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Summary

TheNetherlandshassetclearambitionstoacceleratetheenergytransition. By2050allenergy
usedinthecountryshallcomefromsustainablesourcesandoffshorewindenergyplaysavital
roleinthetransitiontoacarbon-freeenergysupply. Thegovernmenthasdefinedaroadmap
fortheDutchoffshorewindportfolioaimingtoexpandto23GWby2033. Bytheendof2023
an installed capacity of 4.7GW was already achieved, surpassing the original goal of 4.5GW.
Severalwindfarmswithacombinedcapacityof5.5GWarecurrentlyunderconstructioninthe
windfarmsitesHollandseKustWestandIJmuidenVer.

TNOhasbeenperformingoffshorewindmeasurementcampaignsatstrategiclocationsinthe
NorthSeasince2011withtheinstallationanddatamanagementofbotha100mtallmete-
orologicalmastandaco-locatedlidarsituated75kmwestofIJmuiden. From2014onwards,
TNO has further organised wind measurement campaigns with lidars on offshore platforms
for the Dutch Ministry of Economic Affairs and Climate. These campaigns are part of the
WindopZeeprojectthatismeanttosupporttheimplementationoftheDutchoffshorewind
roadmap. Theyconsistoffourlong-standinglocations: LichteilandGoeree(LEG),Europlatform
(EPL),K13-AandL2-FA-1. RecentlyTNOcommissionedalidarmeasurementonafifthplatform
F2-A-Hanze,wheremeasurementsstartedinFebruary2026. TNOisaccreditedforperforming
theaforementionedmeteorologicalmeasurementsinaccordancewithIEC61400-50-2.

ThisreportreferstothemeasurementcampaignattheL2-FA-1platformwhereaZX300Mhas
been deployed, providing high quality data since 2023. The data are publicly available to be
usedforfurtherpurposes(offshorewind-measurements.tno.nl).

At the L2-FA-1 platform, the wind analysis for the 2023–2025 period shows that the wind
profiles are dominated by the regional climate, mainly caused by the positive phase effect
of North Atlantic Oscillation (NAO). The prevailing wind direction is from the south-west with
a mean direction ranging from 233.1° to 240.1° across the different sensor heights (63m to
291m). The average wind speed ranges from 9.49m/s at the lowest measurement height
of 63m up to 11.23m/s at 291m. The Weibull distribution, indicating the variability of the
windregimethroughoutthemeasurementperiod,showsawindspeeddistributionwithtypical
offshorescale(𝑘)andshape(𝑐)parameters(𝑘=2.18and𝑐=11.52m/sat141mheight).
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CfD ContractforDifference

ECMWF EuropeanCentreforMedium-RangeWeatherForecasts

EEZ Exclusiveeconomiczone

GWO GlobalWindOrganisation

HUET helicopterunderwaterescapetraining

IEC InternationalElectrotechnicalCommission

IECREWEIECsystemforcertificationtostandardsrelatingtoequipmentforuseinRenew-
ableEnergyapplications–WindEnergy

ILACMRAInternationalLaboratoryAccreditationCooperationMutualRecognitionArrange-
ment

ISO InternationalOrganisationforStandardisation

kde kerneldensityestimate

KNMI KoninklijkNederlandsMeteorologischInstituut
(RoyalNetherlandsMeteorologicalInstitute)

MMIJ meteorologicalmastIJmuiden

MoMM meanofmonthlymeans
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1 Introduction

TheNetherlandshassetclearambitionstoacceleratetheenergytransition. By2050allenergy
used in the country shall come from sustainable sources and offshore wind energy plays a
vitalroleinthetransitiontoacarbon-freeenergysupply[1]. Thegovernmenthasdefineda
roadmap for the Dutch offshore wind portfolio aiming to expand to23GWby 2033 [2]. By
theendof2023aninstalledcapacityof4.7GWwasalreadyachieved,surpassingtheoriginal
goalof4.5GW[3]. Severalwindfarmswithacombinedcapacityof5.5GWarecurrentlyunder
constructioninthewindfarmsitesHollandseKustWestandIJmuidenVer(seefigure1.1).

Inrecentyearsthedevelopmentofoffshorewindenergyhasstagnatedduetohighermaterial
andinstallationcostsincombinationwithavolatileelectricityprice. Lastyear’stenderforthe
NederwiekI-Awindfarmsitedidnotreceiveanybids[4]. Inordertosupportthekeyrolethat
offshorewindenergyplaysintheenergytransition,theDutchMinistryofEconomicAffairsand
Climatehasdefinedanactionplantoacceleratetheexpansionofwindatsea[5]. Theplan
acknowledgesthedifficultmarketsituationandaimstostimulateboththesupplyanddemand
sitesforelectricityfromwindenergy. Onthesupplyside,futuretenderswillincludeaContract
forDifference(CfD)subsidyscheme,whichaimsatguaranteeingaminimumpriceofelectricity
while capping profit whenever the energy price is high. On the demand side, measures will
betakento makeit moreattractiveforindustry partieswith ahigh energyconsumption to
establishlong-termagreementswithenergyproviders.

