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Figure 1: (a) Multi -grid nesting scheme adapted from Alday, et al. (2023). (b) Detail of N_ATL -8M and

Flgure 2: Model performance for parameterlzatlon adJustment tests (WW3 VJason -2), year 2011. (a) Hs
normalized mean bias (NMB), (b) scatter index (SI), and (c) Hanna Heinhold index (HH). ... 20..
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2011).(a) Hs occurrences normalized by total amount of data (1,113,727). (b) Normalized occurrences

differences (model  Valtimeter) with respect to Jason S2 CCI V3 e 1120 2L
Figure 4: Performance parameters for calibration year (2011) using TUD -165 compared with integrated
tracks from Jason -1, Jason-2 and Envisat. (&) H s Normalized mean bias (NMB) and (b) H s scatter index
Flgure 5 Model performance |nd|cators obtalned comparing Wlth buoy data for (a) H s, (b) Tp, (€) Toz
and (d) D m. Results for calibration year 2011 using TUD  -165.. o2

Figure 6: Model -buoy performance details at buoy J61. (a) Tlme 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 perfor mance parameters of T02 and Tp in (c)

and (d) respectively. ............... v 1101228
Figure 7: Inter -annual varlablllty of performance |nd|cators for wave helghts using Jason -2. (@)
Normalized mean bias (NMB), (b) scatter index (Sl), (c) Hanna Heinhold index (HH). . 28.
fdf ?2@&N ¢F o0dADDArAn WAAJDAAdeA ekanAJdANDZ fdat DIHRRN&ENAA AKnc
normalized mean bias (NMB), (b) scatter index (Sl) and (c) Hanna Heinhold index (HH). ..., 29..
Figure 9: Model performance indicators obtained comparing with buoy data for (a) H s, (b) Tp, (C) To2
and (d) D m. Results for validation year 2005 using TUD -165... PSPPSRI X S
Figure 10: Model performance indicators obtained comparing with buoy data for (a) H s, (b) Tp, (€) Toz
and (d) D m. Results for validation year 2010 using TUD -165... S RRTRSRRRRRC 230
Figure 11: Model performance indicators obtained comparing W|th buoy data for (a) H s, (b) Tp, (C) Toz
and (d) D m. Results for validation year 2015 using TUD  -165.. et ———— 1111 D e
Figure 12: Model performance indicators obtained comparing Wlth buoy data for (a) H s, (b) Tp, (C) Toz
and (d) D m. Results for validation year 2020 using TUD -165... 34
Figure 13: Flow chart of the WRF model, illustrating the basic components .38

Figure 14: A comparison between the ERA5 and CERRA reanalysis with respect to the observatlons

at the FINO1 wind mast location. The datasets are obtained during 2011, at hourly interval. ~ ............... 43
Figure 15: Synoptic weather maps of cold frontal passage at 0000 UTC on 22nd (left panel) and 23rd

February 2016 (right panel). The bottom panel shows the time series of wind power production by the

Belgian offshore wind farms (bottom panel), from 1800 UTC on the 21st to 1800 UTC on the 22nd of
February 2016, which depicts the wind ramp event. The total capacity of the wind farms is 712 MW.
Source: https://www.elia.be/.  ............ R [
Figure 16: Synoptic weather maps of cold frontal passage durlng 4th March 2016 (top Ieft panel) and

5th March 2016 (top right panel). The bottom panel shows the time series of wind power measured

by the Belgian offshore wind farms (bottom panel), from 1800 UTC on the 3rd to 1800 UTC on the 4th
of March 2016. The total capacity of the wind farms is 712 MW. . e A6,
Figure 17: The simulation domains adopted for the WRF 5|mulat|ons are shown prowdlng a

topographical overview. The domains are carefully designed to avoid any steep topography at the

boundaries, ensuring that the Alps are fully contained within a domain. Subfigures (a), (b), and (c)

illu strate the domain configuration for the WRF -ERAS5 and WRF -GFS experiments, while subfigures

(b) and (c) depict the domain configuration for the WRF -CERRA# experiment. Subfigure (c)
showcases the domain configuration for the WRF -CERRA, WRF-CERRA*, and WRF -CERRA+
experiments. In subfigure (c), the location of LIDAR observational cite LOT1 is denoted with violet star,

and the locations of the Belgium offshore wind farm are depicted with green circles. ... 49...
Figure 18: lllustration of the time series of wind power simulated by the six WRF model configurations

