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Nomenclature
DM Deutschlandmodell, theGermanNWP
DWD Deutscher Wetterdienst, theGermanweatherservice
DMI DanishMeteorological Institute
DEWI TheGermanWind Energy Institute
EURE EuropeanUtilities for Renewables
FLaP TheUniv of Oldenburg wind farmprogram
HIRLAM TheDanishNWP
NWP Numericalweatherpredictionmodel
PARK TheRisøwind farmprogram
FLaP TheOldenburg wind farmprogram
WMEP A Germanwind andwind powermeasuringproject
WAsP Wind AtlasAnalysisandApplicationProgram
Shortterm Here:concerninga timerangefrom 3 to 48hours
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1 Abstract

Themainobjectiveof thisprojectwasto implementawind powerforecastingsystemfor
a time periodup to 48 hours,extendinganapproachdevelopedin otherEU andnational
projects.
This forecastingapproachdevelopedin the framework of this projectgivesthe project
partnersthe possibility to implementthis methodfor utilities, tailoredto the respective
situationconcerninginstalledpower, topographicalconditions,andsoon.
In practice,theforecastingsystemcanbeonebasisfor abetterschedulingof conventional
powerplantsleadingto a lowerspinningreserve andtherebyto savingsof fossil fuel and
CO� . Besidesthis, a better integration of wind energy in the existing electric energy
supplysystemsleadsto a betteracceptanceof this new technology.
During theprojecttime a fully operationallyworkingwind power predictionsystemhas
beendeveloped.With this systemit is possibleto predict the power output for single
turbines,wind farmsor largerregionsup to 48hoursahead.
Theperformanceof thepredictionsystemwasinvestigatedby meansof statisticalanaly-
siscomparingforecaststo wind turbinepoweroutputmeasurementsfrom about30sites.
Main resultof this part is that the is almostindependentof wind speedandkind of an
absolutemeasure,which is typically in the rangeof 15 % (6 hoursprediction)to 25 %
(48hours)of ratedpower.
Lookingat thesummeduppoweroutputfrom regions,thepredictionerrordecreaseddue
to smoothingeffects.A typical reductionof RMSEis to 60% to 80% of thesinglefarm
value,concerninga region of about

� � ����� � ��� 	 �
.
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2 Partnership

Thepartnershipconsistsof threepartnerinstitutions:
 Risø National Laboratory, Denmark:modeldevelopment,model implementation,
modelverification,co-ordination.
 University of Oldenburg, Germany: model development,model implementation,
modelverification,studyof regionaleffects.
 TechnicalCollegeof Magdeburg, Germany: studyof regionaleffects.

Adressesof partners:

RisøNational Laboratory (Coordinator)
DeptWind Energy andAtmosphericPhysics
POBox 49
DK-4000Roskilde
DENMARK
Contact:
LarsLandberg
email lars.landberg@risoe.dk
fon +4546775024
fax +4546775970

University of Oldenburg
Energy- andSemiconductorResearch
Facultyof Physics
D-26111Oldenburg, Germany
Contact:
Hans-PeterWaldl
email igor@uni-oldenburg.de
fon +494417983577
fax +494417983326

TechnicalCollegeof Magdeburg
Dept.of ElectricalEngineering
D-39114Magdeburg, Germany
Contact:
Prof.Dr. HansGeorg Beyer
email Hans-Georg.Beyer@Elektrotechnik.FH-Magdeburg.de
fon +493918864499
fax +493918864126

TheprojectWWW page:

www.physik.uni-oldenburg.de/ehf/wind/predict/indexpredict.html
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3 Objectives

Themainobjectiveof thisprojectwasto implementawind powerforecastingsystemfor
a time periodup to 48 hours,extendinganapproachdevelopedin otherEU andnational
projects.This forecastingapproachdevelopedin the framework of this projectgivesthe
projectpartnersthe possibility to implementthis methodfor utilities, tailoredto there-
spective situationconcerninginstalledpower, topographicalconditions,andsoon.
In practice,theforecastingsystemcanbeonebasisfor abetterschedulingof conventional
powerplantsleadingto a lowerspinningreserve andtherebyto savingsof fossil fuel and
CO� . Besidesthis, a better integration of wind energy in the existing electric energy
supplysystemsleadsto a betteracceptanceof this new technology.
In thenearfuture, the tradingwith “greenenergy” will becomeanessentialpart of en-
ergy markets.Theresultingpriceof greenelectricenergy will dependon thedayby day
availability of this energy source.Sonot only “classic” energy suppliersbut also“green
traders”arebecomingpotentialcustomersfor wind power forecasts.