ToachievetheambitiousrealisationofoperationaloffshorewindfarmsintheDutchpartof
theNorthSea,importancemustbegiventobothspatialplanning,andcharacterisationofthe
valuablewindresourceinordertoensureprofitabilityandanoverallsoundbusinesscase. One
crucialrequirementtoevaluatethefinancingofanoffshorewindfarmisthereforethewind
resourceassessment(WRA)ofagivensite. Accuratelong-termoffshorewindmeasurements
allow for improved WRAs that reduce uncertainties and increase the financial success of
theseprojects. Thisincreasesthetrustbetweeninterestedstakeholdersincludingdevelopers,
consultants,thefinancialcommunity,thegovernmentandpolicymakers. Atthesametimeit
providesinformationfortheselectionandidentificationofstrategiclocations.

TNO has been performing offshore wind measurement campaigns at strategic locations in
the North Sea since 2011 with the installation and data management of both a100mtall
meteorological mast and a co-located lidar situated75kmwest of IJmuiden. From 2014
onwards, TNO has further organised wind measurement campaigns with lidars on offshore
platformsfortheDutchMinistryofEconomicAffairsandClimate. Thesecampaignsarepartof
theWindopZeeprojectthatismeanttosupporttheimplementationoftheDutchoffshorewind
roadmap. Theyconsistoffourlong-standinglocations: LichteilandGoeree(LEG),Europlatform
(EPL),K13-AandL2-FA-1(seefigure1.2). RecentlyTNOcommissionedalidarmeasurementon
afifthplatformF2-A-Hanze,wheremeasurementsstartedinFebruary2026. TNOisaccredited
forperformingtheaforementionedwindmeasurementsinaccordancewithIEC61400-50-2[6].

ThisreportwillfocusonthewindconditionscharacterisationoftheL2-FA-1platform,located
about80kmnorthfromtheFrysianIslands.
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Figure1.1:Roadmap Offshore Wind Energy providing an overview of wind farms in the Dutch North Sea (in
operation,underconstructionandplanned)[2].
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Figure1.2:MapofTNO’slong-termoffshorewindmeasurementcampaignlocationsatLichteilandGoeree(LEG),
Europlatform(EPL),K13-A,L2-FA-1andF2-A-Hanzealongwithwindfarmdevelopmentzonesinthe
DutchNorthSea.
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2 Windmeasurement
campaignsattheNorthSea

2.1TNO’sleadingroleinwindconditionmeasure-
mentcampaigns
Beforetheintroductionoflidarsinoffshorewindresourceassessments,meteorologicalmasts
havebeenwidelyusedatTNOwithexamplessuchasthemeteorologicalmastatIJmuiden
(MMIJ),andthemeteorologicalmastattheOffshorewindfarmEgmondaanZee(OWEZ).

OnshoremeasurementcampaignshavealsobeenpartoftheactivitiesofTNOformorethan20
years,includingindependentISO17025andIECREbasedmeasurements(powerperformance,
mechanical loads, meteorological measurements, remote sensing device verification and
floatinglidarverification)tosupportwindturbineprototypecertificationfromsmall(330kW)
tolargerturbines(>10MW). Duringthemeasurementcampaign,TNOisresponsibleforeach
partoftheprocess: fromselectionoftheinstrumentationandplanningtheinstallation,tothe
purchase,validation,installation,andmaintenanceofthelidar,aswellasanalysing,reporting
anddisseminationofthedata.

2.2 Open-accessandpublicdatasets
Since2024TNOhaspublishedannualreportsonthewindconditionsfortheL2-FA-1location,
seetable2.1. Thesereportsareavailableatoffshorewind-measurements.tno.nl. Thisreport
includesthespecificwindconditionsfortheperiod2023–2025attheL2-FA-1platform. The
presentreporthasbeenupdatedwithimprovedpracticesfordeducingthewinddirection,wind
veerandwindshear.

Table2.1:PublicationhistoryofwindconditionsatL2-FA-1

Period Report

2023 TNO2024R11677[7]

2023–2024TNO2025R11114[8]

ThedatameasuredintheWindopZeeprojectareretrievedandpost-processedbeforemaking
theinformationpubliclyaccessiblethroughtheweb-serviceoffshorewind-measurements.tno.nl.
Post-processeddataarereportedeachmonthforverificationpurposes. Userscandownload
thedataafterfreeregistration.
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TouseWindopZeemeasurementdatainpublications,furtherresearchorcommercialpurposes,
usersmustacknowledgetheuseofthedataas:

1.citationtothelatestinstrumentationreportwiththetypeofdataused,locationanddate:

author={Bergman,G.andvanDooren,M.F.},

institution={TNO},

title={L2­FA­1lidarmeasurementcampaign},

subtitle={InstrumentationReport2026},

number={TNO2026R10603},

date={2026­04­14},

2.citationtothisreport:

author={vanDooren,M.F.andWouters,D.A.J.andBergman,G.},

institution={TNO},

title={OffshorewindresourcesattheNorthSea},

subtitle={NAMplatformL2­FA­1,2023­2025},

number={TNO­2026­17438},

date={2026­09­11},

Thepublicationdateatwhichthedatahavelastbeenaccessedmustbeindicatedalongthe
citations,e.g.“LastaccessedJuly2026”.