WRF -ERA5, WRF -CERRA, WRF -CERRA*, WRF -CERRA+, WRF -CERRA#, and WRF -GFS, in comparison

with the wind power produced by the Belgium offshore wind farm, (a) d uring 1800 UTC of 21st
February to 1800 UTC of 22nd February 2016; and (b) during 1800 UTC of 3rd March to 1800 UTC of 4th
March 2016. . —_10)

Figure 19: Tlme helght cross -sectlons of W|nd speed at the LOTl Iocatlon for Case 1 spanning from
1800 UTC on February 21st to 1800 UTC on February 22nd, 2016. The cross -sections include wind speed
data obtained from various sources: (a) observational dat a and WRF model simulations using
different configurations, including (b) WRF -ERA5, (¢) WRF-CERRA, (d) WRF -CERRA*, (e) WRF-
CERRA+, (f) WRF-CERRA#, and (g) WRF -GFS. The simulated data is taken from the innermost
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domains, which is D03 for WRF  -ERA5 and WRF -GFS, D01 for WRF -CERRA, WRF -CERRA*, and WRF -
CERRA+, and D02 for WRF -CERRA#. . nee . D3
Figure 20: Time -height cross -sections of Wlnd speed at the LOTl Iocatlon for Case 2 spanning from

1800 UTC on March 3rd to 1800 UTC on March 4th, 2016. The cross -sections include wind speed data

obtained from various sources: (a) observational data, and W RF model simulations using different
configurations, including (b) WRF -ERAD5, (c) WRF -CERRA, (d) WRF -CERRA?, (e) WRF -CERRA+, (f) WRF -
CERRA#, and (g) WRF -GFS... e 44t £ 4454414t 24D D)
Figure 21: Sketch representlng the phyS|caI processes that WRF -Solar® improves. The different
components of the radiation are indicated. Source: https://ral.ucar.edu/solutions/products/wrf -solar
Figure 22: Iberia location (according to the project requirement), for the generation of 30 years super -
scale resolution wind and solar hindcasts. cerrrreeen D2,
Figure 23: Ireland location (according to the prOJect requwement) for the generatlon of 30 years

super -scale resolution wind and solar hindcasts. SRR o 124
Figure 24: BeNeLux location (according to the project requwement) for the generatlon of 30 years

super -scale resolution wind and solar hindcasts. ettt et e e ——— 12211111112 s 111002 O3
Figure 25: WRF model domain configurations: (a) SCORES domaln for 30 -year hindcast simulations
(1990-01-01 to 2020 -01-01), consisting of 128*128 grid points; (b) Extended domain for 1 -year validation
simulations (2011 -07-01 to 2012-07-01), consisting of 16 8*240 grid points. Three coastal buoys are
shown with stars in (b), and purple locations (P1 -P3) are used for intermodel comparison and resource
assessment. ................ DRRRRRRR o1

Figure 26: Bivariate hlstograms deplctlng the 10m wmd speed dlstrlbutlon from ERA5 (1st column
and WRF ex simulations (2nd column), compared with the buoy observations: Gaurda. The number of
occurrences is presented in log count, with darker (lighter) color indicating low (high) occurrence.

The evaluation statistics including bias, RMSE, Pearson's correlation (r), mean absolute error (MAE),
and the Scatter Index (SI) are computed to assess the agreement between the three datasets and
observational data. The data spans a collection period from 01 -07-2011 to 01-07-2022, covering a year -
long duration. .......... RS PUPRPSPPRP o 7 &
Figure 27: Comparlson of 10m Wlnd speed dlstrlbutlons from ERA5 WRF ex datasets, with respect to

the buoy observations, at location Guarda. The Earth Movers Distance (EMD) is calculated and shown,

assessing dissimilarities between the datasets and observational data. PSP PURTOPRRRPUPIN o1 SO
Figure 28: Same as Figure 26, but at the CS buoy location. PR PP ST POPPPTTPPPRPRPPRY o 1° B
Figure 29: Same as Figure 27, but at the CS location. OO P O PR PPPPPRPUPRPN o © |
Figure 30: Same as Figure 26, but at the Cies buoy cite. —A0|
Figure 31: Same as Figure 27, but at the Cies location. wed O