Themain technicalobjectivesof theprojecthave been� Implementing a prediction method on baseof the German NWP model. Due
to thecoarseresolutionof theDeutschlandmodellmodel(14 
 14 � � � ), a spatial
refinementof the predictionmust be implementedto get a forecasttailored to a
specificsite.� Make an analysisof the prediction error for the meanpower output for an area
considered. The describedmethoddelivers wind power predictionsfor different
sites.Theregionalpowerproductionis thenderivedby multiplying thisresultwith a
factor. For power plantdispatching,utilities arenot only interestedin power output
for singlewind farmsbut alsofor their total supplyarea.Thequality of prediction
andespeciallyits uncertaintymaybedifferentfor onepointanalysisandthewhole
area.In this project,anestimationof thepredictionerror in dependenceon thesize
of theareaunderinvestigationwasdevelopedon baseof a comparisonof predicted
andmeasuredwind power for about30sitesdistributedover NorthernGermany.� Usinga numerical weatherprediction modelwith a higher spatial and temporal
resolution than in former projects asbasefor the power prediction model. As
numericalweatherpredictionmodel(NWP), the GermanDeutschlandmodellwas
chosen.The goal is to investigatewhetheror not the higherresolutionresultsin a
betterpredictionof wind speedandwind poweroutputcomparedto HIRLAM.
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4 TechnicalDiscription

4.1 Overview
During theprojecttime a fully operationallyworking predictionsystemhasbeendevel-
oped.With this systemit is possibleto predictthepoweroutputfor singleturbines,wind
farmsor largerregions.It deliverstherespective poweroutputaswell aswind speedand
directionin aneasilyreadableoutputformat.Input for thesystemcanbeonlineor archive
wind speedandwind directionpredictionsfrom anoverall numericalweatherforecast.
Thepredictionsystemmaybeoperatedby thegermanweatherforecastDWD, whenwind
energy power forecastsarerequestedby energy suppliersor (green)energy brokers.
Theprojectconsistedof thefollowing partsall of whichwill bedescribedin thefollow-
ing:� Modeldevelopment� Model implementation� Modelevaluation� Studyof regionaleffects

Model development
A modelwasdevelopedfurtherwhich produceswind power predictionstaking into ac-
count the local circumstanceslike surfaceroughnessandorography. The forecastsare
basedon the outputof numericalweatherpredictionmodels,the DanishHIRLAM and
theGermanDeutschlandmodell.

Model implementation
The predictionmodelwasimplementedasanonline predictionsystemgettingweather
predictiondatafrom the accordingweatherservice,andgeneratingthe locally refined
wind power forecasts(seeoverview next page).As anuserinterface,HTML pagesare
generated.

Model evaluation
For assessmentof thequality of thepredictions,measuringdatafrom 32 stationsspread
over thenorthernpartof Germany for threeyearswasused.An intensive comparisonof
measurementsandpredictionswasperformed.Onefocuswasthestatisticalanalysisof
smoothingeffectsoccuringif theregionalpoweroutputfrom regionsis investigated.
In thefollowing, theforecastmodelsdevelopedandusedin theprojectwill bedescribed.
The two modelsusedarecalled the Risømodelandthe Oldenburg model.Both these
modelsusenumericalweatherprediction(NWP) model forecastsas the basisfor the
moredetailedlocal forecasts.In this projectthe HIRLAM modelof theDanishMeteo-
rologicalInstitutewasusedastheNWP modelfor theRisømodelandtheDeutschland-
modell(DM) for theOldenburg model.In thefollowing HIRLAM andDM aredescribed
followedby a detaileddescriptionof theRisøandOldenburg models.
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Numerical WeatherPrediction
Deutschlandmodell, HIRLAM

Wind speed� �����
h,
��� �

h, � � � , ��� � h
Resolution14 � 14km��
Horizontal Refinement

to localSite
(Roughness,Stability,Orography)�

Model Output Statistics
for Correctionof
systematicErrors�
Wind Turbine

Power Characteristic
Wind FarmEffects�

Local Prediction of
Power Output

Overview of thedifferentpartsof thepredictionsystems.

