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This report presents the comparison and bias correction of wave and water level data, with applications to the Offshor
Wind Industry (OWI), particularly in the context of wind farm design. The analysis focuses on both average and extrer
wave and water leel conditions, distinguishing between historical periods (used for method validation) and future
climate projections (used to assess ldlegm changes). The geographical focus is on the French coastline, with particular
attention to offshore wind farm laations.

5

Wave observations and reanalyses are compared using annual and seasonal cycles, as well as their statist
distributions, evaluated through standard performance metrics. The objective is to identify the most suitable reanalysi
dataset along the Frencloast for downscaling General Circulation Models (GCMs). Wave comparisons are conducte
between two reanalysis datasatdResourceCode (RSCD) from IFREMER and HYWAT from 8ld@the English
Channel and Atlantic coasts. Both datasets show good agreememntwily observations, with small biases and high
correlations. HYWAT is selected as the most suitable reanalysis for these regions.

For the Mediterranean Sea, the MEDUG and M¥AV reanalyses (provided by Copernicus) are evaluated against wave
observations. MEBWWAV demonstrates better performance and is therefore selected for the remainder of the study.
Regarding water levels, comparis are made between tide gauge observations and two reanalyses: -GR38! and
IBEMFC. The good agreement observed supports the selection of (ER38 for bias correction of climate model
outputs along all three French coastlines.

Once the most appropriate reanalyses are selected, thet@s correction method is applied to reduce discrepancies
between reanalyses and climate model projections. To validate the methodology, the correction is first applied tc
historical model simuldons. The results show a significant improvement in the alignment of statistical distributions,
confirming the robustness of the method and its suitability for application to future climate projections.
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energy demand continues to grow. Offshore wind power offers a sustainable solution to reduce our carbon footprint
Given their multidecadelifespan, offshore wind farms are, or will be, exposed to the impacts of climate change. The
2CNOW project investigates the effects of climate change on waves and water levels, which may influence the desi
and operation of offshore wind farms.

Changes in water levels can affect hydrodynamic conditions, foundation stability, and corrosion processes. Wavi
contribute to hydrodynamic loads on structures and influence weather windows for maintenance operations.
Additionally, both waves and water lelvvariations can drive morphological changes in landfall zones. This report
presents comparisons and bias corrections between wave and water level observations and model projections, with
focus on future climate scenarios.

To explore future trends and their potential impacts on offshore wind farms, three types of datasets are compared
observations, reanalyses, and climate models. Observations consist of local time series measured at fixed points, oft
with discontinuities.Reanalyses are modbhsed datasets that assimilate observational data (satellite and in situ) to
produce spatially and temporally consistent records over several decades (>30B=acs; et al., 2010 They offer
broad spatial coverage and continuouwsrtporal resolution, making them valuable for historical analysis and future
projections. General Circulation Models (GCMs), on the other hand, simulateskatye physical processes in the
atmosphere and ocean. While they are powerful tools for climatggation, their coarse resolution limits their accuracy

in coastal environments. Smaltale processes are often parameterized rather than explicitly resolved, introducing
uncertainties. Moreover, GCM outputs can vary significantly depending on how thesesges are represented.

Based on these datasets, the following methodology is applied:

1. Processing of observational datansuring the removal of spurious values and sufficient data coverage for
reliable statistics.

2. Comparison between reanalyses and observationsing performance metrics to quantify consistency and
select the most suitable reanalysis.

3. Selection of the best reanalysit® correct future climate model outputs, based on interannual variability and
seasonal cycle comparisorisy(ing et al., 2091

4. Bias adjustment of climate modelduring the historical period.
5. Correction of climate model output$or future periods.
6. Application of the methodologyo offshore wind farm locations.

This report presents Steps 1 to 4 of the methodology. It details the selection of the most appropriate reanalysis fc
waves and water levels based on comparisons with observations, and the subsequent use of this reanalysis to downsc
climate model outpus. Each French coastlinghe English Channel, the Atlantic coast, and the Mediterranean $ea
analyzed separately, as literaturedppeschi et al., 20)4hows that observed trends vary by region due to differing
physical processes. For instance, the ititacoast is more sensitive to storm tracks than the other regions. The selection
of the best reanalysis may therefore be made by maritime front, to account for$oedd processes.
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This report serves as a foundation for validating the methodology used to compare and correct climate model output
at regional scales. Once validated, the methodology will be applied to future climate projections under various Share
Socioeconomic Pathwd$SP) scenarios, which incorporate different greenhouse gas emission trajectories and societs

developments. Finally, statistical analyses will be conducted to quantify the potential impacts of climate change o
offshore wind farm design.

The first part of the report focuses on waves, including comparisons between reanalyses and observations, followed |

bias correction of climate models using the selected reanalysis. The second part applies the same methodology to wa
levels.



2C NOW PROJE@omparisons and corrections of climate mod RANCE

for waves and water levels along the French coasts for o NAERTI\SSI;%S
an applicatiorto offshore wind farms

V.21 £9 51 ¢

1 Observations

In-situ data are provided by the CMEMEdpernicus Marine Environment Monitoring Seryiesitu TAC (Thematic
Assembly Center) for the Significant Wave Height (Hs) expressed irsnt@tieer parameters for waves are going to be
explored in the next report such as the period (Tp) and geak direction (Dp) Hs is measured by moordmlioys,
anchoredat fixed locationsEven if the data are validated and qualified by CMEd®ie outliers may remairhus the
raw datais first analyzedOutliersdefined asHs exceeding 20 m or lower than Oare detectedand removed. Also,
outliers are deleted ithe data is superior tahree times the standard deviation dimeseries(Bentamy& CroizeFillon,

2014). Finally, timeseries with at least 10 continuous and recent years arefi&epériods when thereanalysis datés
also available.