Figure 32: Bivariate histograms depicting the 100m (column 1), 120m (column 2) and 150m (column

3) wind speed distributions from WRF scores and WRF ex simulations, at point P1, during the period

from 01 -07-2011 to 01-07-2012, covering a year -long duration. The evaluation statistics (RMSE, r, MAE,

and Sl) are computed to assess the agreement between the two datasets. P OUUPRRRTY 41

Figure 33: Same as Figure 32, Ut @t POINT P2. oot oot s e 4224 i £ £+ £ 41 71..
Figure 34: Same as Figure 32, but at POINE P3. oot e 442t 444 12.
Figure 35: Bivariate histograms depicting the 2m temperature distribution from ERA5 (1st column

and WRF e« simulations (2nd column), compared with the buoy observation Gaurda. The number of

occurrences is presented in log count, with darker (lighter) color indicating low (high) occurrence.

The evaluation statistics including bias, RMSE, Pearson's correlation ( r), mean absolute error (MAE),
and the Scatter Index (SI) are computed to assess the agreement between the three datasets and

observational data. The data spans a collection period from 01 -07-2011 to 01-07-2022, covering a year -
long duration. —.......... S PPRTRUSPRRPRY 07
Figure 36: Comparlson of 2m temperature dlstrlbutlons from ERA5 WRF ex datasets, with respect to

the buoy observations, at location Guarda. The Earth Movers Distance (EMD) is calculated and shown,

assessing dissimilarities between the datasets and observational data. ..o ———— 73...
Figure 37: Same as Figure 35, but for buoy location CS. B—
Figure 38: Same as Figure 36, but for buoy location CS. —i

Figure 39: Same as Figure 35, but for buoy location Cies.
Figure 40: Same as Figure 36, but for buoy location Cies. SRTURRRRRRRY A<
Figure 41: Bivariate histograms depicting the 2m temperature distributions from WRF scores and
WRF e simulations, at point P1 (1 st column), P2 (2 ™ column), and P3 (3 ™ column), during the period
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from 01 -07-2011 to 01-07-2012, covering a year -long duration. The evaluation statistics (RMSE, r, MAE,

SlI, and the EMD) are computed to assess the agreement between the two datasets. ..., 76...
Figure 42: WRF model domain configurations: (a) SCORES domain for 31 -year hindcast simulations
(1990-01-01 to 2021-01-01), consisting of 128*128 grid points; (b) Extended domain for 1 -year validation
simulations (2003 -03-01 to 2004 -03-01), consisting of 20 0*200 grid points. One coastal buoy is shown

with stars in (b), and purple locations (P1 -P3) are used for intermodel comparison and resource
assessment. ................ FRRPTR— <

Figure 43: Bivariate hlstograms deplctlng the 10m W|nd speed dlstnbutlon from ERA5 (1st column
and WRF ex simulations (2nd column), compared with the buoy observations: M1. The number of
occurrences is presented in log count, with darker (lighter) color indicating low (high) occurrence.

The evaluation statistics including bias, RMSE, Pearson's correlation (r) , mean absolute error (MAE),
and the Scatter Index (SI) are computed to assess the agreement between the three datasets and
observational data. The data spans a collection period from 01 -03-2003to 01 -03-2004, covering ayear -
long duration. ......... SRS PUPUPRRRRRSRY 4 °
Figure 44: Comparlson of 10m Wlnd speed dlstnbutlons from ERA5 WRF ex datasets, with respect to
the buoy observations, at location M1. EMD is calculated and shown, assessing dissimilarities between

the datasets and observational data. R - 0
Figure 45: Bivariate histograms depicting the 100m (column 1) 120m (column 2) and 150m (column

3) wind speed distributions from WRF scores and WRF ex simulations, at point P1, during the period

from 01 -03-2003 to 01 -03-2004, covering ayear -long duration. The evaluation statistics (RMSE, r, MAE,
and Sl) are computed to assess the agreement between the two datasets.
Figure 46: Same as Figure 45, but at point P2.
Figure 47: Same as Figure 45, but at point P3.
Figure 48: Bivariate histograms depicting the 2m temperature dlstnbutlon from ERA5 (lst column
and WRF e« simulations (2nd column), compared with the buoy observation M1. The number of
occurrences is presented in log count, with darker (lighter) color indicating low (high) occurrence.