4.2 Numerical WeatherPrediction Models
As basicinputto thepredictionsystems,twodifferentnumericalweatherpredictionmod-
els(NWP) wereused:theDanishHIRLAM modelandtheGermanDeutschlandmodell.
They areoperatedby therespective weatherservices.

HIRLAM DeutschlandmodellDM
Operator DanishMeteor. Institute GermanWeatherService
Horiz. Grid Resolution 25km 15km
StartingTimes 0 and12GMT 0 and12GMT
Domain DenmarkandNorthernGermany Germany andNeighborhood

Main propertiesof thetwoNWPmodels.

4.3 The Oldenburg Prediction Model
As the Risømodel,the Oldenburg approachis basedon the predictionsof a numerical
weatherpredictionmodel,theDeutschlandmodelloperatedby theGermanWeatherSer-
vice ([16]). The resultsof this modelhave a resolutionof �  �!"�  $# %'& . Several steps
areundertakento geta local predictiontaking into accountthespecificlocal conditions
ona site(figure1). ThismechanismtransformstheNWP result(height � (�% or a model
level) to thehubheightof theaccordingturbine.This includestheconsiderationof local
roughness,obstacles,orography, thermalstratificationof the atmosphere,wind turbine
parametersandwind farm arrangement.In addition,a correctionof systematicerrorsis
donewith a simplestatisticalmodel.
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Thetransformationof thesurfacewind is doneon baseof methodsfollowing theEuro-
peanWind AtlasMethod.To get a closerlook on the influenceof modeldetailson the
predictionuncertainty, themodelsdescribedbelow wereimplementednew.

4.3.1 Spatial Refinement:Roughness

To generalizetheNWPwindoutputfromtheusedroughness,in afirst stepthegeostrophic
wind is calculatedfrom the10m valueusingthegeostrophicdraglaw)+*-, ./10 2 3 4�2 , .576 8 9":<;�= >�? 97@�ACBD= >�? @ (1)

by using , . and
6 8

of the Deutschlandmodellwind (
5
: Coriolis parameter, ;�E B : con-

stants,in generaldependingon stability factor > ). Backward,the local wind then is
calculatedby using the local, sectorialdifferentiatedroughnesslengthand the current
atmosphericstability ([13],[7])., = 6 ? *-,GF/H2 3 4 2 66 8 9 :1IKJ 6L�M 9 (2)

Theturningof thewind in theEkmanlayeris modelledwith thestandardapproachN O 4QP * : BD= >�? , ./ ) (3)

.

R S�T = UGV W E 6 8 X S�T ?R S�T = U Y Z E 6 8 X S�T ?R S�T = V Z [�E 6 8 X S�T ?

\
log. Profile ]^,GF X S�T
Geostr. Drag
Law

] ) = 6 8 X S�T ?
_'`ba"c d ed f�g hbi

R jlk = 6 m n o E 6 8 X jlk E p q p E 5Gr q ['?slog. Profile ]-t u n o]-,GF = 6 8 X jlk ?

Figure 1: Transformationof surfacewind speedto the geostrophicwind andback with
thedetailedroughnessdescription.

