54.55 2944.47 Wave parameters 
6200144 1.700 53.4 24.74 Wave parameters 
6200191 ҍ9.580 41.15 2326.12 Wave parameters 
6200192 ҍ9.640 39.51 1114.15 Wave parameters 
6200199 ҍ9.210 39.56 118.50 Wave parameters 
6200301 ҍ4.50 52.3 22.74 Wave parameters 
6200303 ҍ5.100 51.603 35.22 Wave parameters 
6300110 1.500 59.5 109.75 Wave parameters 
6300112 1.000 61.1 152.74 Wave parameters 

6400045 ҍ11.401 59.1 1856.19 Wave parameters 

6400046 ҍ4.500 60.701 1107.67 Wave parameters 

A121 3.817 55.417 30.46 Wave parameters 

D151 2.933 54.317 40.78 Wave parameters 

Donostia-buoy ҍ2.026 43.569 87.20 Wave parameters 

Ekofisk 3.224 56.543 69.38 Wave parameters 

F161 4.017 54.117 46.83 Wave parameters 

J61 2.950 53.817 39.73 Wave parameters 

L91 4.961 53.614 23.733 Wave parameters 

NsbIII 6.783 54.683 38.15 Wave parameters 

Westhinder 2.436 51.381 26.34 Wave parameters 

 

1.4 Wave d ataset validation  

In the present section, validation of the generated hindcast is presented. As 
ɳɶǸʬȡɐʔɾȺʳ ǱɐɅǸ Ȓɐɶ ʌțǸ ɳǍɶǍɃǸʌǸɶȡʽǍʌȡɐɅɾẏ ǍǱȲʔɾʌɃǸɅʌɾṞ ʌțǸ ʬǍȺȡǱǍʌȡɐɅ ɐȒ ʌțǸ 
model is done using first altimeter data, and then with in situ buoy measurements. 
This approach hel ps to take advantage of the large spatial and temporal wave 
țǸȡȓțʌɾẏ ǪɐʬǸɶǍȓǸ ɳɶɐʬȡǱǸǱ ǩʳ ǍȺʌȡɃǸʌǸɶɾṞ ɳȺʔɾ ʌțǸ ɳɐɾɾȡǩȡȺȡʌʳ ʌɐ ǸʬǍȺʔǍʌǸ ʌțǸ 
ɃɐǱǸȺẏɾ ɶǸɾʔȺʌɾ ȡɅ ʌǸɶɃɾ ɐȒ ɐʌțǸɶ ɳǍɶǍɃǸʌǸɶɾ ɐʔʌɾȡǱǸ H s. 

1.4.1 Validation with altimeter data  
Validation of the model output using altimeter data to compare, is done in 2 steps. 
fȡɶɾʌṞ ʌɐ ɳɶɐʬȡǱǸ ǍɅ ȡǱǸǍ ɐȒ ʌțǸ ȡɅʌǸɶǍɅɅʔǍȺ ɶǍɅȓǸ ɐȒ ʬǍɶȡǍǩȡȺȡʌʳ ɐȒ ʭǍʬǸ țǸȡȓțʌɾẏ ¸¶=Ṟ 
SI and HH index, these performance parameters are computed for each year 
available i n the CCI V3 dataset for the Jason -2 altimeter, from 2008 to 2019. Then, 
to have a more generalized accuracy level of the H s simulations, considering longer 
time windows, the performance parameters are computed using 5 altimeter 
missions, integrating all a vailable years: Envisat (2002 to 2012), Jason -1 (2002 to 
2012), Jason-2 (2008 to 2019), Jason -3 (2016 to 2020), and Saral (2013 to 2018). With 
this approach the full time window provided by the CCI V3 dataset is utilized.  

All comparisons with altimeter data in this section are done using H s fields from 
the N_ATL -8M grid. As done in section 1.3.3, altimeter measurements closer than 12 
km from the coastline are not considered in the present analysis.  