According to the treatment described abgvi2 buoys are retained for this study and representedrigurel. More
precisely, we selecte® stations in the English Channel, 5 stations on the Atlantic coast and 4 stations in the
Mediterranean Sea. A color code with green for the English Channel, blue for the Atlanticacwhsed for the

Mediterranean Sea is chosen for the entire studyasference. The selected stations are distributed along France's 3
coastlines, as close as possible to future offshore wind farms (orange squares on tHeiguagi,).
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Figurel. Map of the buoys measuring wave Hs selected for the study around France
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2 Reanalysislata

Fourreanalysiglata setsare analysedn this study based on their high spatial resolution. For the English Channel and
the Atlantic Ocean, two reanalgs are usedRESOURCECODE (R&GR2nsi et al., 209and HYWAT (Hydrodynamics
and Waves hindcasiourdan et al., 2090Both reanalyss are available on an hourly bagtar the Mediterranean Sea,

two other reanalges are usedhe MEDUG reanalys(§aidherbe et al., 2094nd the MEBWAYV Korres et al., 2091
Other reanalysisanbe found as the one used byaugel et al. (2014pr example based orthe ANEMOC database but

the other reanalysiss either of lower spatial resolution or not fret® accessothey are not considered in this study.

2.1 Reanalyses used for the Atlantic Ocean and the English Channel

TheRSCDeanalysis is operated by Ifremdntips://ressourcecode.ifremer.jrand covers the period from 1994 to 2021
using hourly wind forcing from the ERA510m wind speed KCMWF; and tidal currents and water levelthat are
recomposed from harmonic atlases from MARS and FES20a4d et al., 2021 Wet boundaries are forced by the
global wave model oflday et al. (2021{https://archimer.ifremer.fr/doc/00709/82121). The wave model is WW3
(WaveWatch Ill) with ST4 parametrization. This regional model covers Gibraltar to Faeroe Islands. The grid
unstructured ancextends as far shoreward asfewkilometresfrom the coast.

The HYWAT reanalysis from 1979 to 2022 (44 years) is operated by the SHOM
(https://doi.org/10.17183/REJEUX HYWATIhe HYWAT reanalysis extefrdsn latitudes between 43°N and 52°N and
longitudes between 7°W and 5°E in a r&iructured grid.The wave model used is Wavewatctwith TEST471 physical
parameterization corresponding to the default ST4 parameterization in WW3 v6.87dhu(in et al., 2010, Leckler et
al., 2013 among others)and the outputs are providedith an hourltemporalresolution anda 30km spatial resolution

The HYWAT reanalysis is forced by the atmospheric reanalysis ERA5 (E@K\&Kfehts argrovidedby HYCOM
(Jourdan et al., 209@nd surface elevation by LEGOS 2011 NEA tidal(atlas] et al., 2021

2.2 Reanalyses used for the Mediterranean Sea

The MEDUGreanalysis is available from 2003 to 2022 (20 years)paadided bythe SHOM Kaidherbe et al., 2034
¢KS NBlIylfeara O20SNB @gKSc alb QhgMINERIpeDRODy ¢{KSSI 33 NdAsRc ndpash
the HYWAT reanalysis with the same bathymetifyc(iaud et al., 201} The resolution is high with 200 m close to the
coast and 700 to 1000 m close to offshore wind farms. MEDUG is forced by ERA5 from ECMWF at 30 km spatial resolt
and an hourly temporal resolution. The redysis uses the model WW36v07.1.

The MEDWAV reanalysis datasethttps://doi.org/10.25423/cmcc/medsea _multiyear wav_006 012 a multiyear

wave reanalysis starting from January 1993, composed by hourly wave parameters at 1/24° horizontal resolutiol
covering the Mediterranean Sea and extending up to 18W2nto the Atlantic Ocean. The BDBWAYV modelling
system is based on wave model WAM 4.6.2 and has been developed as a nested sequence of two computational gt
(coarse and fine) to ensure that swell propagating from the North Atlantic (NA) towards the strait of Gibraltar is correcth
entering the Mediterranean Sea. The coarse grid covers the North Atlantic Ocean from 75°W to 10°E and from 70° N
10° S in 1/6° resolution while the nested fine grid covers the Mediterranean Sea from 18.125° W to 368l ifo®
30.1875° N to 45.9792° N with a 1/24° resolution. The modelling system resolves the prognostic part of the wav
spectrum with 24 directional and 32 logarithmically distributed frequency bins. The wave system also includes a
optimal interpolation assimilation scheme assimilating significant wave height along track satellite observations
available through CMEMS and it is forced with daily averaged currents frorPliggics and with-b, 0.25° horizontal
resolution ERA5 reanalysis l@hoveseasurface winds from ECMWHhe MEBWAYV reanalysis is provided by
Copernicus anwvas created by the HCMR (Greece).
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3 Climate models

From the paper ofVieucci et al. (2024 we evaluated eight climatic models forced by a 10m wind speed from CMIP6:
ACCESSM2, AWVACM-1-1-MR, CMCLCM2SR5, EEARTH3, IPSIM6ALR, KIOSESM, MRESM12-LR and MRI
ESM20. The historical periodovers1985 to 2014and the future period is from 2071 to 2100 for all models, except for
ACCESSM2 and EEARTH®/hichcover the entire period from 1961 to 2100. The wave model used is WWIII with ST6
parametrization(Fernandezet al., 202). The resolution of these global models is 0.5°. Three scenarioasak
historical, SSRP2.6 and SSP8.5. The model output time step &hourly (Meucci et al., 202
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To compare observations, reanalysis and modets selected the closest point of reanalysis (example: RSCD) and
models (example: GCl/General Circulation Modélso the observation (example: GL_TS_MO_62006aHedATLAN2

in the rest of this repodtpoints as explained frigure2 (Maps for all stations are available in AppendixG9mparisons

are made byanalysingannualmean, annual maximaeasonal cycles arcumulativedistribution functions Figure3,
Figured, Figureb). The coherence between datasets using scatter pkotdso provided idppendix 2To quantifythese
comparisonsstatistical metricshereafter called scores, are presenteddedicatedtables and describedbove. Since

one of the objectives of the 2C NOW preijés to evaluatehe possible impactsf climate changen the design of
offshore windfarms both the meanandextremeconditions are considered.

