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Abstract. Offshore Wind power plants have become an impogtmenbf the European electrical grid. Studies of metocean
site conditions (wind, sea state, currents, water levels) form a key input to the design of these large infrastructsre projec
Suchstudies heavily rely on reanalysis datasgtich provide decadebng model time series over large ardagurn, these
time series are used fassessing wind, water levels and wave conditions, and are theeiputs to design activities such
as calculatios of fatigue and extreme loadgind platform elevationsin this article, we address a known deficiency of one
these reanalysis datasets, ERA5, namely that it underestimates strong wind speeds ldéffsfiaracorrectedthis poses a
designrisk (large and extreme wind, waves and water level conditions are underestinfitstly, comparisons are made
against CFSR/CBv2 reanalysess well ashigh quality wind energy specific 4situ measurementsom floating LIDAR
systems.Then,the ERAS surface drag formulaticand its sea statdependencyreanalysed in detgithe conditions ofhe
bias identified,and a correction method is suggested. The article concludegpreplosingpractical and simple ways to
incorporate publicly availabléigh-quality wind energy measurement datasets wsedr interaction studiedongsiddegacy

measurements such as met buoys.

1 Introduction

Offshore wind power plants hehedu@ carbonemissiors from the power sectarThey have gradually evolved from small
demonstration projects (Vindepgommissioned in 19910 commerciakcale demonstration projects (Horns Reef 1, Nysted)

in the early2000s. Today, they stndas integral componentd the European power griENTSOE, 2024.
AtmospheridBoundarylLayer(ABL) wind datasets from Numerical Weather Prediction modelling sy{tew® modelspare
routinely used for the purpose of assessing the offshore wind resource and for characterising sea state, water lerdl and curr
conditions at offshore wind farm location$W/P modelsprovide inputs tdnydrodynamie and spectral wave modelsglobal
reanalysiglatasets such as CFSR (Saha et al., 2010), CFSv2 (Saha et al., 2014) and ERA5 (Hersbach et al., @@®p) are w
usedfor these purposess theyarepublicly availablefree of chargeand covetong periods decades

Despiteperformingamong the beqsee(Ramon et a).2019), a study considering 77 tall tower sites which concludes that
AERAS nearsurface wind datasetffers the best estimates of mean wind speed and variability at turbine hub d)etgkts

NWP model used for producing ERAS suffers from a major drawback for engineering purposes: it underestimates strong wind
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speedoffshoreclose to the surfacéor instance at 10 rfa nominal elevatiooften used for hydrodynamiand spectral wave
modelling. This is documentedor instancein (Bentamy et al., 2021)a study which uses 4situ far- and nearoffshore
measurementsee its figured and 5which displayan ERA5 biasfor strong wind conditionsSimilarly, (Alday et al, 2021)

refer to PineauGuillou et al., 201Bfor documenting the ERAS bias aptopo® a piecewise linear correctiornThe bias is
documented as well ifBolbreke et al., 202Bpangehl et al., 202®1eyer et al., 20233t measurement locations in the North
Seawhere ERAS5 performs worse than atttatasetsTherefore, ér engineering applicatiorthe ERA5 10 m wind speed
values ar@ftencorrected to ensure that site conditions design values are not underestimated, see for instance (DHI, 2023)
effect, for design,slightly conservativevalues areypically desirable that is: modekesultsthat underestimate large wind
speeds, and thereby also large wapesg a design risk (of too small loads, atmbtoo low platform elevationsAs a result,

and despite their shortcomings (differences in land/sea masks and grid resolution, poorer correlationsitith in
measur ement s, no wind speed time series close to a mode
experience, the preferred datasets for driving engineering hydrodyremdispectral wave modelling systems.

This ERA5S bias has not been widely discussed insttientific literature,and it may not be clear to all ERA5 users that the
data need to be corrected. Also, the methods published so far only partially address thedbiaften, hey corred¢ 10 m
windsonly, andbr use sitespecificcorrectionssee(Alday et al, 2021)or (DHI, 2023) The present article proposes a novel
approach to both topicafter having provided elements of wind speed modellin§ect.1, we compare ERA5 and CFSv2
model time series at selected locations, with each other and agasitst ineasuremenia Europe and American Sect. 2

The ERAS strong wind bias is discusse@®irt. 3 a detailed analysis of tERAS drag formulation is providednd a simple
correction method is suggestént wind speeddetweenlO and 100 m usingnalytical ABL wind profile expressions from

the literatureThe measurement datasets all cdroen high-quality, publicly availablenet mast anéloating LIDAR System

(FLS) datasets; these are describe8ent.1.