The H s performance values for years 2008 to 2019 are presented in Figure 7, which 
provides a good idea of the accuracy changes range at each H s level. Close to the 
most frequent wave heights (2 m) the NMB is in average 3 % with a variation range 
< 2%. This range increases for larger wave heights, and can be of about 4 % between 
H s of 2.75 to 6.5 m. Note that the NMB values per year in this wave heights range 
ǩǍɾȡǪǍȺȺʳ ẌɐɾǪȡȺȺǍʌǸɾẍ ǍɶɐʔɅǱ ᶮ ụṣ uɅ ɾɐɃǸ ǪǍɾǸɾ ʌțǸ ǩȡǍɾ ʬǍɶȡǍǩȡȺȡʌʳ ɶǍɅȓǸ ǪǍɅ ɶǸǍǪț 
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up to 9 % for H s > 7 m ( Figure 7.a). Inter -annual variability range of the H s ñu ȡɾ Ỗ ᶯṣᶰ 
% for the most frequent wave heights, it then increases up to 2.5 % for wave heights 
between 2.75 to 6.5 m, and can reach values of ~8 % for H s = 9.75 m ( Figure 7.b). 
Note that the HH index presents a similar behaviour ( Figure 7.c). 

The largest inter -annual variability ranges, when comparing with altimeter data, 
are observed for H s ồ ᶵ Ƀṣ uʌ ȡɾ ʌțɐʔȓțʌ ʌțǍʌ ʌțȡɾ ǪɐʔȺǱ ǩǸ ɳǍɶʌȺʳ ǱʔǸ ʌɐ ʌțǸ ẌɾȡɃɳȺǸẍ 
wind intensities correction applied to the ERA5 forcing, used to mitigate the 
underestimation of larger wave heights. A slight increase of the H s SI was already 
observed at global scales in Alday et al. (2021) for different wind intensities 
correction tests. A complementary explanation is related to the changing accuracy 
of the wind fields in  time, which can be linked to the amount of assimilated data in 
the ECMWF atmospheric model (from 0.75 million per day in 1979 to 24 million in 
2018). 

 
Figure 7: Inter -annual variability of performance indicators for wave heights using Jason -2. (a) 

Normalized mean bias (NMB), (b) scatter index (SI), (c) Hanna Heinhold index (HH).  
Obs.: Calibration year 2011 in dashed red line. Hs bin size is 0.25 m.  

Paying particular attention to the calibration year 2011, some differences can be 
found between the results shown previously in Figure 2 (red line) and the one from 
Figure 7ṣ fɐɶ ǸʲǍɃɳȺǸṞ ʌțǸɶǸ ȡɾ Ǎ ɾȺȡȓțʌ ẌɾțȡȒʌẍ ɐȒ ʌțǸ ¸¶= ʌɐ ɳɐɾȡʌȡʬǸ ʬǍȺʔǸɾ ṵ Ǎǩɐʔʌ 
1.5 %) for H s Ỗ ᶱ ɃṞ ǍɅǱ Ǎ ȓǸɅǸɶǍȺ ɶǸǱʔǪʌȡɐɅ ɐȒ ʌțǸ ʔɅǱǸɶǸɾʌȡɃǍʌȡɐɅ ɐȒ H s > 7 m (when 
comparing 2011 from Figure 7.a to the red line in Figure 2.a). This is mainly related 
to the use of a higher resolution grid (N_ATL -8M), which helps to better capture the 
wave field evolution within the coastal shelf. Additionally, and related to the use of 
a higher resolution grid, the inter -annual accuracy anal ysis considers altimeter 
measurements closer to the coast, down to 12 km offshore.  