The evaluation statistics including bias, RMSE, Pearson's correlation (r), mean absolute error (MAE),
and the Scatter Index (Sl) are computed to assess the agreement between the three datasets and

observational data. The data spans a collection period from 01 -03-2003 to 01 -03-2004, covering ayear -
long duration. —.......... PP PT P TRRPUPROPRRRPRE - o
Figure 49: Comparlson of 2m temperature dlstrlbutlons from ERA5 WRF ex datasets, with respect to

the buoy observations, at location M1. The Earth Movers Distance (EMD) is calculated and shown,

assessing dissimilarities between the datasets and observational data. . FRSURUTRUUURRRRRR : 1 O
Figure 50: Bivariate histograms depicting the 2m temperature distributions from WRF scores and

WRF e« simulations, at point P1 (1t column), P2 (2 ™ column), and P3 (3 ™ column), during the period
from 01 -03-2003 to 01 -03-2004, covering ayear -long duration. The evaluation statistics (RMSE, r, MAE,

SlI, and the EMD) are computed to assess the agreement between the two datasets. ..., 83...
Figure 51: WRF model domain configurations: SCORES domain for 31 -year hindcast simulations (1990 -
01-01 to 2021-01-01), consisting of 200*200 grid points. two coastal buoy is shown with stars, and purple

locations (P1 -P3) are used for intermodel comparison and resource assessSMeNt.  ......ccccceeevrvvieees e 85

Figure 52: Bivariate histograms depicting the 10m wind speed distribution from ERA5 (1st column and

WRF ex simulations (2nd column), compared with the observations, at Wandelaar. The number of
occurrences is presented in log count, with darker (lighter) color indicating low (high) occurrence.

The evaluation statistics including bias, RMSE, Pearson's correlatio n (r), mean absolute error (MAE),
and the Scatter Index (SI) are computed to assess the agreement between the three datasets and
observational data. The data spans a collection period from 01 -02-2016 to 01-02-2017, covering a year -
long duration. —.......... PP PO TTUPURRPPRRRPR - |0 B
Figure 53: Companson of 10m wnnd speed dlstrlbutlons from ERA5 WRF ex datasets, with respect to
the observations, at location Wandelaar. The Earth Movers Distance (EMD) is calculated and shown,

assessing dissimilarities between the datasets and observational data.
Figure 54: Same as Figure 52, but at observational location Westhinder. ... e 88..
Figure 55: Same as Figure 53, but at observational location Westhinder. crrereeenn 8801
Figure 56: Bivariate histograms depicting the 2m temperature distribution from ERA5 (1st column

and WRF ex simulations (2nd column), compared with the observations, at Wandelaar. The number

of occurrences is presented in log count, with darker (lighter) color indicating low (high) occurrence.

The evaluation statistics including bias, RMSE, Pearson's correlatio n (r), mean absolute error (MAE),
and the Scatter Index (SI) are computed to assess the agreement between the three datasets and
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observational data. The data spans a collection period from 01 -02-2016 to 01-02-2017, covering a year -
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Figure 57: Comparison of 2m temperature distributions from ERA5 WRF ex datasets, with respect to
the observations, at location Wandelaar. The Earth Movers Distance (EMD) is calculated and shown,
assessing dissimilarities between the datasets and observational data.
Figure 58: Same as Figure 56, but for observational location Westhinder.
Figure 59: Same as Flgure 57, but for observational location Westhinder. S UURPSOUPPRRPRRt « AP
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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 mo )
overall showed that the wave hindcast ECHOWAVE, achieved a normalised mean

bias 0 -4%, a scatter index (SI) O10%, with large waves >10 m having a difference OJ u
in the coastal shelf. Validation with Hmo buoy data in shallow coastal locations

showed enhanced perf ormance, when compared to open source datasets, for

Beran AeOQAndeAr At Na&N dr A-02BARA SIGE-1Q%,gidwng k Ar e
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 O3 sec and with  SI (1220%.