For highermodellevels(herelevel 18 andhigher),theleft branchof figure1 is omitted
andthelevel wind is usedjustasgeostrophicwind directly.
In thesurroundingof asite,in generaltheroughnessis inhomogeneous.Dif ferentrough-
nesslengthsresultin differentverticalwind speedprofiles.In theright branchof figure
1, the calculationsaremadeincluding a detailedroughnessdescriptiondependingon
wind directionanddistanceto thesite.An algorithmwasimplementedwhich takesinto
accountthedevelopmentof internalboundarylayers([14]).
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4.3.2 Spatial Refinement:Stability

The vertical wind speedprofile dependson the thermalstratificationof the atmosphere
(seeequation2; v , theMonin-Obhukov length,is ameasurefor thethermalstratification,
see[13]). To takeinto accountthis stratification,the informationaboutthe (predicted)
thermalstateof the atmospheremustbe obtainedtogetherwith the wind speedpredic-
tions.BecausetheGermanWeatherServicedoesnot provide this valueonline,we used
thelongtermclimatologicalmeanvalueof v to makeanoverall correctionto all predic-
tion. Of course,this cannotbesatisfactory, becausemeteorologicaleffectslike thedaily
patternof wind speeddependstronglyon v . Fortunately, at higherwind speedswhich
areimportantfor wind energy use,theatmospherein mostcasesis nearlyneutral,sothe
influenceof themissingonlineinclusionof thestratificationshouldnotbetoohigh.
The considerationof the stratificationis doneaccordingto the EuropeanWind Atlas
method.The vertical wind speedprofile is regardedasbeingdisturbedby non neutral
conditionsby implying afunction w�x y z :{ x y z�| {G} x y z�~������ { x y ��zy } x y ��z w�x y z � (4)

Theterm ��� � � ���� � � � ��� is derivedwith� { x y �7z{G} x y ��z |-� { �{ �l}1��� x y ��� v�� � �Gzl� � x y ��� v�� �b� z� � x y ��� y } z (5)

. Regardingtheclimatologicalmeanfor CentralEurope,following valueswherechosen:
heatflows �D� � � � = 100W/m� (multipliedwith a form factorof F=0.6)and �D� � �b� = -
40W/m� .
TheaccordingMonin-Obukhov-length is definedviav1|�� }�$��� � {  ��¡� } (6)

Theheight y � dependson roughnesslength y } andRossbynumberRo |£¢�� wQy } and
soconnectstheroughnessandthestabilitymodel.y �+|+¤ ¥ ¤ ¤ ¦�y } Ro

} § ¨
(7)

Theratio ��� ©� © canbederivedfrom thetotaldifferentialof thegeostrophicdraglaw

d{ �{ � |�ª � �w � } � � ¡ ¢ � « d� (8)

Theconstanthasthevalue � |+¦ ¥ ¬ .Thefunction w�x y z is responsiblefor theshapeof theverticalprofilew�x y z$|�� � � � x y ��� y } z� � x y � y } z ¥ (9)

4.3.3 ComplexTerrain

In complex terrain, the wind speedis changedin amountanddirectionby orographic
effects.Theseeffectsaretakeninto accountby usingthecalculationresultsfrom WAsP.
Thesearegiven asan MTX file including a correctionfactor for wind speedandwind
directionfor eachdirectionsector. WAsP itself implementsa linear modelof “Jackson-
Hunt” type([15]). Baseof themodelcalculationsis a digital orographicmapof thesur-
roundingof the turbinesite. First, the wind speedis turnedby the valuegiven by the
WAsPresults.Then,thespeedup factoris multiplied to thewind speed.
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4.3.4 Wind Farm Effects

Insidea wind farm, the mutualinfluenceof the turbinesto eachotherresultin a reduc-
tion of power output.This reductionis dependingon thegeometricalarrangementof the
turbines,the wind directionandon wind speed.The farm effectsarecalculatedby the
Oldenburg computerprogramscalledFLaP resp.fcalc, which implementa variantof
thesocalledRisø-Modellike usedfor instancein theRisøprogramPark ([17]).
Eachfarm is characterisedby its arrangement,turbinepowerandthrustcoefficient char-
acteristics.For thegivenwind farm(or asingleturbineinsideafarm)atableof reduction
factorsis calculateddependingon wind directionandwind speed.This factor is multi-
plied to thefarmor turbineoutputat theendof thepredictionmodel.