Validation of the hindcast using the complete mission duration for Envisat, Jason -
1, Jason-2, Jason -3, and Saral, is presented in Figure 8. It is expected that different 
instruments will have their own measuring accuracy, and their use provide further 
insights on the expected accuracy ranges of the simulations. It should be noticed 
that the CCI V3 dataset provides measurements from Saral unt il year 2021, but in 
ʌțǸ ɳɶǸɾǸɅʌ ǍɅǍȺʳɾȡɾ ɐɅȺʳ ǱǍʌǍ ʔɅʌȡȺ ᶰᶮᶯᶶ ʭǍɾ ʔɾǸǱṞ ᶰ ʳǸǍɶɾ ȡɅʌɐ ʌțǸ ǍȺʌȡɃǸʌǸɶẏɾ 
drifting phase (Dibarboure, Lamy, Pujol, & Jettou, 2018) . This is done to ensure the 
quality of the data used from the Saral altimeter (Krishna, Vikram, & Sreejith, 2023) . 
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In Figure 8.a, it is observed that the NMB for wave heights between 1.25 to 6 m, is 
very similar when computed with all selected altimeters, with a differences range 
Ỗ ᶰ ụṣ ! ¸¶= ǱȡȒȒǸɶǸɅǪǸɾ ɶǍɅȓǸ Ỗ ᶰ ụ ȡɾ ɐǩɾǸɶʬǸǱ Ȓɐɶ ʭǍʬǸ țǸȡȓțʌɾ ǩǸʌʭǸǸɅ ᶯṣᶰᶳ ʌɐ 
6 m, which means th at with al altimeters the results are very close ( Figure 8.a). This 
difference range is similar up to H s of 9.5 m except for Jason -3.  

Comparisons with Jason -3 point to a slight H s overestimation from the simulations 
(from 1.5 to 3 %). More different results per altimeter are observed for wave heights 
> 10 m. Specially from comparisons with Jason -1, which gives the largest 
overestimation (NMB = 14 %) at H s = 11.25 m. Jason-2 and Envisat, in terms of NMB 
levels, show a more comparable behaviour for large wave heights, with a 
differences range < 3.5 %. These results show that the reduction of the larger wave 
heights underestimation is accomp lished with the wind intensities correction used 
in TUD -165. Regardless of some high NMB values observed for the tuning year at 
basin scale ( Figure 2.a), the overestimation of Hs>10 m within the coastal shelf is 
ʌʳɳȡǪǍȺȺʳ Ỗ ᶴ ụ ʭțǸɅ ʌțǸ ǍɅǍȺʳɾȡɾ ȡɾ ǱɐɅǸ ɐʬǸɶ ȺɐɅȓǸɶ ʌȡɃǸ ʭȡɅǱɐʭɾṣ 

Similar values are observed for the SI and HH index ( Figure 8.b,c). As for the NMB, 
there is a clear difference between the results obtained with Jason -1 and the rest 
of the altimeters for H s > 10 m. This is thought to be related to inaccuracies of Jason -
1 when it comes to the detection of large wave heights (Durrant, Greenslade, & 
Simmonds, 2009) . 

 
Figure 8Ṹ oȡɅǱǪǍɾʌ ʬǍȺȡǱǍʌȡɐɅ ɐǩʌǍȡɅǸǱ ʭȡʌț ǱȡȒȒǸɶǸɅʌ ǍȺʌȡɃǸʌǸɶɾậ ẐȒʔȺȺẑ ɃȡɾɾȡɐɅ ʌȡɃǸ ʭȡɅǱɐʭɾṾ 
(a) Hs normalized mean bias (NMB), (b) scatter index (SI) and (c) Hanna Heinhold index (HH).  

Obs.: Hs bin size is 0.25 m. Statistical parameters are computed using at least 50 occurrences per H s bin.  