Thedataissharedin.csvformat. InthecaseoftheL2-FA-1measurementcampaignplease
adheretothefollowinginformation:

offshorewind-measurements.tno.nl/en/measurement-locations/l2-fa-1-platform/

Formonthlyfilesuse:L2FA­yyyy­mm.CSV.

AfteraquarterofayeariscompletedthemonthlyfileswillbereplacedbyL2FA­yyyy­Qx.CSV.

AfterayeariscompletedthequarterlyfileswillbereplacedbyayearlyfileL2FA­yyyy.CSV.
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3 Measurementcampaignat
L2-FA-1

3.1 Location,lidarinstallationandoperation
TheL2-FA-1offshore platform is owned by NAM B.V. and located about80kmnorth of the
FrysianIslands,seefigure1.2. Itincludesbothahelicopterpadandanaccommodationdeck.
The platform is part of the North Sea Monitoring Network consisting of several permanent
monitoringlocationsovertheNorthSea.

TheL2-FA-1platformservesasaproductionplatformfornaturalgasandsincethebeginning
of2023alsoforwindmeasurementsusingaplatform-mountedZX300Mwindlidar. Theaimis
tocollectup-to-datemeteorologicalinformation(includingtheairpressure,windspeedand
direction,airtemperature,relativehumidityandvisibility)aswellasoceanographicdata(water
level,temperatureandheight). TheseactivitiesarecoordinatedbytheDutchnationalweather
service(KNMI)andRijkswaterstaat(bothpartoftheDutchMinistryofInfrastructureandWater
Management).

The current instrumentation atL2-FA-1is aZX300M lidar. The instrument measures wind
profilesatuptotendifferentheightsbyconicallyemittingalaserbeamintotheair,evenifan
objectblocksthelaserbeamatsomepositions(see[9]forthelidarspecifications). Beforethe
lidarwasinstalledattheL2-FA-1platform,itwascalibrated,seelatestcalibrationreport[10]. It
isinstallednexttothehelipadoftheplatform. Thelidarprovidesbothwindspeedanddirection
measurementsattendifferentheightsbetween63mand291maboveMSL.Toensuregood
qualitymeasurementsitiscrucialtoselecttherightlocationforthelidarontheplatform. More
detailedinformationaboutthepositioningandinstallationofthelidarontheL2-FA-1platform
isavailableintheinstrumentationreport[11].

Thelidarmeasurementheightanddataacquisitionconfigurationischosentobethesameas
atothermeasurementlocations,i.e.theLEG,EPLandK13-Aplatforms. Thelidarmanufacturer
guaranteesadequatedataqualityupto300m.

As defined by TNO’sISO17025quality system, each lidar should be serviced after one year
ofoperationandreplacedeverytwoyears. Theseperiodiclidarreplacementsareloggedin
table3.1. Alloperationalaspectswithrespecttoinstallingandmaintainingthelidararerecorded
inalogbookbytheteamresponsibleforthemeasurementcampaign. Theseoccurrencesduring
theyear2025aresummarisedintable3.2. PersonnelfromNAMB.V.,theoilandgascompany
operatingtheL2-FA-1platform,supportsmonitoringandcontrolofthelidar.

Table3.1:ReplacementsoflidarsattheL2-FA-1platform

LidarIDOperationalperiodReasonforreplacement

ZX1525 22-03-2023to30-06-2025 Firstinstallation

ZX212830-06-2025topresentPeriodicreplacement
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Figure3.1:TenazEnergyplatformL2-FA-1

Figure3.2:LidarunitatL2-FA-1
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Table3.2:Down-timeperiodsandactionstakenatL2-FA-1platformduringtheyear2025

DateID Reason

30-06-2025 ReplacementoflidarZX1525withZX2128includingfluidpump

01-07-2025Compasscalibrationoflidarorientation,indicatingnosignificantoffset

23-08-2025Discovery of worn-out jerrycan containing wiper fluid by platform operator Tenaz Energy,
replacedinSeptember

3.2 Healthandsafetymeasures
Health,safetyandenvironmentaremainprioritiesatTNO.TNOfollowsastrictprogrammeto
traintheemployeesforthemeasurementcampaigns. Additionalagreedsafetymeasureswith
Rijkswaterstaatforthesafeinstallationoftheframeandthelidarwere:

Ajob-risk-assessment(AD-130,projectRI&E)ismadeandsignedbybothpartiesinvolved.