The main objectives of this article are 1) presenting evidence of the ER#FGestimationf strong wind speex]2) discuss

the reason for this underestimation, and propose a simple corrective method and 3) argue pablisipgavailable, high
quality FLS measurementndmet mast datasets for @ea interaction studies, alowngth legacy measurements such as met
buoys.In Sect. 4 and with references to the recent literature, suggestions are made regarding practical actions and researc
initiative.

This article providesreferences to recent works regardingssa interaction and drag formulatioiY®t, it does not take a
scientific stand on the nature ofefeinteractions. Instead, it merely tries to bringp a a c t i gelispective todhss long
lasting discussion, that i$or design purposesn accurate depiction of both wirathd seastatein reanalysis datasets

required, and usefutjudity datasets are readily available for validation work.
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1.1 Elements of wind profile modelling

As explainedor instancen (Pefia et al., 20@8 and its referencesuch as (Stull, 1988)n the layer close to the surface where
the MoninObukhov Similarity TheorfMOST) is valid, the mean wind speédlat a given elevatioa above the surface is
given by:

Yoo S—iid 1S ()

a 0

whereo. is the friction velocity at the surface, is the roughness length,is the Von Karman constant (here taken equal to
0.4),0 is the Obukhov length annd is an atmospheric stabiliglependenfunction derived from experimentdbove the
surface lagr, this expression needs to be supplemented with additional teenfeight of the boundary lay&rand a length

scalel  which is a characteristic length scale of the eddies iABig see originallfGryning et al, 2007and its references

Over water, the Charnock relationship is used for linking roughness length and friction veloqiBe&et al., 200&nd
Eq. (3.26)of (ECMWF, 2.6a)
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wherg  and are sea statdependent parameters dnd the air kinematic viscosity (term only relevant for very small
wind speedswe use m® dollowing section 3.2.4 of (ECMWEF, 2016aformulations (1) and (2) are widely used in
NWP modelling systems such #se Global Forecast System ES), the Integrated Forecast System (IFS) or the Weather
Researchand Forecasting (WRF) ModelThe termj  is referred to as the Charnoplrameter ané either kept constant
(for instance in (Pefia et al., 2008)in CFSR/CFSv2, see (Renfrew et al., 20@2)made dependent on sea state conditions.
In this article, we focus on the IFS Cy41r2 (ERA5) implementatseeEq. (311) of (ECMWF, 2016b) where the
atmosphericand ocean models are coupled via:
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wheret is the wind stress' (6. where” is the air density T is the wave stress (from the waves to the atmosphere) and
is a constantor all practical purposes,reeutraldragcoefficientd ; can be derivedand often used for comparing model

and measurement results
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Where™Y is the wind speefbr neutral conditionsvaluated using Eq. (1)apd g H [ 1 1(negligible buoyancy)

1.2 Measurement datadescription

In this article, we use wetlocumented andalidated high-quality, publicly availablemeasuremerdatasetgrom the wind
energy industnguch as Floating LIDAR Systesand a met mast (cup anemometegeFigurel. Legacy instruments such a
90 met buoys have been left out intentionally due to the poor quality and traceability of these measurements in comparison with
the formerdataset A discussion is provided iSect. 4on future works and the advantages of adding such wind energy
measurements alongside legacy instruments to decrease modelling uncertainty.
The measurements have been chosen from the comprehensive list of datasets availabliruh Resource Assessment
Group wiki pagé their locations are marked in redfig. 2 and a higHevel description is provided ifiable 1 (except for
95 M6 and 62001, where no measurement data are.uskd)easurement locations lie far offshore, where land/sea mask effects
are negligibldor the wind directional bins selected for the aneffseeSect. 23).

Figure 1: Photographs of the Floating LIDAR Systems (left: Fugro, middle: Eolos) as well as the IJmuiden mast (right). Sources:
100 Fugro, Eolos, Wind op Zee.

1 Seehttps://groups.io/g/wrag/wiki/13236
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Table 1: High-level description of the measurement datasets used in this article. Detailed information can be found in the references

provided in the table.

ID Lon°E | Lat°N Type Period Elevations Source References
[mASL]

1IIM 3.436 52.998 | Mast(cups) | Novll-Marl6é | {26;57; 91} Wind op Zee| (Quaeghebewsnd Zaaijer2020)
TNWA | 5.551 54.018 | FLS Jun19Jun20 {4;30;é ; 250} | RVO (Fugro, 2022)

EO05 -72.715 | 39.969 | FLS Augl9Sep21 | {20; é ; 200} NYSERDA | (EOLOS, 2020)

E06 -73.429 | 39.546 | FLS Sepl9Mar22 | {20; é ; 200} NYSERDA | (EOLQOS, 2020)

Lot 1 6.30L 56.628 | FLS Nov21-Nov23 | {4; 30;é ; 270} | ENS (Fugro, 2023)

Lot 2 6.457 56.344 | FLS Nov21-Nov23 | { 4 ; 30; ENS (Fugro, 2023)

All FLS measurements have beealidatedas per the Carbon Trust Offshore Wind Accelerator Roadmap Stage 3 (Carbon

Trust, 2018). That is: both types of LIDAR and FLS have been validated dozens of times against reference measurement

(cups, or LIDAR validated against cups), and these tests kpeatedly shown mean relative deviations smaller than 2%.