N
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Figure2. Representation of the selection of the closest points of models and reanalysis of observational datacation ATLAN2

1 Definition of scores

Severabktatistical metricsvere calculated for each station between the observations and the reanalyses: the correlation,
the biasand the normalizedroot mean square errorThese scores are calculated over the concurrent period of the
observations and the 2 reanalyses so that the comparisons areTfaicomplete thesanetrics computation,Taylor
diagrans are also drawn to compare the reanalysAsTaylor diagrans a mathematical representation to compare
models and observationg &ylor, 200).

In this study scores are calculated faimeare and éextremet conditions when we refer to theanconditions" in the
remainder of this report, we are referring to datander the 95th percentiles, tfs percentile being calculated from
observations. When we refer to "extreme conditions"”, we are looking at data above the 95th percentile, calculated fron
observations, for waves (for water levels, extreme conditions concern both vahme the 95th perentile and also
valuesbelow the 5th percentile).
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1.1 Correlation

Correlation is the measure of linear dependency between two datasets, ranging from 0 to 1, and a value of 1 indicate
a perfect correlation between the 2 datasd€is our case, we compute a temporal correlation between the observations
and the reanalyses).

1.2 Bias
The bias is the mean difference between the reanalysis and the observations. If both datasets are in coherence, the b
will be close to zero.

-
6 08 "¥———
0

Here,M and O present reanalysis and reference measurements dislthe length of overlapped time.

1.3 Normalized root mean square errdiNRMSE)
The NRMSE corresponds to the distance between the regression line and data goiidsd by the range of the
observations.

— o YbYo
YD YA B0 0 0 YD YO—ES z

2 Comparisons for stations located in the Channel

In the English ChanndFigure3, Figure4, Figure5), both reanalyss show good agreememtith the observations
despite a constant bias of around Om®, and are close to each other. HYWAIWaysseems to be closer tthe
observations than RSC&nd this result is even more visible for extreme vaJweigh a tendency of oveestimating the
extremes for RSCD
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Figure3. Comparisons between observations (black) and reanalyses: RSCD (yellow) and HYWAT (blue) at station CHAN1
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Figure4. Comparisons between observations (black) and reanalyses: RSCD (yellow) and HYWAT (blue) at station CHAN2
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Figure5. Comparisons between observations (black) and reanalyses: RSCD (yellow) and HYWAT (blue) at station CHAN3

In thefollowing tables Tablel, Table2, Table3), the scores are shown for both amalysesat all the Channel stations
and for mean and extreme conditionBhe best reanalysis is each time highlighted by bold wrikogalmost all scores
and all stations, the HYWAT reanalysis shows better results, whether for mean conditions or for extreme conditions.
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In detail:

1 The correlation between HYWAT and observations is very good for normal conditions with giadates
than 0.8/, and weaker for extreme conditions with valuetween 0.4 and 0.77 (results nevertheless better
than for theRSCDeanalysis).

1 The bias between HYWAT and observations is aroug®d.@. m for normal and extreme conditionand
always a fewcentimetresbelow the RSCD biaghis is not a very good result given the range of values
observed.This bias is even a little weaker at the CHAN3 station (East of the English Channel), especially 1
extreme conditions.

1 The NRMSE between HYWAT and observations presents yadued5%to 23%for mean conditions and
around 11% for extreme conditions. These poor results are notably due to the strong existing bias, a
mentioned beforeThe results are even worse in terms of NRMSE for RSCD.

HYWAT is thereforeonsidered ashe bestavailablereanalysis for the English Channel stations.

Tablel. Correlation for mean and extreme conditions at Channel stations

Correlation| Mean Conditions | Extreme Conditions
[no units] RSCD HYWAT RSCD HYWAT
CHAN1 0.9 0.93 0.71 0.77
CHAN2 0.9 0.91 0.56 0.59
CHAN3 0.83 0.87 0.36 0.4

Table2. Bias for mean and extreme conditions at Channel stations

Bias Mean Conditions | Extreme Conditiong

[m] RSCD HYWAT RSCD HYWAT
CHAN1 0.41 0.34 0.61 0.4
CHAN2 0.48 0.42 0.51 0.3
CHANS3 0.34 0.26 0.03 -0.13

Table3. NRMSE for mean and extreme conditions at Channel stations

NRMSE| Mean Conditions | Extreme Conditiong

[%] RSCD HYWAT RSCD HYWAT
CHAN1 18.42 15.09 15.78 11.55
CHAN2 27.58 23.61 13.33 10.72
CHAN3 26.15 20.55 12.24 11.13

3 Comparisons for stations located in th&tlantic Ocean

Along the Atlantic coast-{gure6, Figure7, Figure8, Figure9 and Figurel0), both reanalyses show good agreement
with the observationswith a lower bias than in the English Chanraeld are close to each othe®easonal cycles are
well represented, with in most cases a slight underestimation of waves during winter, which is also found on the annui:

maxima graphs, and a slight overestimation during summer.
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Figure6. Comparisons between observations (black) and reanalyses: RSCD (yellow) and HYWAT (blue) at sta&ihh ATL
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In the following tablegTable4, Tableb, Table6), the scores are shown for bothamalyses at all thétlantic stations
and for mean and extreme conditions. The best reanalysis is each time highlighted by bold Bdtingeanalyses
present a good comparison for mean conditions with high correlations (> 0.90), small biases (< 10 cm) except at stati
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ATLAN1 located near Brest, and a NRMSE lower than 9%.

For extreme conditions, the correlations are also very good with vajaasrally above @-0.8. The biases remain low
overall, with higher value®r the ATLAN4 and ATLANS stations located on the Basque coast. The NRMSE are betwe
8 and 12% except at the ATLANS station which has a value of more than 20% for the RSCD reanalysis.

Overall, on the Atlantic coast, the 2 reanalyses present good correlations with a slight advantage for the RSCD reanaly

while the bias and the NRMSE present better results for the HYWAT reanalysis.

In view of these results and to maintain consistency between the 2 connected maritime facades (the English Chanr

and the Atlantic Ocean), the HYWAT reanalysis is retained.