4.4 The RisøModel
In this sectionthe physicalmodelof RisøNationalLaboratoryis described.Eachstep,
from selectingthe HIRLAM wind to the final MOS corrections,will be describedin
turn. An overview of themodelis givenin Figure2. Theanalysisof theoriginal model
will show, thatwhenfocusis onseverestormsthemodelcanbeimprovedin someways.
Furthermore,are-analysisof thewindsfromthevariouslevelsof HIRLAM will show that
betterpredictionscanbemadeusinga differentlevel. Thefinal modelwill bedescribed
at theendof thissection.

4.4.1 Overview

Theforecastingsystemfrom theoutputfrom HIRLAM to thefinal forecastat theutility
is sketchedin Figure2.

­7®$¯'° ± ²³ ´µ¶ · ¸�¹ ºG» ¼ º ½ ¹¾ ²³ ´µ¶ ¿ º ÀbÁ ¿ Â Ã · ¼ ÄÅ Æ�ÇlÈ ± ­7®�¯DÉ ± ÊË ÌÍÅ · ¸�¹ º�¶ º · Î ÏÐ
²³ ´µÁ · » ¿ Á ¸�Ñ Ò ÎÐÓbÆ Ô Å

²³ ´µ· º · Õ º ¿ ¶ Ö Â² ³ ´µº · ¼ Õ Ö Ò ¹ Ô Ô² ³ ´µ· × Ô Ä ¿ » Á ¹ ÔØ
²³ ´µÔ ¼ º Ù ¿ » ¹$¸�Ñ Ò ÎÐ
Ú ¹ ·7Î º ¿ Õ�Á ¿ ¸Û · Õ�¶ º · Ü Á ¹

²³ ´µÝ Þ ß àØÐÐ
²³ ´µá�â ÇlÛ Æ�­ ¸�Ñ Ò Î

Figure 2: Flow chart of themodelcomplex fromtheHIRLAMwindto thefinal prediction
of thepoweroutputfroma wind farm.
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4.4.2 HIRLAM

The large-scaleflow of theatmosphereis modeledby theE-versionof HIRLAM of the
DanishMeteorologicalInstitute.Themodelhasahorizontalresolutionof 16km andit is
run four timesadayat00,06,12and18UTC.

Finding the right HIRLAM level SinceHIRLAM hasa verticalgrid of 31 levelsit is
necessaryto investigatewhichlevelgivesthewind thatbestapproximatesthegeostrophic
wind (a theoreticalwind). To do this ananalysishasbeencarriedout on a subsetof the
wind farms,wherethemodelhasbeenrun with HIRLAM windsfrom level 1 (65 m) to
level 7 (1050m). Theresultsareshown in Figures3 and4.
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Figure 3: The meanof the error for the 12 hour predictionnormalisedwith the total
capacityof thewind farmasa functionof thelevel.
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Figure 4: Thestandard deviation of theerror for the12hourpredictionnormalisedwith
thetotal capacityof thewind farmasa functionof thelevel.
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Analysingthesetwo plots,anumberof observationscanbedone:ä Vindebyseemsto bevery differentfrom theothers,we will returnto this in a later
section.Here,we will not put emphasison this stationwhendrawing our conclu-
sions.ä Themeanerror is closestto zeroat levels5 and6.ä Thestd.dev. of theerroris smallestagainfor levels5 and6

Theseobservationsleadto a choicebetweeneitherlevel 5 or level 6. Level 5 have been
chosen,becauseit hasthe overall smallesterror andmoststationshave the smallestor
secondsmalleststd.dev. of theerror. In thefollowing,therefore,thegeostrophicwind, å ,
will besetequalto thewindobtainedfromlevel5 (ie at 550magl)of HIRLAM. Note,that
it is theactualHIRLAM wind which is used,not thegeostrophicHIRLAM wind. It was
foundthat this wind gave too high standarddeviationsof theerror. This is in agreement
with thefindingsin Landberg etal, 1993.