Examples of validations are providedrig. A1 and A2 inAppendix A. Large number of publicly available validation reports

have been collected by the authors, see the supplementary materiaptptriskFor the specific case of the Fugro FLS, from

the RVO campaigs® 16 validation reports are available together with additional studies sudkebmeray 2022) and

(Kelberlauand Mann, 2022) showing similarly very small deviations against several cup anemometer measurements offshore.

For the EOLOS FLS, three validation reports are available in the abhemtoned online repository, andr@udjo da Silva

2022) provides a thorough description aadidation of the device at the IJmuiden met mast.

2 Seehttps://offshorewind.rvo.nl/
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'S O Locations used in this paper
® Datasets listed on WRAG wiki

Figure 2:Location of the publicly available wind energy specific wind datasets (black dots), together with the analysis locations used

120 for this paper. The small box on the bottomleft of the subfigures shows the MiédAtlantic Bight off the USA East Coast,
while the larger map shows the North Seahe two maps show land/sea masks for CFSvidp) and ERA5 (bottom). For ERA5,
and for IFS in general,land/sea mask values range from 0 to dnd indicate?® the fraction of land in the model cell

3 See https://confluence.ecmwf.int/display/FUG/Section+2.1.3.1+-8ed+Mask#Section2.1.3.1LandSeaMaskd
Seamask



https://confluence.ecmwf.int/display/FUG/Section+2.1.3.1+Land-Sea+Mask#Section2.1.3.1LandSeaMask-Land-Seamask
https://confluence.ecmwf.int/display/FUG/Section+2.1.3.1+Land-Sea+Mask#Section2.1.3.1LandSeaMask-Land-Seamask

125

130

135

140

145

150

All FLS used in thisstudy are equipped withX Lidars continuous wave LiDARssee (Knoopet al, 2021) for a research
validation study The10-minutedata have been filtered using a regular filter based oawbmgenumber of vid samples

during one scan (scalled minimum number of packgtst is hereset t018. Fugro uses a threshold of 9 (see Table 3.2 of
(Fugro, 202)), and validation studies such as (TNO, 2021) show that for this type of LIDAR the accuracy of the measurement
is not significantly sensitive to the value of the threshalthorough and quantitative overview of availability statistics for
these instruments are provided in the references stalabial. For comparisons with model data, the data have been hourly

averaged and only time periods with at least 5 validniffute timestamps data have been used.

1.3 Derivation of a 10m wind time series from measurements

As explained later irSect. 32, whend. , L, and  are known, wind speed at any elevation in the surface layer can be
computed (an example is given for the 26.1 m cup anemometers affl3dfgfore, deriving a 10 m wind from measurement

data is not always necessary

However, for practical reasotfss oftenneeds to be don€FSR and CFSv2 winds are available at 10 m, or, traditionally for
spectral wave modelling). In the present article, two methods have been considered for ewénytdQimestamp: 1)
interpolatingusing a powerdw the measurements between the 4 m sonic anemometers and the lowest LIDAR measurement
elevation, and 2) fitting aower or loglaw to the LIDAR measurements up &nd including 80 m, and then extrapolating

down to 10 m. Both methods add some uncertaintthéaderived 10 m value: for 1), the uncertainty mainly lies in the
uncertainty of the 4m sonic anemometers; for 2), and in particular for stable conditions, the wind profile may notttedwell fi

by a power lawTo alleviate these uncertaintiebetpresent study focuses on wind speeds larger thandZ) m/s(where

stable conditions anrgery rare this was checked from both reanalysis data time series but also the literature, see (Sathe et al.,
2011) for the North S@andin Sect. 23 the comparison is made for unstaldad neutral conditions onlyy limiting the

range of airsea temperature difference¥e— "Y  Y'Y'Y <@ J #North Sea) and— "Y  "Y'Y'Ym®J #
(Atlantic Bight). The reason for choosing two different ranges of temperaitfexahces, is that in the Midtlantic Bight

strong wind conditions occur during winter for very unstable conditibos.all these comparisons, the mean wind speed
measurement profilés provided to check the validity of the extrapolation metheagithermorethe uncertainty of the
extrapolation method has beeerified using proprietary Fugro FLS measurements located in Northern Scetteerd 12 m