Table4. Gorrelation for mean and extreme conditions at Atlantic stations

Correlation| Mean Conditions | Extreme Conditions
[no units] RSCD HYWAT RSCD HYWAT

ATLAN1 0.96 0.96 0.86 0.85
ATLAN2 0.97 0.97 0.86 0.86
ATLAN3 0.97 0.96 0.88 0.85
ATLAN4 0.96 0.96 0.83 0.84
ATLANS 0.94 0.93 0.77 0.7
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Table5. Bias for mean and extreme conditions at Atlantic stations

Bias Mean Conditions | Extreme Conditiong

[m] RSCD HYWAT RSCD HYWAT
ATLAN1 0.26 0.15 0.32 0.02
ATLAN2 0.08 0.03 0.01 -0.21
ATLAN3 0.05 0.03 0.03 -0.07
ATLAN4 0.05 0.08 -0.39 -0.38
ATLANS -0.09 0.03 -0.77 -0.58

Table6. NRMSE for mean and extreme conditions at Atlantic stations

NRMSE| Mean Conditions | Extreme Conditiong
[%] RSCD HYWAT RSCD HYWAT
ATLAN1 8.65 7.13 7.59 6.19
ATLAN2 6.11 5.87 8.14 8.4
ATLAN3 5.78 6.0 10.8 11.84
ATLANA4 6.25 6.21 8.8 8.54
ATLANS 8.03 7.99 20.53 18.96

4 Comparisons for stations located in the Mediterranean Sea

In the Mediterranean Se@rigurell, Figurel?2, Figurel3, Figureld), The MEBWAY reanalysis graphically presents less
bias than the MERJG reanalysis for the annual mean and seasonal cycles, at all stations except MED4, which is locat
west of the Gulf of Lion, near Leucate. The annual maxima seem well represented hg#ma®ses.
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In the following tablegTable7, Table8, Table9), the scores are shown for both aralyses at all théMediterranean
stations and for mean and extreme conditions. The best reanalysis is each time highlighted by boldranitadmost

all scores and all stations, tMEDWAVreanalysis shows better results for mean conditiodfgt extreme conditions,
the results are less clear: MBBRAYV is better for correlation, MEDG is better for bias, and the scores are split for
NRMSE.

In detail:

1 The correlation betweeMEDWAVand observations is very good for normal conditions with vafjreater
than 0.8, and weakeponly for extreme conditionsat stations MED1 and MEDR®ith valuesequal to 0.67
and 0.49 respectivelfresults nevertheless better than for tdMEDUGeanalysis).

1 The bias betweeMEDWAVand observations igery goodfor mean conditions with values lower than 0.1
m. For extreme conditiondyIEDWAVis better at statiorMED1 and MEDUG is better at station MED#
biases at the other 2 stations are comparable

1 The NRMSE between MBRAV and observations is satisfactory for average conditions with ve&iesen
9 and 2%. For extreme conditions, the results are also good except at station MED1 withafalisés and
25% for the MEBWVAV and MEDUG reanalyses respectively.

The MEBWAYV reanalysis therefore presents overall better scores than the MEDUG reanalysis and is therefore retaine
for the correction of climate models in the Mediterranean.

Table7. Gorrelation for mean and extreme conditions at Mediterranean stations

Correlation| Mean Conditions Extreme Conditions
Wi MEDUG MED-WAV MEDUG MED-WAV
MED1 0.9 0.93 0.55 0.67
MED2 0.87 0.9 0.66 0.71
MED3 0.85 0.87 0.83 0.86
MED4 0.83 0.87 0.86 0.88
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Table8. Bias for mean and extreme conditions at Mediterranean stations

2C NOW PROJECIomparisons and corrections of climate mod
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Bias Mean Conditions Extreme Conditions

[m] MEDUG MED-WAV MEDUG MED-WAYV
MED1 0.23 0.01 0.45 -0.11
MED2 0.1 -0.03 0.02 -0.31
MED3 0.13 0.05 0.12 -0.14
MED4 0.01 -0.09 -0.04 -0.4

Table9. NRMSE for mean and extreme conditions at Mediterranean stations

NRMSE| Mean Conditions Extreme Conditions
[%6] MEDUG MED-WAV MEDUG MED-WAYV
MED1 18.04 9.6 25.58 15.49
MED2 14.25 10.11 12.24 12.78
MED3 15.73 11.0 10.0 8.8
MEDA4 13.61 12.33 9.55 12.56

5 Conclusion ofvavescomparisons

The following table presents the numerical reanalyses which were retained folrfeanbhmaritime seafront in order
to correct thewavesclimate models (see section).

Table10. Best reanalyses for each French maritime seaframterms of waves

Maritime seafront
English Channel
Atlantic Ocean
Mediterranean Sea

Best reanalysis
HYWAT

HYWAT
MED-WAV
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Due to their coarse resolution and physical parameterizations, GCMs have bias compared to observations and reanaly
A bias correction is applied to correct the differences between the distributions of the reanalysis and the models
Different approachegxist, based on a correction of the mean values, or a correction of the full distribution. Here we
choose a method of the second kind, the @E€umulative Distribution Function transform) methadi¢helangeli et

al., 2009. Also, the CBFmethod correcs all quantiles compared to the usual quantitatching method for example
(Kokic et al., 2013 The CDF method assumes that the transformation from the historical GCM to the local scale is
unchanged in the future climate.

2C NOW PROJE@omparisons and corrections of climate mod o RANCE

This can be translated as:
Oh @ ="0h ("Q 2 (Or @)

where Fo,his the CDF of observations in the historical perfealfis the CDF of observations in the future peribd),h
the CDF of one of the models in the historical period Bndfthe CDF of the same model in the future period.

Finally, the CDEmethod is applied on raw and monthly data to avoid seasonality effect. A first result is shéwguia
15for one station in the Atlantic Ocean (buoy 6200069, offshore Brest). The iS§@pplied at each station in the full
common timeseries (between reanalyses and climate models) so from-2@B5 for the English Channel and the
Atlantic coast and over 1993014 for the Mediterranean Sea.