4.4.3 Surfacetransformation

The ideabehindthe physicalmodel is that the predictedwind from HIRLAM, which
is a wind specificto a gridcell of 23 æ 23 kmç , is transformedto the surfaceusing the
geostrophicdraglaw (cf BlackadarandTennekes,1968),å+è-éGêë1ì í î ï�ð éGêñGò ó ô"õ1öb÷ ç�ø"ù ç (10)

where å is thegeostrophicwind, heresetequalto theHIRLAM wind at level 5, éGê the
friction velocity, ë the Von Kárḿan constant(=0.4),

ñ
the Coriolis parameter, and

ò ó
theaerodynamicroughnesslength. ö and

ù
areconstantsheresetequalto 1.8 and4.5,

respectively, in accordancewith TroenandPetersen(1989).
Thegeostrophicdraglaw givesthe friction velocity which canbeusedto geta velocity
in thesurfaceboundarylayerby usingthelogarithmicwind profileé�ú ò û è-éGêë î ï ð òò ó ô (11)

where é�ú ò û is the velocity at height
ò
. Theseequationsare in their neutralform. For

furtherdetails,seeLandberg andWatson(1994).

4.4.4 WAsP

Thewind calculatedsofar is still valid for quiteabig areaandit mustbecorrectedto take
localeffectsinto account.This is doneusingWAsP(Wind AtlasAnalysisandApplication
Program,Mortensenetal, 2000).WAsPis takingthefollowing localeffectsinto account:ä Shelterfrom obstacles(houses,wind breaksetc).ä Effectsof roughnessandchangesin roughness.ä Effectsof theorography, speed-up/down.

Note,thatthis list doesnot includethermally-driveneffectsase.g.sea-breezesandkata-
baticwinds.In mostof NorthernEurope(includingDenmark)theselattereffectswill not
beof any importance,andcanthusbeleft outwithoutany lossof accuracy. Theproblem
of thermally-driveneffectsmustbeaddressed,however, if themodelis to beusedin areas
wherethoseeffectsprevail (eg theMediterranean).
¿Fromthepreviousstudy(Landberg andWatson,1994andLandberg etal, 1993)anesti-
mateof theRMSerrorgavearound1.5msü�ý for atypicalstationin NorthernEurope.The
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studyalsoshowed that implementingMOS (Model OutputStatistics)greatlyimproved
the predictionsfor someof thestations,andasa consequencethis methodwill alsobe
usedin this studyto explain theeffectsnotexplainedby thephysicalmodels.
Theparametersin theMOS modelwill beestimatedusingdetailedmeasurementsfrom
the17 wind farmsandmodeloutputfrom HIRLAM. Themeasurementsconsistof data
from the individual turbinesplus a numberof meteorologicalparametersat eachfarm
takenatone-hourlyintervals.
A furtherrefinementof themethodcouldbeto includetimedependentroughnessdescrip-
tions, this is dueto the fact that roughnessis actuallya time-varyingquantity(eg trees
have leavesin thethesummerandnoneduringwinter),theonly onein thelist above.The
time-varianceof roughnessis not takeninto accountin WAsPbecauseWAsPis estimating
climatologicalquantities(eg theyearlyproduction),andthereforeit would bewrongto
let the roughnessvary; in the presentapproach,on the otherhand,we look at individ-
ual times,making it necessaryto examinethe inclusionof this time dependence.The
time variability of theroughnesscouldbe includedby makingfour differentroughness
descriptions:onefor eachseason.

4.4.5 Model Output Statistics(MOS)

To correctfor all effectsnot explainedby themodels,Model OutputStatistics(MOS) is
used.A numberof differentapproachescanbetaken.
Firstly, thefunctionalform of theMOS filter mustbechosen.Studyingthebehaviour of
theerror(cf Figure5) it canbeseenthattheonly reasonablecandidateis thesimplelinear
function:þ ÿ �

��� � � � � � 	 
 � ��

þ ÿ
��
 � � � � � � � 	 
 � � �

ÿ
� � � 	 
 � �����

ÿ
� � � 	 
 � � (12)

where

þ ÿ �
��� � � � � � 	 
 � � is thefinal forecast,

þ ÿ
��
 � � � � � � � 	 
 � � theforecastfrom thephys-

ical models,�
ÿ
� � � 	 
 � � and �

ÿ
� � � 	 
 � � arethedirectiondependentconstantsof the linear

function.
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Figure 5: Scatterplot of the raw physicalpredictionvs the observationfor the Kyndby
wind farm for the12hourpredictionlength.