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 (0.2-0.7 m/s, inline closer to observation, while the ERA5 dataset
showed a large under -estimation (-4 m/. In addition, our models manage to
represent wind speeds >13m/s much better than ERAS5. 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 ERAS5. Across all the different high fidelity regions

our built data have a higher correlation (97-99%, a Sl 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

ERAS5 wave product), which is equivalent to ~55 km to ~27 km. Thus, it could be

F NANEAAKG' NDZ At Aan At N QAer NraA e?2aAan?A RaceB At N Be
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 IIl modelling
framework ( The WAVEWATCH IlI® 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
At N rNA rAAANry rdB?AAndeArs

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
rnMNOdRQO OeAr AAA &ENFfdgeAR raAAEar k' ArcNrr AP At
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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 High 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  atotal of 432 cores (normally distributed in 9 hpc
nodes ).

1.2.1 The WAVEWATCH Il model

WAVEWATCH Il (from hereon WWa3) is a third generation wave model originally
developed at the US National Centers for Environmental Prediction (NOAA/NCEP),

based onthe initial workfrom 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.

WWS3 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 Ysource terms X 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 HT':D _i ), el E' % %
with J  pEPRh
a
a 7
o A T
B B3
P g BT
where N is the wave action, E the wave directional spectrum. d is the relative (or

intrinsic) radian frequency observed from a reference frame that moves with the
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mean current and 5 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, ¢4 = (cqcos(),cqsin(*)) is the wave group celerity vector, sa
local coordinate in the direction of [ 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 a |E<<-4g"m

Equation 3 o a B3¢

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

_ . = . : 1

24 oo S —pd 1

Equation 4 T e %DN!«FJ'"’ i =iJ sl i a
_ B ﬂ"HT B =
with ] -
ﬂ"lif’ Ty

T

gt NeN é dr At N Mihedangitude, AhBZhtuddr andU. and U« are the
projected current components.

On the right hand side of Equation land Equation 4,Sis 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 Sn 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 = Sgs.

Sin describes better the dominant exponential wind -wave growth process, which is
why for model initialization a linear input term Sin 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 Sy, energy dissipation due to bottom friction Shot ;, OF 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 St . Taking into account all
these parameterizations, the net source term can be expressed as:

Equation 5 oA Ao Aea A A A A g an

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 1lis 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 1b). Details of the spatial resolution and extension of each grid are
presented in Table 1

| KK KAADZ RNAA? &aNr A4t N dr AAADZR =2dat r?2c®RAQN r BA
are treated like (sub -grid) blocking obstacles (Chawla & Tolman, 2008)

(b)

55
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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 Longitude Latitude Spatial
Rank ] [°] resolution

Grid Name
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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 fields

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 %
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
AAcEt N AgDAA ABnAda? DN «&Nf ¢BNr pRopaatidd codditidnd i Nr  d A

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 40.07° 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 ®AcABNAN&Ed" AAde Ar {noddlDElbratioB N A A r

To improve the model performance within the analysed area (with the described

setup), itis 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:

@

. ) 0% .
Equation 6 1 olP 1. K %n;i.o%_'- - O%edks P, h =P

with S o 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 1o BP > v ore BP  »eot oreo BP

where rysand r, AN N At N XANdiftax ANaEBr Ae PgWN At N &N/
and turbulent swell attenuation which effects are controlled by the ratio of the
significant Reynolds Number Re and its critical value  Rec:

Equation 8 » 4 8 <F  {m 7
Equation 9 >, B - {mdim?y
Wlth Re = 2U orb ,sH s/Ha

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 (Soutwr ) Which has the following form:

Equation 10 - oieo EP :—f '-C] o 5 BP

with Q ip G ds i AT & — 0o.70

In Equation 6, max IS the non -dimensional wind -wave growth coefficient, “al YR
are the density of the air and the water respectively, and [ is th e von Karman s
constant . Then, Z=log(" ), with = the dimensionless critical height (Janssen, 1991),C
is the phase celerity and  ? dis a frequency -dependent modified friction velocity

used to reduce the wind input source term. [ is the wave direction, [, the wind

direction, and as explained before, A the wave relative frequency observed from a
reference frame moving with the mean current.

In Equation 8 and Equation 9R rt dr A XA?ANAKANX nAcABNANaE 7
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, f. includes the adjustable effects of wind

speed on the surface roughness, where feom dr At N gaEAAA AADZ TADZ NAy
factor (Grant & Madsen, 1979) for rough oscillatory boundary layers without a mean

flow. In particular, slis 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 (Sl), and the Hanna Heinhold index
(HH).