In Figure 17, we see from top to bottom, the annual mean, the cumulative density function and the seasonal cycle
before the CDFt (left) and after the CDFt (right). We can see that the downscaling works well on the whole distributio
(the cumulative densit functions of the climate models follow that of the reanalysis) and that the seasonal cycles are
also perfectly in phase.

The next step, which will be the subject of a future 2C NOW report, will be to perform thé¢ &bfe locations of
offshore wind farms projects and analyze the future wave climate in the projections until 2100.

In the next chapter of this report, the same analysis is performed on water level data.
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The methodology used in the previous chapter for waves is used here for water levels. Comparisons are made on "to
water levels", which include a tidal component (periodic phenomenon of astronomical orgaipwly varying mean
water level componentand a residual component also called "storm surge" linked in particular to atmospheric
variations (windspressures). Only the last 2 compone(itsean water levelsurge)can be impacted by climate change

2C NOW PROJE@omparisons and corrections of climate mod o RANCE

1 Observations

Water levels data are provided by tfi&ONIMnetwork operated by theSHOMin France through multiple tide gauge
stations giving sea level data in meter. Data measured by French tide gauges are referenced verticatydatum

(CD. Numerical reanalyseson the other hand, have water level values basedtlogir own mean sea leveltljeir
equilibrium position. To compare the reanalyses to the observations, their overall means are therefore removed in
order to obtain oscillations around zero; the bias scores between the reanalyses and the observations will therefore nc
be presented in this part of the report.

The objective of the quality check on the water level observations is to keep as much information as possible. W
describe water level outliers, as values that are twice as large than the 99th percentile (obs > 2*p99), or that are belo
the 1st percentilesubtracted by twice its absolute value (obs <-2*|pl|). Any values fitting this description were
deleted. Only the stations number 25&éte)and 710(Solenzarawere impacted, erasing a handful of outliers.
For the figures including the annual averagey, we removed any yeg@resenting more than 25% missing valies.

less than 2190 values a year). This prevents mostviiéle retainingenough information After applying this quality
control,there are23 tide gauge stationkeft in total, with 7 stations in the English Channel, stationsalong the Atlantic

coast and 7 stations in th&lediterraneanSea Figurel6).
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Figurel6. Map of the tide gauge stations selected for the study on water level
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2 Reanalysis data

2.1 Reanalyses used for the Atlantic Ocean and the English Channel
TheGTSMERASeanalysis datasefrom Copernicu€limate Change Service (G38)sed in this studyo compare to

the stations locatedon the Atlantic and Channel coasts. This reanalysiavisilable from 1979 to 2018
(https://doi.org/10.24381/cds.a6d42dg§0 The dataset provides data of mean sea level, storm surge residual, tidal
elevation and total water level and is forced by ERA for the reanalysis componenthis dataset is also forced by
CMP6winds (see sectioflimate models Dataare available every 10 minutes at coastal grid pointth a resolution

of 0.1° [ttps://cds.climate.copernicus.eu/cdsapp#!/dataset/sismter-levelchangetimeseriescmip6?tab=overvieyv
Time series are computing using the Deltares Global aihSurge Model (GTSM) version Mire information about

this datasetis provided bylable1l1 below.

Tablel1l. Description of the Copernicus dataset used for water level analyBigase note that this dataset is subject to changertopdate
information: https://doi.org/10.24381/cds.a6d42d60)

DATA DESCRIPTION

Data type Gridded with variable grid step
Projection Latitude-longitude grid
Horizontal coverage Global

Horizontal resolution Coastal grid points: 0.1°

Ocean grid points: 0.257, 0.5%, and 1° within 100 km, 500 km, and >500 km of the coastline, respectively

Vertical coverage Surface
Vertical resolution Single level
Temporal coverage ERAS reanalysis: 1979 to 2018

Climate projections historical: 1950 to 2014

Climate projections future: 2015 to 2050

Temporal resolution Reanalysis: 10-minute, hourly and daily maximum

Climate projections historical and future: 10-minute, annual

File format NetCDF-4

Conventions Climate and Forecast (CF) Metadata Convention v1.6, Attribute Convention for Dataset Discovery (ACDD) v1.3
Versions Dataset version 1.0

Update frequency No updates expected

ThelBFMFCreanalysidataset(https://doi.org/10.48670/mot00029, from Copernicudarine Service, is also used in

this study to compare to the stations located on the Atlantic and Channel cd&stdBIMFC provides an ocean physical
reanalysis product for the IberRBiscaylreland (IBIfrom 1993to 2021, with an hourly timestepThe model system is

run by MercatorOcean within anumerical core based on the NEMO v3.6 ocean general circulation model run at 1/12°
horizontal resolution. Altimeter data, in situ temperature and salinity vertical profiles and satellite sea surface
temperature are assimilated.



https://doi.org/10.24381/cds.a6d42d60
https://cds.climate.copernicus.eu/cdsapp#!/dataset/sis-water-level-change-timeseries-cmip6?tab=overview
https://doi.org/10.24381/cds.a6d42d60
https://doi.org/10.48670/moi-00029
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2.2 Reanalyses used for the Mediterranean Sea
TheGTSMERASeanalysis dataset, described in previous paragraph, is alsamusgd study to compare to the stations
located in the Mediterranean Sea.

The other reanalysis used in the Mediterranean is tMEDMFC available onCopernicus Marine Service
(https://doi.org/10.25423/CMCC/MEDSEA MULTIYEAR PHY 006 004 ThERiataset is generated by a numerical
system composed of an hydrodynamic model, supplied byNbeleusfor European Modelling of the Ocean (NEMO)
and a variational data assimilation scheme (OceanVAR) for temperature and salinity vertical profiles and satellite S
Level Anomaly along track dati.K S Y2 RSt K2 NAT 2y I f HBNK)RNANB andverdgspaged A
vertical levels are 14T he reanalysis dataset covers the period from 1987 to 202 an hourly timestep.