The secondchoiceconcernsthe point at which the MOS filter is to be applied.Herea
numberof possibilitiespresentthemselves:
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1. the output could be correctedright after the local wind hasbeencalculated(and
beforetheapplicationof thepowercurve andtheparkeffects).

2. to correctafterthepowerhasbeencalculated

3. to correcttheendproductof themodel.

It hasalsoto bedecidedwhetherMOS shouldbeappliedto the predictionsasa whole
or whetherit shouldbeappliedto thepredictionssectorby sector. All thesepossibilities
have beenlookedinto andthefindingsaredescribedin thefollowing.
Before any MOS is applied it is necessaryto determinewhetherany of the input to
the physicalmodelscanbe improved: is thereeg a stationwhich is consistentlyunder-
predicted,and is this stationlocatedin a flat area,then it is more than likely that the
roughnessassignedto the areais too high. It wasfound that if correctionsareapplied
sectorby sector(seelater) they did not consistentlystayunder/over � � � for any onesta-
tion. Thismeansthattheroughnessesmostlikely hasbeenassignedthecorrectvalues.It
could,however, alsojust meanthat thesignalfor the effect of roughnessis overwritten
by signalsfrom othererror sources.It is thereforedecidednot to changetheroughness
for any of thestations.
Another reasonfor not changingthe roughnesslengthsis that the valuesusedare the
standardvaluesfor theDanishlandscape(cf Table1).

Table1. Standard roughnesslengths,� � , for typical Danishlandscapes.

Type � � [m]
Sea 10 �  
Village 0.35
City 0.4-0.5
Forrest 0.35-0.4
Farmland 0.1

MOS applied to the wind speed Therecanbe no doubtthat the bestplaceto apply
MOS is asearlyaspossible,namely, at thepredictedlocalwind.
OnecouldalsoapplyMOS to thegeostrophicwind itself, but thiswouldmakethestatis-
tical correctionsthedominatingpart,andovershadow theabilitiesof thephysicalmodels
to explain the local variationof thewind. This latterapproachwould thereforebemore
like a statisticalapproach,thana physicalone.Sincewehave setout to usetheavailable
physicalmodelsasfar aspossible,correctingthegeostrophicwind will notbedone.
Theobservedwind is unfortunatelymeasuredon thenacelleof thewind turbines,causing
severe flow distortion.On top of this the anemometerswerenever meantasprecision
devicesfor measuringthewind,soit hasbeendecidednotto usethespeedmeasurements.
Anothervery unfortunatething is thefact thatwind directionis not measuredat all. We
know, however, from a previous study (Landberg andWatson,1994)that the direction
is predictedfairly well. All this leadsto theconclusionthatMOS shouldnot beapplied
directly to thewind speed.

MOS applied to the power Taking the above findingsinto account,it is found that
MOS mustbeappliedto the power prediction.Sincethepower curve distortsthewind
speedsquitesignificantly, leaving smallvariationsin wind speedvery importantin some
placesandcompletelyunimportantin others,thefollowing procedurehasbeendevised.
It assumedthat the real wind speed(of which we have no reliablemeasurement),!" , is
connectedto thepredictedwind speedby thefollowing simplerelation:
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#$&%(' ) $ * + , - (13)

where ' ) is thefactorfor the . ’ th sectorand $ * + , - is thepredictedwind speed.
Folding thisbackthroughthepowercurve,weget:

/10 2 354(/ * + , -6%8719 ' ) $ * + , - :<;>=(;>? (14)

where
/10 2 3

and
/ * + , - aretheobservedandpredictedpower, respectively, of agivenwind

farm, 719 $�: is thepoweragiventurbinewill produceatspeed$ (ie thepowercurve), = is
thenumberof turbinesoperating,and ? theefficiency of thewind farmascalculatedby
PARK.
It is thenpossibleto find that ' which for a certainsectorgivesthesmallestvalueof the
error:

@A%&B /10 2 3�C8/ * + , -<B (15)