Toolboxmeetingsamongtheteamstoagreeonthealignmentofthepreparationatthe
platform.

TNOemployeeshavevalidGWOcertificates,provingthattheyknowhowtoworksafely. TNO
employeesworkingontheplatformwillwearfall-arrestsystems,helmetsandsafetyshoes.

TNOemployeeshavevalidHUETcertificates(onlyincaseofahelicoptervisit).

3.3 LidarperformanceassessmentatL2-FA-1
Remote sensing devices bring many advantages such as ease of transportation and mea-
surement capabilities beyond meteorological mast configurations. However, these devices
areexposedtoharshenvironmentalconditionsoffshoreandthereforemeasurementscanbe
impacted. Theperformanceandqualityofthedatarecordedbylidarsduringameasurement
campaigncanbeimpactedbydefectiveordamagedsensorsandcables,othersystemmal-
functions,andalsobyseveremeteorologicalevents. Alloftheseeventscanlowerthedata
availabilityofthelidar. Forthisreason,theneedforcontinuousqualityassuranceandcontrol
techniquesisparamountduringthemeasurementcampaign. Theheightsconsideredare63m,
91m,116m,141m,166m,191m,216m,241m,266mand291m,w.r.t.MSL.

AnoverviewofthemeasuredandrecordedquantitiesbythelidaratL2-FA-1isshownintable3.3.
Thedataaremeasuredona10-minutebasisandtimestampedatthestartofeach10-minute
interval. Thedatacollectionperiodstartedin2023. Thisreportconsidersthemeasurement
perioduntil31December2025at23:50UTC.Thecampaignisstillongoing,withfutureyearly
assessmentsenvisioned.

The annual lidar data availability atL2-FA-1is indicated in table 3.4. The data availability
dependsontheheightofthemeasurements,andmanufacturerswilltypicallysuggestusage
ofthelidaruptoacertainheight. Onaverage, thedataavailabilityforheightsupto191m
is at least90.9%, while farther up to241mit decreases to89.5%, and finally to87.3%at
thehighestaltitudeof291m. Fortheyear2025,thedataavailabilityforheightsupto191m
is at least95.9%, while farther up to241mit decreases to92.4%, and finally to87.3%at
thehighestaltitudeof291m. Thedecreaseindataavailabilityandcoveragewithincreasing
measurement height is typically caused by the optical scattering of the lidar’s laser pulses
astheytravelthroughtheair. Thefartherthelaserpulsetravels,themorescatteringoccurs,
resultinginalowerintensityofthelaserlightreflectedbacktothelidar. Insomesituations,
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Table3.3:Listofvariablesmeasuredbythelidar. HXXXarethedifferentmeasurementheightsw.r.t.MSL:63m,
91m,116m,141m,166m,191m,216m,241m,266mand291m

Acronym Signalname Units

L2FA_batvoltage batteryvoltage V

L2FA_tempcpu CPUtemperatureinsidethelidar °C

L2FA_humpod relativehumidityinsidethelidar %

L2FA_bearing lidarbearing °

L2FA_tilt lidartiltangle °

L2FA_pair airpressureatlidarposition hPa

L2FA_wsmet windspeedmeasuredbylidarmeteostation m/s

L2FA_wdmet winddirectionmeasuredbylidarmeteostation°

L2FA_HXXX_npts measuringpoints -

L2FA_HXXX_missedmissedpoints -

L2FA_HXXX_npackets packetsinfit -

L2FA_HXXX_Wd winddirection °

L2FA_HXXX_Wshor_avg horizontalwindspeedaverage m/s

L2FA_HXXX_Wshor_stdhorizontalwindspeedstandarddeviationm/s

L2FA_HXXX_Wshor_min horizontalwindspeedminimum m/s

L2FA_HXXX_Wshor_maxhorizontalwindspeedmaximum m/s

L2FA_HXXX_WsVer_avg verticalwindspeedaverage m/s

L2FA_HXXX_cs CS -

L2FA_HXXX_BackScatter backscatter -

the concentration of aerosols in the air, which usually decreases with height, could play an
additionalrole.

For a more detailed overview of the lidar availability, the monthly availability is plotted in
figure3.3. Duringthemeasurementcampaign,dataverificationisperformedatdifferentlevels
with quality checks carriedout on a daily basis, using daily plots. Leadengineers check the
signalsfordeviationsorfailurestobeabletoreactonashortnotice. Duringthesechecks,no
datafilteringisappliedonthedataavailability. Asmentionedbefore,dataavailabilityrefersto
thenumberofvaliddatareadingswithinanintervalof10minutes.