L
Equation 11 41 ” Bh.m= ¢y

L
BL, v

Equation 12 |k b

Equation 13 11 BLy.m= v

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

ur rte?ADZ kN AeadONDZ AtAa At N oo dGADNI R AKre
ANe eBAKd' NDZ ceen BNAA re? AceNDZ Neceack xR t Ar kNNA Ot
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

Ae At N dAraAacE?BNAAryYy k ASMDEZSGSEAoo, 20453 A AA de Ar

For most model -altimeter comparisons, the NMB, Sl 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, 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 Hsand T, 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
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

A & N 1-yeae sniilations Bf signdichit fvave heights

longi

XA?AQAT X
(Hs) fields from the N_ATL

tudes

-40° to 37.5°, and

ANrC AT

-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

The T475 parameterization values

Ar

Uioinput IS the wind intensity as read from the wind fields,

A rAAEAgAT
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.
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
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, Uiocorr is the corrected wind intensity used to force the model,

(Dodet, et al., 2020)

neaqAA

Re

At N

(Alday, Accensi, Ardhuin, & Dodet, 2021)
ADX?r ABNAAT Y

Conversely , the

, are used

in Table 2, including the terms used to

and U. the wind intensity threshold from which the correction starts working.

Table 2: Parameters adjusted per test.

X. is the correction factor

Test Name F S7 Re. S1 Uc Xe
max
[m/s]
TA475 1.75 4.32x10° 1.15X10 0.66 21 1.05
Bm1.65-WC 1.65 4.32x10° 1.15X10 0.66 20.5 1.04
Bm1.65-WC-s7-s4 1.65 3.60x10° | 0.90X10° 0.66 20.5 1.04
TUD-165 1.65 3.60x10° | 0.90X10° 0.68 20.5 1.04
Obs.: max, S7, Reg, s1, Uc, and xc correspond to input parameters BETAMAX, SWELLF7, SWELLF4, WCOR1 and
WCOR2 in WW3.
Equation 14 T B rr T femo MOTFOT e mo a7

In Figure 2.ais 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

Hs (2 m; see distribution in

smaller H.. There is also, in average, a non
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

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

energy converters

With Bm1.65 -WC there is still a noticeable overestimation for H

(WEC). This is first done by reducing the

Figure 3). This over estimation increases for

-negligible positive bias of 2.5 % for wave

partially reduced in two steps. First by decreasing the

ytdr

neEe YNOA

t Ar

ENQONdJ% NDZ R? ADZ AT
under grant agreement number 101036457.
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-WC in Figure 2.a).
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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 ¢
(see Bm1l.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 Souwr term in  Equation 7, increasing silto
0.68, helps to further reduce an extra ~1.2 % the NMB for HiO nss Bs Vytdr r N
parameters values are defined as parameterization TUD -165.
25.0 20.0
223 (a) :zzf.ss—wc (b) (C)
2004 o BmM1.65-WC-s7-s4 2504
17.5 e TU-165 175

225

15.0
— 12,5 15.0
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Figure 2: Model performance for parameterization adjustment tests (WW3 y Jason -2), year
2011. (a) Hs normalized mean bias (NMB), (b) scatter index (SI), and (c) Hanna Heinhold index
(HH).

Obs.: Hs bins width is 0.25 m.

Compared to T475, using TUD -165 helps to reduce about 5 % the bias for wave
heights <2 min the North  -East Atlantic. Additionally a small Hs 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 Hs Sl values for the complete range of
analysed wave heights ( Figure 2.b). Onthe 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 Hs 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.ais
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 Hsof 1 to 1.5 m, with a

clear reduction of the underestimation of occurrences (e.g.; about 1 % at Hs=1.25m).
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Figure 30 fAdf AdRAIQAAAN RAWN t NdftAar AeacBAAd' NDZ D&, r Adegk ?adeAr R
(year 2011).(a) Hs occurrences normalized by total amount of data (1,113,727). (b) Normalized
occurrences differences (model y altimeter) with respect to Jason -2 CCl V3.
Obs.: Hs bins width is 0.25 m.