3 Climate models

At the climate model level, the GTSM dataset is also used
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.a6d42d60?tab=ove)vind is forced this time

in terms of climate forcingwith 5 AtmosphericGeneral Grculation Models AGCMSs) of the high resolution Coupled
Model Intercomparison Project Phase GMIP§ experiment: CMCECM2VHR4, EE€arth3PHR, GFDCM4C1925ST,
HadGEM35C31HM and HadGEM&C31HM-SST. Only one future scenario is available in addition to the historical part,
and it is thehighremissions scenari8 SPB.5, proposed by IPCOhe historical period covers 1®@% 2014 and the
future period starts in 208 until 2050.



https://doi.org/10.25423/CMCC/MEDSEA_MULTIYEAR_PHY_006_004_E3R1
https://cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.a6d42d60?tab=overview
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To compare total water levels, the first approach is to do some scatter plots between observations aedralyses
(Appendix2.2). For each station the linear regression loreall the data pointgsalsoplotted. Thegood fitting indicates
that observations and the reanalysis are matching for every statiote that ®me papers already validated tl&TSM
ERAS ranalysiswith tide gauge stations and confirm the similaritiesluis et al., 2020,Dullaart et al., 2020).
Comparisons arthen made byanalysingannual mean, annual maxima andmulativedistributions To quantify these
comparisons, statistical metri¢scores describedn sectionl) are presented irdedicated tables.

Since one of the objectives of the 2C NOW project is to evaluate the possible impacts of climate change on the desi
of offshore wind farms, both the mean and extreme conditions are considevedn we refer to fheanconditions" in

the remainder of this report, we are referring to data between the 5th and 95th percentiles, these percentiles being
calculated from observations. When we refer to "extreme conditions”, we are looking at both \alloge the 95th
percenile and valuedelow the 5th percente, calculated from observations

1 Comparisons for stations located in the English Channel

The following figuresHigure17 to Figure24) show the comparisons between observations and reanalyses for the
Channel stations. We can see that the trends are generally rather well represented for the annual mean, and that thel
is more bias for the annual max, even if these annualimamsseem to be well correlated temporally. Visually, the
GTSMERAS reanalysis seems to perform slightly better than thi1FBT reanalysis.
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Figurel?7. Comparisons between observations (black) and reanalyses: GE®M5 (green) and HBAFC (blue) at station 2 (Dunkerque)
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Figurel8. Comparisons between observations (black) and reanalyses: GE®M5 (green) and BBAFC (blue) at station 4 (Le Havre)
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Figure19. Comparisons between observations (black) and reanalyses: GEBRM5 (green) and HMFC (blue) at station 13 (Cherbourg)
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Figure20. Comparisons between observations (black) and reanalyses: GE®M¥5 (green) and HFC (blue) at station 24 (Dieppe)
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Figure21. Comparisons between observations (black) and reanalyses: GERM¥5 (green) and HBAFC (blue) at station 54 (Roscoff)
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Figure22. Comparisons between observations (black) and reanalyses: GERM¥5 (green) and HBAFC (blue) at station 55 (Calais)
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Figure23. Comparisons between observations (black) and reanalyses: GERM¥5 (green) and HBAFC (blue) at station 111 (Boulogrseir-

Mer)
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Figure24. Comparisons between observations (black) and reanalyses: GERM¥5 (green) and HMIFC (blue) at station 410 (SakMalo)

In the following tablesTablel2 and Tablel3), the scores are shown for bothamalyses at all the Channel stations and
for mean and extreme conditions. The best reanalysis is each time highlighted by bold \wotiagmost all scores and
all stations, theGTSMERASeanalysis shows better results, whether for mean conditions or for extreme conditions.

In detail:

1 The correlation betweerGTSMERASand observations is very good for normal conditions with values
greater than 9, anda bit weaker for extreme conditions with valudgtween 061 and 088 (results
nevertheless better than for thilBEMFCreanalysis).

1 The NRMSE betwedBTSMERARNd observations presents valuigem 2% to5% for mean conditions and
from 15%to 35%for extreme conditionsThe difference in results between the mean conditions and the
extreme conditions is notably due to the biases observed in the previous figures (and therefore also to the
bias correction which was carried ouf)he results are worse in terms of NRMSEIBWMFG except at
station4 (Le Havrg

GTSMERAGSs therefore the best reanalysis for the English Channel stations.

Tablel2. Correlation for mean and extreme conditions at Channel stations

Correlation Mean Conditions Extreme Conditions

[no units] IBI-MFC GTSM-ERAS5 IBI-MFC GTSM-ERA
BOULOGNE-SUR-MER 0.96 1.0 0.44 0.86
CALAIS 0.98 0.99 0.48 0.85
CHERBOURG 0.97 0.99 0.77 0.83
DIEPPE 0.97 1.0 0.63 0.88
DUNKERQUE 0.98 0.99 0.54 0.86
LE_HAVRE 0.99 0.99 0.5 0.61
ROSCOFF 0.97 0.99 0.67 0.86
SAINT-MALO 0.97 0.99 0.41 0.85
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Table13. NRMSE for mean and extreme conditions at Channel stations

NRMSE Mean Conditions Extreme Conditions

[%6] IBI-MFC GTSM-ERAS5IBI-MFC GTSM-ERA
BOULOGNE-SUR-MER 7.1 4.2 47.27 34.67
CALAIS 6.49 4.08 42.72 18.54
CHERBOURG 5.36 3.14 19.65 16.72
DIEPPE 6.04 3.91 38.89 30.2
DUNKERQUE 6.42 5.24 42.33 27.14
LE_HAVRE 3.72 4.14 24.94 30.35
ROSCOFF 5.89 2.87 20.25 15.83
SAINT-MALO 6.47 3.53 32.16 22.66