Therearecomplementaryreportswithdataverificationcomparingwithothermeasurements.
Inparticular,[12]examinesthewindspeedanddirectionmeasurementcampaignsateight
offshoremeasurementlocationsdistributedthroughouttheNorthSea,includingtheL2-FA-1
platform. The study focuses on comparing the wind shear and veer from 2012 to the first
quarterof2018withtheaimofbetterunderstandingthewindconditionsattheNorthSea.
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Table3.4:Annuallidardataavailability. Availability>85%ishighlightedinblue.

63m 91m 116m141m166m191m216m241m266m291m

2023 99.9 98.8 97.5 96.8 94.9 94.2 92.9 91.1 89.2 86.5

2024 99.9 99.0 97.7 96.7 94.6 93.3 91.7 89.7 87.8 84.7

2025 99.6 99.0 98.6 98.2 96.3 95.7 94.5 92.9 90.8 88.1

Overall99.8 98.9 97.9 97.3 95.3 94.4 93.1 91.2 89.3 86.4

Figure3.3:MonthlylidardataavailabilityshowingthelidarIDsandtheiroperationalperiods.
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4 WindconditionsatL2-FA-1

This section presents the results following an assessmentof the weather conditions during
theentiremeasurementcampaignatL2-FA-1. Themainmeteorologicalcharacteristicsare
presentedintheformofwindspeedandwinddirectiondistributionsatvariousheights. Shear
andveerarealsoassessed. TheannualwindconditionsareincludedinappendixA.

4.1 Distributions
Forthepresentationofthewindspeedandwinddirectiondistributionsnofilteringisapplied
besidesthedatarejectionperformedbythelidaritself.

Thewindspeeddistributionisvisualisedbyakerneldensityestimate1(kde)infigure4.2along
with its quartiles listed in table 4.1. Annual results are presented in section A.2. In order to
mitigateseasonalbiasasaresultofincompleteyears,themeanofmonthlymeans(MoMM)is
computed2. AWeibullprobabilitydensityfunction(pdf)isfittedtothewindspeedfrequency
distribution3. Thefunctionisgivenbyequation(4.1)andtheresultingparametersarelistedin
table4.2. AnnualresultsarepresentedinsectionA.3. Figure4.3showshowwelltheresulting
Weibullpdfmatchestheactualdistribution(kde)foranexampleheight4.

ForthewinddirectiondistributiontheMoMMiscomputedtoo. Themeandirectioniscomputed
astheaveragedirectionofthewindvelocity5.

Thewindspeedandwinddirectiondistributionscanbevisualisedsimultaneouslyinawind
rose,asshowninfigure4.1. AnnualresultsarepresentedinsectionA.1.

Figure4.1:Windrosesforthecompletemeasurementcampaign

1ThekdeusesaGaussiankernelwithafixed0.1m/sbandwidth.
2Firstthedataarecategorisedaccordingtothe12monthsoftheyear,foreachmonththemeaniscomputedand
finallythemeanoftheresultingvalues.

3Theshapeandscaleparametersareobtainedusingmaximumlikelihoodestimation.
4Themeasurementheightclosestto141mischosen. Thisheightisusedasthehubheightinsection4.3.
5Thewindvelocitiesarefirstaveragedpermonthoftheyear. Thenthe12resultingvectorsareaveraged.
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Table4.1:Windspeedandwinddirectionstatistics. Thefourquartilesofthewindspeeddistributionarelisted,
alongsidetheMoMMwindspeedandwinddirection. ‘N’isthenumberofvalid10-minuteaverage
windspeedsamplesforeachheight.

Height Windspeed Winddirection

N Q1 median Q3 maximumMoMM MoMM

m # m/s m/s m/s m/s m/s °

63 147021 6.20 9.04 12.17 29.31 9.49 233.1

91 145754 6.36 9.40 12.75 42.90 9.88 233.1

116 144292 6.45 9.58 13.12 41.73 10.14 233.7

141 143273 6.52 9.70 13.37 31.42 10.33 234.7

166 140362 6.60 9.83 13.60 44.71 10.53 236.2

191 139070 6.64 9.91 13.78 33.97 10.67 237.2

216 137104 6.69 10.00 13.96 35.87 10.82 238.1

241 134405 6.74 10.08 14.12 37.31 10.95 238.8

266 131524 6.80 10.18 14.26 60.80 11.09 239.5

291 127341 6.83 10.30 14.44 38.92 11.23 240.1

Figure4.2:Windspeeddistributions. Thekdeisshownwithbluemarkersforthequartiles(Q1,median,Q3and
maximum)andanorangemarkerfortheMoMM,aslistedintable4.1.
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Table4.2:Weibull parameters for the wind speed
distributionsatallheights

HeightShape(𝑘) Scale(𝑐)

m − m/s

63 2.273 10.61

91 2.242 11.04

116 2.213 11.31

141 2.180 11.52

166 2.151 11.73

191 2.122 11.89

216 2.101 12.04

241 2.085 12.18

266 2.075 12.32

291 2.060 12.46

Figure4.3:Weibullpdfofwindspeeddistributionat
141m

𝑓(𝑣; 𝑘, 𝑐) =
𝑘
𝑐

�
𝑣
𝑐

�
𝑘−1

exp�− �
𝑣
𝑐

�
𝑘
� (4.1)

where

𝑣 windspeed(m/s),𝑣 > 0

𝑘 shapeparameter(dimensionless),𝑘 > 1

𝑐 scaleparameter(m/s),𝑐 > 0

4.2 Turbulenceintensity
Theturbulenceintensitycanbeestimatedfromthewindspeeddatameasuredbyalidar6. The
lidarprovidesaninternallycomputed10-minuteaveragevaluefortheturbulenceintensity.