1.3.3 Adjustments verification with merged altimeter tracks and buoy data
Yyt N nAcABNANaEd' AndeAry A DHIB5 ha’ Kekm done ANsDG, AT Ae V-
At Ng&e NRRNOA oA At N rdB?AAANDZ RAWN t Ngftanr Aa X

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  Hs 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 ? €N Ot AAF Nr dA At N RAYN RANADZ D2N Ae RAWN
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.

UuA At dr OArNR dAraAaNADZ eR Kees qAF Aa At N ZAWN |

function of Hs, 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 Hs NMB can reach about 10 %

(Figure 4.a). Within the coastal shelf The North sea, Ireland and Portugal stand out

Ar "eANDZAadat Aes BNAA kdAr uds uUs AeBN AcNAr =7

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 Sl values

u 6 nFigura $.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

QAer N Ae KAADE ytN XAedrNx dA At N AAAGBNANE B
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detection of thenon -gA?2rr AN KAADZ r ? ®RAON At An AAANGEr At
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 Hs Sl ranges between 10 to 12 %
which aligns with previous studied in the area using altimeter data by Alday et al.
(2022).
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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 Hs, the
peak period T, the To; mean period, and the mean wave direction Dm. Results for
the NMB, BIAS, Sl 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 5R dr At Aan RAWN t Ndftary ., T= dA
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 He, 1= dr Onst u Ni ONna An
of buoy 6200199 with NMB = 9.9 % (equivalent to 0.2 m). Note that, in general, for

At N &NrA R AtN D2BAJA At N SAWN tNdftary 9= dr

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 Sl 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 | are related to
inadequate resolution of the tidal and wind forcing within the English Channel,

22

ytdr nEeYNOA tAr &NONJWNDZ R? ADHAF RaEeB At N MinawatignplegiammE€ A d e /
under grant agreement number 101036457.

/



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 Hs 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 Sl considerably

lower (12.8 %) compared to the previously estimated value with merged altimeter

tracks (~18 %). § AW N t Ndftary OQeacacNAArAdeA KNASNNA BeDANA
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 Hstime series.

The model performance in terms of peak periods ( T,) 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 T, between instruments. Thus, it is not rare to find
larger Sl 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 T,
from buoy measurements, a moving average with a 2 -hours window was applied.

About half of the 34 buoys recorded T, 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 T, 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) Toz 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 Sl of the peak periods, the highest values are observed in The North Sea, at

the location of buoys D151 (20 %), J61 (21.9 %), and Nsblll (24.7 %). These locations
also show the lowest CORR values, ranging from 0.7 to 0.75. This high SI and lower
correlations are mainly caused by differences in the estimation of the peak period

during calm sea states (characterized by small Hs). 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 Hs(Figure 6a), large jumps of the modelled T, are observed ( Figure 6.a,
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BgDZ nAANAUs §tNr N XNWNAAr%x AcN BeaEeN RaENeH,NAA
(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
effectonthe T, Xr QAA A NENDZ FRigore 6.t.e s A d A

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 Sl, and almost negligible bias of the To2 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 To Mean period are
presented in  Figure 5.c. Overall the NMB levels are well constrained (as for Hs),
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  To, 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 ( T,) and not the Ty, obtained from
the integration of spectral data. Thus, Its suitability can be questioned.
Nevertheless, the comparison was still considered as a referenc e.

The To, scatter index spatial distribution is similar to that of the Hs, 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 T,.
Note how the Sl 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 T are
typically >0.85, with values > 0.9 along the Bay of Biscay, Portuguese and lIrish
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 ( Dn), 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
discretization). 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
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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 TO2 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 56.167 43.733 597.88 Waveparameters
6200027 £2.218 49.082 27.21 Wave parameters
6200029 £12.401 48.701 2046.10 Wave parameters
6200066 £1.614 43.53 53.50 Spectral
6200069 £4.968 48.29 58.39 Spectral/Wave param.
6200081 £13.301 51 2010.18 Wave parameters
6200082 L7.618 44.064 1149.46 Wave parameters
6200083 £9.21 43.49 378.53 Wave parameters
6200084 £9.374 42.121 488.27 Wave parameters
6200091 b5.431 53.484 87.45 Wave parameters
6200093 £9.999 55.002 121.15 Wave parameters
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6200095 £15.862 53.017 3246.79 Waveparameters
6200103 £2.900 49.9 65.05 Wave parameters
6200105 £12.367 54.55 2944.47 Wave parameters
6200144 1.700 53.4 24.74 Wave parameters
6200191 £9.580 41.15 2326.12 Wave parameters
6200192 £9.640 39.51 1114.15 Wave parameters
6200199 £9.210 39.56 118.50 Wave parameters
6200301 54.50 52.3 22.74 Wave parameters
6200303 £5.100 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 £11.401 59.1 1856.19 Waveparameters
6400046 £4.500 60.701 1107.67 Wave parameters
Al21 3.817 55.417 30.46 Wave parameters
D151 2.933 54.317 40.78 Wave parameters
Donostiabuoy £2.026 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
Nsblll 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