2 Comparisons for stations located in the Atlantic Ocean

The following figuresHigure25 to Figure37) show the comparisons between observations and reanalyses for the
Atlantic stationsLike in the English Channelewan see that the trends are generally rather well represented for the
annual mearand for the annual maxand that there is more bias for the annual nmaMms than for the annual mean
even if these annual marumsseem to be well correlated temporal{petween reanalyses and observat&n
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Figure25. Comparisons between observations (black) and reanalyses: GE®M5 (green) and HBAFC (blue) at station 3 (Brest)
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Figure26. Comparisons between observations (black) and reanalyses: GE®¥5 (green) and HBAFC (blue) at station 15 (Poeloc)
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Figure27. Comparisons between observations (black) and reanalyses: GERM¥5 (green) and HBAFC (blue) at station 34 (La Rochelle)
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Figure28. Comparisons between observations (black) and reanalyses: GERM5 (green) and HBAFC (blue) at station 36 (Sak@ildas)
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Figure29. Comparisons between observations (black) and reanalyses: GE®M5 (green) and HBAFC (blue) at station 37 (SakMNazaire)
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Figure30. Comparisons between observations (black) and reanalyses GERM¥5 (green) and HBAFC (blue) at station 62 (Les Sables

d'Olonne)
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Figure31. Comparisons between observations (black) and reanalyses: GEBM5 (green) and HBIFC (blue) at station 71 (Poffudy)
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Figure32. Comparisons between observations (black) and reanalyses: GEBRM¥5 (green) and HMFC (blue) at station 94 (Bayonne Boucau)
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Figure33. Comparisons between observations (black) and reanalyses: GE®¥5 (green) and HBAFC (blue) at station 95 (Sakdean de Luz)
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Figure34. Comparisons between observations (black) and reanalyses: GEBRM5 (green) and HBIFC (blue) at station 152 (Le Conquet)
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Figure35. Comparisons between observations (black) and reanalyses: GEBM¥5 (green) and HBIFC (blue) at station 160 (Concarneau)
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Figure36. Comparisons between observations (black) and reanalyses: GER¥S5 (green) and HBMIFC (blue) at station 184l¢ d'Aix)
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Figure37. Comparisons between observations (black) and reanalyses: GER¥5 (green) and HBAFC (blue) at station 190 (Arcachon)

In the following tablesTablel4 and Tablel5), the scores are shown for bothamalyses at all thétlanticstations and
for mean and extreme conditions. The best reanalysis is each time highlighted by bold Wwotiadgmost all scores and
all stations, the GTSMRAS reanalysis shows better results, whether for mean conditions or for extreme conditions.

In detail:

1 The correlation between GTSERAS5 and observations is very good for normal conditions with values
greater than 0.4, and a bit weaker for extreme conditions with valdestween 0.8 and 0.& (results
nevertheless better than for the IBIFC reanalysis).

1 The NRMSE between GTEWRAS and observations presents valfuem 2% to7% for mean conditions and
from 9% to 25% for extreme conditions. The difference in results between the mean conditions and the
extreme conditions is notably due to the biases observed in the previous figures (and therefore also to the
bias correction which was carried ouBit some stations, the NRMSE results are better with thévilBC
reanalysis, but this is not the majority (GTERAS presents better results at 9 stations out3)f. 1

GTSMERAS is therefore the best reanalysis for the Atlantic stations.
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Tablel4. Correlation for mean and extreme conditions at Atlantic stations

Correlation Mean Conditions Extreme Conditions

[no units] IBI-MFC GTSM-ERAS5S IBI-MFC GTSM-ERA
ARCACHON_EYRAC 0.74 0.94 0.25 0.68
BAYONNE_BOUCAU 0.94 0.99 0.58 0.74
BREST 0.95 0.99 0.53 0.85
CONCARNEAU 0.96 0.99 0.74 0.84
ILE_D_AIX 0.98 0.99 0.67 0.75
LA ROCHELLE LA PALLICE 0.98 0.99 0.69 0.76
LES SABLES D OLONNE 0.97 0.99 0.78 0.8
LE_CONQUET 0.94 0.99 0.64 0.85
PORT-BLOC 0.89 0.98 0.41 0.72
PORT-TUDY 0.96 0.99 0.76 0.83
SAINT-GILDAS 0.98 0.99 0.78 0.79
SAINT-JEAN-DE-LUZ_SOCOA 0.96 0.99 0.68 0.81
SAINT-NAZAIRE 0.98 0.99 0.8 0.78

Table15. NRMSE for mean and extreme conditions at Atlantic stations

NRMSE Mean Conditions Extreme Conditions

[%0] IBI-MFC GTSM-ERAS5 IBI-MFC GTSM-ERA
ARCACHON_EYRAC 15.59 7.29 45,18 15.37
BAYONNE_BOUCAU 8.32 5.25 20.1 21.71
BREST 7.4 3.42 25.85 22.98
CONCARNEAU 6.04 3.18 12.27 13.47
ILE_D_AIX 5.16 3.64 27.85 25.45
LA ROCHELLE LA PALLICE 4.03 3.34 14.82 13.02
LES SABLES D OLONNE 6.12 3.35 15.88 16.3
LE_CONQUET 8.14 3.36 21.01 16.2
PORT-BLOC 10.67 4,94 23.41 14.9
PORT-TUDY 6.17 3.27 12.23 14.02
SAINT-GILDAS 3.92 3.14 13.14 10.37
SAINT-JEAN-DE-LUZ_SOCOA 6.41 3.24 17.43 14.04
SAINT-NAZAIRE 4.7 2.88 10.37 9.29

3 Comparisons for stations located in the Mediterranean Sea

The following figuresHigure38 to Figure44) show the comparisons between observations and reanalyses for the
Mediterranean stations. Like in the English Chaanel in on the Atlantic coastve can see that the trends are generally
rather well represented for the annual mean and for the annual max, and that there is more bias for the annual max
even if these annual marumsseem to be well correlated temporally.
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Figure38. Comparisons between observations (black) and reanalyses: GERM5 (green) and HBMFC (blue) at station 22 (Monaco)
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Figure39. Comparisons between observations (black) and reanalyses: GE®M5 (green) and HBAFC (blue) at station 68 (Toulon)
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Figure40. Comparisons between observations (black) and reanalyses: GERM¥5 (green) and HMFC (blue) at station 75 (Pekfendres)
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Figure41. Comparisons between observations (black) and reanalyses: GERM5 (green) and HBFC (blue) at station 250 (Sete)