Figures4.4to4.13showthebin-wisemeanturbulenceintensityasafunctionofthewindspeed
foreverymeasurementheight. Theerrorbarsindicatethe95%confidenceinterval. Forthe
wind speed1m/swide bins were used, centred on integer multiples of1m/s, ranging from
3m/sto25m/s.

6Theresultwillbedifferentfromtheturbulenceintensitymeasuredbyananemometer,becausealidarcannotperform
apointmeasurementofthehorizontalwindspeed.
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Figure4.4:Turbulenceintensityat63mFigure4.5:Turbulenceintensityat91m

Figure4.6:Turbulenceintensityat116mFigure4.7:Turbulenceintensityat141m

Figure4.8:Turbulenceintensityat166mFigure4.9:Turbulenceintensityat191m

Figure4.10:Turbulenceintensityat216mFigure4.11:Turbulenceintensityat241m
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Figure4.12:Turbulenceintensityat266mFigure4.13:Turbulenceintensityat291m

4.3 Windshearandveer
Whencharacterisingtheshearandveer,onlythemeasurementsacrossthesweptareaofa
largeoffshoreturbinerotorareincluded. Forthispurpose, afictivewindturbinewithahub
heightof150mandarotorradiusof110misassumed.

4.3.1 Dataselection
Contrarytotheunfiltereddatasetusedforthedistributionsinsection4.1,fortheshearand
veeranalysisthefollowingfiltersareappliedinsequence.

1.Onlythemeasurementheightsintherangeof40mto260mareconsidered. Thisrange
followsfromourfictivewindturbinedefinition.

2.Windspeedsbelow3m/sarerejected7.

3.Incompletewindspeedandwinddirectionprofilesarerejected,i.e.,allwindspeedandwind
directionmeasurementsmustbevalidacrosstheselectedheightrange.

4.Winddirectionprofileswitharangeinexcessof90°arerejected8.

Figure 4.14 shows the MoMM values for the wind speed and wind direction for each height
afterapplicationofthesefilters. Theplotshowingtheaveragewindspeedperheightcanbe
interpreted as an average wind shear profile. The plot showing the average wind direction
perheightisnotrepresentinganaverageveerprofile,becausetheaveragewinddirectionis
computedbyvectoraveragingandthusweightedbythewindspeed.

4.3.2 Modelling
Thewindshearismodelledbythepowerlawinequation(4.2). Thewindveerismodelledby
alinearprofilefittedthroughtheunit-vectoraveragedwinddirectionoverheight. Theseare
typicallyreasonablerepresentationsofthe10-minuteaveragewindprofile.

𝑣𝑧= 𝑣𝐻�
𝑧
𝐻

�
𝛼

(4.2)

7ThisthresholdisbasedontheMEASNETprocedure[13,clause9.4].
8Thisismostcommonlytheresultofapartiallyinvertedprofileduetothehomodynedetectionambiguityincontinuous-
wavelidarmeasurements.
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Figure4.14:Averagewindspeedandwinddirection(MoMM)ofthedatasetperheight. ‘N’isthenumberof
10-minuteaveragesamplesremainingafterfilteringusedtocomputetheMoMMvalues.

where

𝑣𝑧windspeedatheight𝑧(m/s)

𝑣𝐻 windspeedatreferenceheight𝐻(m/s)

𝑧 height(m)

𝐻 referenceheight,e.g.hubheight(m)

𝛼 shearexponent(dimensionless)

Theshearandveerarecomputedforeach10-minuteaverageinterval. Thenthemethodof
binsisappliedtocomputethemeanvaluesfortheshearexponentandtheveerrate,aswell
asthe95%confidenceinterval.

Figures4.16to4.19showtheshearandveerasafunctionofmonthoftheyear,hourofday,
windspeedandwinddirection. Forthewindspeed1m/swidebinswereused9,centredon
integermultiplesof1m/s,rangingfrom3m/sto25m/s. Forthewinddirection15°widebins
wereused,centredonintegermultiplesof15°. Figure4.15showsshearandveerasafunction
ofwindspeedandwinddirection. Fortheseplotsabincountthresholdofsixsamples(i.e.one
hourofdata)wasused. AnnualresultsarepresentedinsectionA.4.