LiDAR measurements are availalfthe exact location is confidential): seig. 3which shows that the errors are the smallest
when considering method.Ihis method has thereby been chose8ent. 23, but it has been checked that the conclusions

of the analysis are not sensitive to the choice of the methadl{aethe ERA5 10n wind speeds are smaller than measured

values also when considering measurement uncertpinty
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Figure 3: The middle- and right-hand side panels figure show comparisons of 12 m hourl/ind Speed WS) measurements from a
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Fugro FLS (undisclosed location)with 12 m time series derivel using the three methods discussed in the text and stated in the legend

(PL stands for Power Law and LL stands for Log Law) The left-hand side panel shows the corresponding mean wind speed profile,

where the blue markers are FLS measurements, the black line is the fitted log law and the magenta line the fitted power.law

Measurements have been filtered for 100 wind speeds \VSiog) between 15 and 50 m/sas well as for wind directions {VD) between

270 and 30°.

1.4 Model data

For this study, CFSR (Saha et al., 2010) and CFSv2 (Saha et al., 2014) détedmastewnloaded s i ng DHI

Demand (MOOD) web interfateData fromERAS (Hersbach et al., 202®iave been downloaded from MDD as well for
thelocations M6, Lot 1, Lot 2, EO5 and EO6. For the locations TNWA, IJM and 620RAS& data waslsofetched from
the GpernicudDataStore (CDS) and for these locationswasverified that both sources are identidadlhen comparing with

in-situ measurements, faiM and TNWA the data was interpolated at the measurement location. For BObpE0and Lot2

the nearest node was uséthe following parameters have been used (all hourly time series):

i

i

For CFSR/CFSv210 m wind speed andirection, air and sea surface temperature.

For ERAS:

(o]

(o]

From Metocan on Demandt0 and 100 m wind speed and direction

6s

Met C

From the CDS: same as abgles2 mairtemperéure,sea surface temperature, friction velocity, roughness

length, Charnockoefficient,sensible heat flux, dew poitemperature, pressure at the sea surface.

4 Seehttps://www.metoceaon-demand.com/
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2 Comparisons of ERA5 andCFSR /CFSv2 with measurements

In the literature, multiple comparisons betweersiitn measurements and IFS model wind speed close the surface have
175 concluded thafior strong wind conditions th€&S model wind speeds are smaller than measured \ahdesmaller than other

reanalysis datasets (globalregiona), see for instancg-ery et al., 2018jpr ERA Interim andBentamy et al., 2021), (Alday

et al 2021)(Solbreke et al., 2021{Spangehl et al., 2023), (Meyer et al., 20BRB)ERAS5.

2.1 Comparisons between ERA5 and CFSv2

Examples of differences with ERA5 (IFS) and CFSv2 (GFS) model results are provided below for two locations: the M6 buoy
180 off the west coast of Ireland, and the TNW FLS; Bge 4 Similar trends are visible across several locatioteeémorthwest
European shelkee the supplementary materagjure 5shows that ahe 62001 buoy location and when separating the dataset
between shortand long fetcheghe relative dference between the models seems to be larger for short fegshdscussed
in Sect.3 this isthesign that the difference between the models is driven by the depgrafehe ERAS drag formulation to
the sea statdn this example, short fetches are defined as wind directidrese wind comes from lanacross the Bapf
185 Biscaywhile wind direction orierdgd towards the Atlantic Ocean are considered long fetcheEjge2 This effectis of the
same magnitudat all locationavhen considering the CFSR data (197901 to 201104-01) which have a coarser resolution
than ERAS see the supplementary material provided with this paper.
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Figure 4: For two locations (sed-ig. 2), comparison of the ERASand CFSv2 10m wind speed$-or wind speeds above approximately
190 10 m/s, the ERA5 values are smaller than the CFSv2 values; this effect is stronger at TNWA than at M&ie density of the scatter

plot usesa colamap, from blue (low density, few points) to yellow (high density, many points). The white dots at the binned mean
values for bins with more than 10 points)



Figure 5: As for Fig. 4, this figure shows a comparison of ERA5 and CFSv2 10m wind speeds, this time at the 62001 buoy and for
195 two wind directional bins corresponding to very long fetch and short fetch. The difference between the two model resultsarger
for short fetches.The white dots at the binned mean values (for bins with more than 10 points).

2.2 Comparisons between ERA5 and measurements

Using the method explained Bect.1.3, 10 m wind speed time serieave beerderived fromFLS measurementsThese
valuescompared wittrERA5 and CFSv2 model data for 5 measurement locatiofigiré (Lot 1) and in AppendiA in Fig.
200 A3 to A6. For all locations, the ERAS values are smaller than the measured values, and smaller than the CFSv2 values.
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