Annual Mean
0.2

0.15
0.1

0.05

Lagid

-0.1

-0.15

—-0.
21990 1985 2000 2005 2010 2015 2020

Annual Max

0.55

0.5

0.45

©

4

0.35

0.3

Probability of occurence

0.25

0.2

1990 1995 2000 2005 2010 2015 2020

Cumulative distribution

100 =—e— Observations
—e— GTSM-ERAS
MED-MFC
80
50
40
20
0

0

Total water level (m)

Figure42. Comparisons between observations (black) and reanalyses: GE®M5 (green) and HFC (blue) at station 339 (Nice)
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Figure43. Comparisons between observations (black) and reanalyses: GE®M5 (green) and HBAFC (blue) at station 524 (Marseille)
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Figure44. Comparisons between observations (black) and reanalyses: GERM¥5 (green) and HBAFC (blue) at station 719 (Fesir-Mer)

In the following tablesTable16 and Tablel17), the scores are shown for bothamalyses at all the Mediterranean
stations and for mean and extreme conditions. The best reanalysis is each time highlighted by bold Faitoogh
scores and all stations, the GTERAS reanalysis shows better results, whether for mean conditions or for extreme
conditions.

In detail:

1 The correlation between GTSHERA5 and observations is very good for normal conditions with values
greater than 076, and weaker for extreme conditions with valuegtween 031 and 055 (results
nevertheless better than for the BIFC reanalysisNote that the scores are lower than on the other
seafronts because the concomitant time series (observations + reanalyses) are generally shorter.

1 The NRMSE between GTEWRAS and observations presents valinem 2% to 7% for mean conditions and
from 20% t031% for extreme conditions. The difference in results between the mean conditions and the
extreme conditions is notably due to the biases observed in the previous figures (and therefore also to the
bias correction which was carried ouflhe results are worse in terms of NRMSE foiMBC at all the
stations.

GTSMERAS is therefore the best reanalysis for the Mediterranean stations.

Tablel6. Correlation for mean and extreme conditions at Mediterranean stations

Correlation Mean Conditions Extreme Conditions

[no units] MED-MFC GTSM-ERASMED-MFC: GTSM-ERA
FOS-SUR-MER 0.63 0.78 0.37 0.42
MARSEILLE 0.6 0.76 0.27 0.31
MONACO_FONTVIEILLE 0.55 0.82 0.35 0.52
NICE 0.56 0.81 0.34 0.53
PORT-VENDRES 0.64 0.81 0.45 0.55
SETE 0.7 0.81 0.53 0.55
TOULON 0.57 0.78 0.37 0.53
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Tablel7. NRMSE for mean and extreme conditions at Mediterranean stations

NRMSE Mean Conditions Extreme Conditions
[%0] MED-MFC GTSM-ERASMED-MFC GTSM-ERA
FOS-SUR-MER 10.74 8.9 40.2 30.88
MARSEILLE 9.19 7.56 34.17 26.64
MONACO_ FONTVIEILLE 12.29 8.99 42.58 22.75
NICE 12.35 9.28 43.61 23.73
PORT-VENDRES 9.59 7.41 34.56 22.53
SETE 8.21 6.87 27.16 20.52
TOULON 12.23 9.68 45,98 26.54

4 Conclusion of water levels comparisons

The following table presents the numerical reanalyses which were retained for each French maritime seafront, in orde
to correct the water level climate models (see sectith

Table18. Best reanalyses for each French maritime seafront in terms of water levels

Maritime seafront Best reanalysis
English Channel GTSM-ERAS
Atlantic Ocean GTSM-ERA5

Mediterranean Sea GTSM-ERA5
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Like for the wave data in the first part of this report, t&®R method is usedto downscalethe climae models for

water level The CDFt is applied to the surges monthly in order to respect the seasonal cycles, and annually on tt
average level (no higher frequency variation of this level available in the datasets). This correction is not applied to tt
component linked to the tidas explained previously in this report.

In Figure45, we see from top to bottom, the annual mean, the cumulative density function and the seasonal cycle,
before the CDFt (left) and after the CDFt (rigvje see that the cumulative density function was already well
represented by climate models before the CDFt, in particular because the water level signal is largely dominated by tl
tidal component, and that this distribution is preserved after the CDFtalMe see that the CDFt acts on the seasonal
cycles of climate models which correspond after the CDFt to that of the reandiigigiext step, which will be the
subject of a future 2C NOW report, will be to perform the €_RFthe locations of offshore imd farms projects and
analysethe future water levekvolutionin the projections until 2100.
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Figure45. Representation of the best reanalysGTSMERASbold black) at station 3 (in Brest) and the climatic models for the historical
period, before the CDFis applied (left panel) and after the CEtHs applied (right panel)
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To assess future changes in wave conditions and water levels at offshore wind farm sites, this report proposes
methodology to correct climate model projections using observational data and reanalyses. Since direct observatior

are not available at the adhore wind farm locations, a reanalysis or hindcast dataset with broader spatial coverage is
required.

As a first step, comparisons between available observations and reanalysis datasets were conducted to identify the mc
suitable products for wave and water level variables along each French coastline. For wave data, the HYWAT reanal
was selected for e English Channel and Atlantic coasts, while the MEXY reanalysis was chosen for the
Mediterranean Sea. For water levels, the GTESRAS hindcast was selected for all three coastal reditatsel9).

Table19. Summary of best reanalyses for each seafront

Seafront Waves Water Levels
English Channel

Atlantic Ocean HYWAT GTSM-ERA
Mediterranean Sea | MED-WAV

Using these selected reanalyses, the climate model outputs werecbiascted at each offshore location of interest
using the CDEmethod. This correction was applied to both historical and future projection periods. The results of the
CDR correction ae presented in this report.
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1 Appendix 1:Datapoint selection maps
Legend: Observations (black square), reanalysis MEDUG (green circle), reanalysis HYWAT (blue circle) and rean:
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Appendix 2: Scatteplots
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