Figure4.15:Wind shear and veer as function of wind speed and direction. The azimuth indicates the wind
directionbin, theradiuslabelsindicatethewindspeedbinandthecolourrepresentsthemean
valuefortheshearexponent(left)andveerrate(right).

9ThisfollowstheMEASNETprocedure[13,clause9.4].
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Figure4.16:Windshearandveerasfunctionofthemonth-of-year

Figure4.17:Windshearandveerasfunctionthehour-of-day

Figure4.18:Windshearandveerasfunctionofwindspeed

Figure4.19:Windshearandveerasfunctionofwinddirection
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5 Conclusionsandoutlook

This report refers to the measurement campaign at theL2-FA-1platform where aZX300M
lidarhasbeendeployed,providinghighqualitydatasince2023. Thedataarepubliclyavailable
tobeusedforfurtherpurposes(offshorewind-measurements.tno.nl).

Fortheyear2025,thedataavailabilityforheightsupto191misatleast95.9%,whilefarther
upto241mitdecreasesto92.4%,andfinallyto87.3%atthehighestaltitudeof291m.

AttheL2-FA-1platform,thewindanalysisforthe2023–2025periodshowsthatthelong-term
averagewindprofilesaredominatedbytheregionalclimate,mainlycausedbythepositive
phaseeffectofNorthAtlanticOscillation(NAO).Theprevailingwinddirectionisfromthesouth-
westwithameandirectionrangingfrom235.0°to243.5°acrossthedifferentsensorheights
(63mto291m). Theaveragewindspeedrangesfrom9.37m/satthelowestmeasurement
heightof63mupto10.72m/sat291m. TheWeibulldistribution,indicatingthevariabilityof
thewindregimethroughoutthemeasurementperiod,showsawindspeeddistributionwith
typicaloffshorescale(𝑘)andshape(𝑐)parameters(𝑘=2.20and𝑐=11.52m/sat141mheight).

Measurementcampaignsplayacrucialroleforfeasibilitystudiesofoffshorewindsitesaswell
asplantvaluation. Theyarethebasisforthefinancialdecisiontoensuretheprofitabilityofa
windfarm. Inaddition,themeasureddatacanbeusedforotherapplicationsintheenergy
sector,suchas:

developingoffshorewindatlasesandmodelsbyusinglong-termandaccuratewinddatasets
asreferencepoints.

servingasabasisforthedevelopmentandvalidationofhighfidelitymodels. Itisnecessary
toimprovetheaccuracyoverawiderangeofsiteconditions,withsufficientresolutionin
bothtimeandspace.

improving and reducing uncertainties of the variability due to renewable resources and
their increase penetration in the power sector. The adequate modelling of such power
systems crucially depends on the accurate representation of the spatial and temporal
characterisationoftheweatherconditions. Variabilityanduncertaintyofthewindresource
istranslatedintodatasetsthatinherentlybeartheriskofbeingimperfect,inappropriateor
incomplete. Thismightleadtoerrorsinpowersystemstudieswhichinturncouldresultin
eitheroverstatingordownplayingthepossibleroleofwindenergyinthefutureenergymix.

capturingextremeweathereventsfordevelopersandwindturbinemanufacturestohelp
develop,certifyandvalidatenewmodelsundersitespecificconditions.

studyingperiodicaltrendsandoccurrencesinthedata.
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Thepresentreportdoesnottacklesuchapplicationsasitsaimistosolelypresentthemeasure-
mentdatafromtheL2-FA-1platform. TNOdoes,however,publishanadditionalannualreport
sketchingabroaderpictureoftheNorthSea’swindclimate,themostrecentonebeinglast
year’s(2024)report[14]. Theseannualreportsprovideamorein-depthanalysisofthedata
and(partially)tackletheabove-mentionedapplications,basedondatameasuredattheLEG,
EPL,K13-AandL2-FA-1platforms. The2025versionofthisoverarchingreportwillbereleased
laterthisyear.
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AppendixA

Annualwindconditions
duringthecampaignat
L2-FA-1

A.1 Windrose

FigureA.1:Windrosesfor2023

FigureA.2:Windrosesfor2024
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FigureA.3:Windrosesfor2025
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A.2 Windspeedanddirectionstatistics
TableA.1:Windspeedandwinddirectionstatisticsfor2023

Height Windspeed Winddirection

N Q1 median Q3 maximumMoMM MoMM

m # m/s m/s m/s m/s m/s °

63 42002 5.97 8.80 12.02 29.01 9.30 235.6

91 41531 6.13 9.17 12.61 30.62 9.71 235.0

116 40985 6.22 9.34 12.99 30.95 9.97 235.0

141 40697 6.29 9.46 13.23 31.12 10.17 235.7

166 39923 6.37 9.60 13.46 31.49 10.37 236.5

191 39592 6.41 9.67 13.62 31.59 10.51 237.5

216 39081 6.45 9.75 13.79 31.89 10.63 238.4

241 38307 6.48 9.83 13.95 31.93 10.75 238.9

266 37522 6.54 9.92 14.09 32.08 10.87 239.4

291 36374 6.55 10.03 14.28 32.31 10.99 239.7

FigureA.4:Windspeeddistributionsfor2023
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TableA.2:Windspeedandwinddirectionstatisticsfor2024