Overall, for time windows larger than 4 years, considering Jason -2, Jason -3, Envisat 
ǍɅǱ ñǍɶǍȺṞ ʌțǸ ñu ǍɅǱ oo ȡɾ Ỗ ᶯᶮ ụ Ȓɐɶ ʭǍʬǸ țǸȡȓțʌɾ ȡɅ ʌțǸ ɶǍɅȓǸ ɐȒ ᶰ ʌɐ ᶯᶰ Ƀ ɶǍɅȓǸṣ 

1.4.2 Validation with buoy data  
Validation with altimeter data allows to cover a large portion of the modelled 
domain, but it only gives a good idea of the model performance in terms of H s. 
Other wave parameters characterizing the sea states can be analysed with buoy 
data. On the downside, given the vast amount of data generated for a 30 years 
hindcast, it becomes necessary to select specific locations to perform a more 
complete validation. F irst, from Figure 10 to Figure 12, 4 different years have been 
selected (2005, 2010, 2015 and 2020) including the results from all buoys listed in 
Table 3 (similar to Figure 5). Then, in Table 4 and Table 5, a summary of the model 
performance is presented for 11 years (2010 to 2020) at 6 locations representative of 
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areas of interest in the context of the present project: 6200014, 6200093, 6200191, 
6400046.  

In general the model performance for H s, Tp, T02 and Dm  do not differ much from 
the results already analysed for the tuning year 2011 (see Figure 5). The higher 
biases for peak and mean periods are apparently persistent over time on the North 
of Spain (Donostia buoy  and 6200024). Detailed results can be seen in Table 4 for 
location 6200024.  Low NMB levels for the significant wave height and mean 
directions oscillate between -5 to 5 %. Larger H s bias levels might be found within 
the English Channel (e.g.; Figure 11.a) but this is not a trend. The overall poorer 
values of  performance parameters for periods  at L91 (close to the Dutch coast) for 
years 2013 and 2014 are due to an odd behaviour from the buoy ( Table 5). This was 
verified in the time series from the buoy source file, where excessively large periods 
were observed, unrealistic for this area (e.g.; Tp > 20 s ).  High correlation values for 
H s (>0.95) and the mean period T02 (typically   > 0.9) are satisfactory achieved for all 
analysed locations, with random errors (SI) in the range of 10 to 14%. The larger SI 
values are normally found in areas with reduced depth. It should be noted that 
larger SI values do not necessarily i mply a poorer performance of the model.  

From the buoy selection presented in Table 4 and Table 5, particularly good results 
for H s and T02 (in all performance parameters) are found at 6200191 (Portugal), 
6200093 (Ireland) and J61 (North sea). The lowest NMB and SI are found at these 
locations.  
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Figure 9: Model performance indicators obtained comparing with buoy data for (a) H s, (b)  Tp , 

(c) T02  and (d) Dm . Results for validation year 2005 using TUD -165. 
Obs.: Green lines indicate the 500 m  depth contour, dashed green lines indicate the 50 m depth contour . Depth 

data obtained from the N_ATL -8M model grid  
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Figure 10: Model performance indicators obtained comparing with buoy data for (a) H s, (b)  Tp , 

(c) T02  and (d) Dm . Results for validation year 2010 using TUD -165. 
Obs.: Green lines indicate the 500 m depth contour, dashed green lines indicate the 50 m depth contour . Depth 

data obtained from the N_ATL -8M model grid.  
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Figure 11: Model performance indicators obtained comparing with buoy data for (a) H s, (b)  Tp , 

(c) T02  and (d) Dm . Results for validation year 2015 using TUD -165. 
Obs.: Green lines indicate the 500 m depth contour, dashed green lines indicate the 50 m depth contour . Depth 

data obtained from the N_ATL -8M model grid.  
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Figure 12: Model performance indicators obtained comparing with buoy data for (a) H s, (b)  Tp , 

(c) T02  and (d) Dm . Results for validation year 2020 using TUD -165. 
Obs.: Green lines indicate the 500 m depth contour, dashed green lines indicate the 50 m depth contour . Depth 

data obtained from the N_ATL -8M model grid.  

 

 

 

 










































































































