neENWwde?r At D2AN Reac AtN nAcABNAN&Ed' ArndeAry ADX
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

t NgPtary OQeWNaEAP N neeWdDANDZ kr AAAGBNAN@Er R nA&?r
BeDNAyr &Nr?2AAr dA ANaEBr eRdsenat N& nAcABNANGEr ®?A

1.4.1 Validation with altimeter data

Validation of the model output using altimeter data to compare, is done in 2 steps.

fder AR Ae naeeW dDN AA dDNA eR At N dgAANEAAA? AK EAA
Sl 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 Hs 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, 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 Hs performance values for years 2008 to 2019 are presented in Figure 7, which

provides a good idea of the accuracy changes range at each Hs 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

Hs of 2.75 to 6.5 m. Note that the NMB values per year in this wave heights range

kAr OAKA" Xer QL AAAANr %X Ace?ADZ» us uA reBN OAr Nr
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upto 9% for Hs>7 m (Figure 7.a).Inter -annual variability range of the Heiu dr O nsw
% 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 Hs = 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,

areobservedfor Hs® § Bs uan dr Ate?ftaA AtAA At dr OQe? ADZKk
wind intensities correction applied to the ERA5 forcing, used to mitigate the

underestimation of larger wave heights. A slight increase of the Hs Sl 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 fieldsin ~ time, which can be linked to the amount of assimilated data in

the ECMWEF atmospheric model (from 0.75 million per day in 1979 to 24 million in

2018).
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Figure 7: Inter -annual variability of performance indicators for wave heights using Jason -2. (@)

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 7s fe® Ni ABnANR At NeN dr A rAdftaA XrtdgRax eR
1.5%)forHsO ¢ BR AADZ A F NAN&EAA &ND2 Oa ¢ eHA>7enRwhent N ? A DN ¢
comparing 2011 from Figure 7.atothe red linein  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

At N na&aNr NAA AAAKT rdr e©AK" DAAA ?2AAQAK n~Nnne S Ar
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

O v wus ! 9= DHRRNENAOQONr &EAAFN O v u dr ekr NEW NI
6 m, which means th at with al altimeters the results are very close ( Figure 8.a). This
difference range is similar up to Hs of 9.5 m except for Jason -3.

Comparisons with Jason -3 pointto a slight Hs 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 Hs=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

A nNdQAAAKT O I u RtNA AtN AAAA" rdr dr DZAN eV Nc

Similar values are observed for the Sl 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 ~ Hs> 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)
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(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 Hs bin.

Overall, for time windows larger than 4 years, considering Jason -2, Jason-3, Envisat

AANDZ AiAcAKR At N fAu AADZoo dr O nr uyu Reae RAWN t NdfF

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 Hs.
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 10to Figure 12 4 different years have been
selected (2005, 2010, 2015 and 2020) including the results from all buoys listed in

Table 3 (similarto 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 Hs, Tp, Toz and D 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 -51t0 5 %. Larger Hs bias levels might be found within

the English Channel (e.g.; Figure 11a) 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.; T, > 20 s ). High correlation values for
Hs (>0.95) and the mean period  To, (typically > 0.9) are satisfactory achieved for all
analysed locations, with random errors (Sl) in the range of 10 to 14%. The larger Sl

values are normally found in areas with reduced depth. It should be noted that

larger Sl values do not necessarilyi ~ mply a poorer performance of the model.

From the buoy selection presented in Table 4 and Table 5, particularly good results
for Hs and To. (in all performance parameters) are found at 6200191 (Portugal),
6200093 (Ireland) and J61 (North sea). The lowest NMB and Sl 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) Toz 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
(c) Toz 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
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) Toz 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) Toz 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.
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