Height Windspeed Winddirection

N Q1 median Q3 maximumMoMM MoMM

m # m/s m/s m/s m/s m/s °

63 52659 6.38 9.38 12.44 29.31 9.60 233.0

91 52165 6.57 9.76 13.09 29.89 10.03 232.8

116 51469 6.67 9.97 13.52 30.68 10.31 233.6

141 50970 6.74 10.12 13.85 31.42 10.54 234.8

166 49843 6.81 10.25 14.11 32.51 10.76 236.5

191 49169 6.85 10.35 14.32 33.97 10.94 237.8

216 48345 6.90 10.45 14.50 35.87 11.11 239.0

241 47262 6.97 10.54 14.68 37.31 11.28 240.1

266 46256 7.05 10.64 14.83 38.28 11.43 241.1

291 44640 7.09 10.80 15.03 38.92 11.60 241.8

FigureA.5:Windspeeddistributionsfor2024
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TableA.3:Windspeedandwinddirectionstatisticsfor2025

Height Windspeed Winddirection

N Q1 median Q3 maximumMoMM MoMM

m # m/s m/s m/s m/s m/s °

63 52360 6.21 8.93 11.97 27.60 9.34 232.2

91 52058 6.36 9.25 12.52 42.90 9.68 232.1

116 51838 6.44 9.41 12.83 41.73 9.88 232.7

141 51606 6.49 9.53 13.07 29.89 10.05 233.6

166 50596 6.58 9.62 13.25 44.71 10.21 235.4

191 50309 6.63 9.69 13.42 31.58 10.33 236.1

216 49678 6.68 9.77 13.58 32.17 10.45 236.8

241 48836 6.73 9.86 13.73 32.80 10.56 237.2

266 47746 6.81 9.95 13.86 60.80 10.67 237.7

291 46327 6.84 10.08 14.02 34.86 10.79 238.2

FigureA.6:Windspeeddistributionsfor2025
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A.3 Windspeeddistribution
TableA.4:Weibullparametersfor2023

HeightShape(𝑘) Scale(𝑐)

m − m/s

63 2.181 10.42

91 2.163 10.86

116 2.139 11.14

141 2.111 11.34

166 2.085 11.56

191 2.056 11.71

216 2.033 11.85

241 2.014 11.99

266 2.003 12.14

291 1.986 12.27

TableA.5:Weibullparametersfor2024

HeightShape(𝑘) Scale(𝑐)

m − m/s

63 2.288 10.83

91 2.258 11.31

116 2.226 11.62

141 2.186 11.85

166 2.151 12.08

191 2.120 12.26

216 2.098 12.43

241 2.084 12.59

266 2.074 12.74

291 2.059 12.90

TableA.6:Weibullparametersfor2025

HeightShape(𝑘) Scale(𝑐)

m − m/s

63 2.340 10.53

91 2.299 10.92

116 2.268 11.15

141 2.239 11.34

166 2.215 11.51

191 2.190 11.66

216 2.173 11.81

241 2.157 11.93

266 2.147 12.06

291 2.138 12.18
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A.4 Windshearandveer
A.4.1 Windshearandveerasfunctionofthemonth

FigureA.7:Windshearandveerasfunctionofthemonth-of-yearfor2023

FigureA.8:Windshearandveerasfunctionofthemonth-of-yearfor2024

FigureA.9:Windshearandveerasfunctionofthemonth-of-yearfor2025
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A.4.2 Windshearandveerasfunctionofhour

FigureA.10:Windshearandveerasfunctionthehour-of-dayfor2023

FigureA.11:Windshearandveerasfunctionthehour-of-dayfor2024

FigureA.12:Windshearandveerasfunctionthehour-of-dayfor2025
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A.4.3 Windshearandveerasfunctionofwindspeed

FigureA.13:Windshearandveerasfunctionofwindspeedfor2023

FigureA.14:Windshearandveerasfunctionofwindspeedfor2024

FigureA.15:Windshearandveerasfunctionofwindspeedfor2025
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A.4.4 Windshearandveerasfunctionofwinddirection

FigureA.16:Windshearandveerasfunctionofwinddirectionfor2023

FigureA.17:Windshearandveerasfunctionofwinddirectionfor2024

FigureA.18:Windshearandveerasfunctionofwinddirectionfor2025
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A.4.5Windshearandveerasfunctionofwindspeedandwind
direction

FigureA.19:Windshearandveerasfunctionofwindspeedanddirectionfor2023

FigureA.20:Windshearandveerasfunctionofwindspeedanddirectionfor2024

FigureA.21:Windshearandveerasfunctionofwindspeedanddirectionfor2025
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