The functionalshapeof @ asa functionof ' canbeseenin Figure6. It canbeseenthat
thefunctionis well behaved,which meansthatsimplemethodsfor minimising @ canbe
used.
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Figure 6: Typicalexampleof theerror, @ , plottedasa functionof theMOSparameter' .
Estimating the final ' ’s Following theabove procedureavaluefor ' canbecalculated
for eachsectorandfor eachforecastlength.Doingthis,atypicalexampleof thecalculated
valuesis found in Figure7. As canbeseenfrom this figure,mostof the calculated' ’s
do not vary with the forecastlength.This is alsoto beexpected,sinceit is hypotesised
that the effects, that the ' ’s correctfor, arephysicaleffects,which are independentof
theforecastlength.Somesectors,however, displayquitea largevariation(in thefigure,
sectors1, 2 and11), this is explainedby the fact that the numberof samplesin these
sectorsis down to only 25%of theaveragenumberof samplesfor all sectors,andthese
sectorsarethusnot statisticallystable.
To calculateone ' persector(ie to collapsethe ' ’s in the forecastlengthdirection)the
averageof the ' ’s for thedifferentpredictionhorizonsis used.
A final questionpertainingto the sector-wise correctionsis the constancy with time of
the estimates,ie for how long mustonewait until the factorshave stabilised.A typical
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exampleof this is givenin Figure8. Studyingthis figureit canbeseenthatmostfactors
arestableafter only a few months,exceptof courseseldomlyvisited sectors(1, 2 and
12 in the figure). Sector3 standsout in that the total amountof observationsover the
yearis largeenough,but during thefirst few monthsvery few observationsarepresent,
explaining themarkedswingafter two months.The patternfoundfor this wind farm is
repeatedfor theotherwind farmsaswell.
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Figure8: Thevariationwith timeof theestimateof thesector-wiseMOScorrectionfactor.
Sectorswith veryfew observationsaremarkedwith dashedlines.Thedataaretakenfrom
theNøjsomhedsoddeWind Farm.

MOS applied to the final output To correctfor any biasanothersimpleMOS model
hasbeenchosento correctthefinal outputof themodel,ie the actualproductionof the
park.A simplelinearversionof MOSis againused
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F1GAH�IKJ(F1L5M N O P Q8R
(16)

where
F1GAH�I

is theMOS-correctedproductionof a givenwind farm(ie thefinal resultof
themodel),

F1L5M N O P
theproductionpredictedby thephysicalmodel,and

R
thebias.Note

that
R

is not dependenton thesector, sinceit is assumedthat thefirst MOS moduletook
careof any directionaldifferences.

4.4.6 PARK

To takeinto accountthe influenceof wakeshitting otherturbinesin thepark thePARK
program(Sanderhoff, 1993)hasbeenusedto createa park efficiency rose(ie a sector-
wiselist of theactualproductionseenrelative to theratedproduction).

4.4.7 Input to the model

To beableto predictthepoweroutputof a wind farm thefollowing input is needed:S HIRLAM wind field (Geo.draglaw)S descriptionof orography(WAsP)S descriptionof roughness(WAsP)S descriptionof obstacles(WAsP)S powercurve (PARK)S thrustcurve (PARK)S wind farm lay-out(PARK)S measurementsof actualpowerproduction(MOS)

Notethatthis information,exceptfor theHIRLAM forecast,is neededonly for theinitial
analysisof thewind farm,oncethefarm is analysedthepredictionmodelusesonly the
resultsof theanalysis.

Figure 9: An exampleof the wind field from HIRLAM. A similar field is generatedfor
Bornholm.

HIRLAM wind field

Input to WAsP For WAsP to beableto simulatethelocal effect inputof theorography,
roughnessand obstaclesis needed.In Figure 10 the orographyand roughnessof the
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surroundingsof theKyndbywind farm areshown andin Figure11 theobstaclesof the
Avedøre1000wind turbineareshown.
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Figure 10: Theorograhy (thin lines) and the roughness(thick lines) for Kyndbywind
farm. Thisdigital informationis givenas input to WAsP. Thecrossmarksthelocationof
thewind farm.
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Figure 11: Theobstaclesinput to WAsP for theAvedøre 1000turbine.

Input to PARK ThePARK programneedsasinput the power andthrustcurves(see
Figure12)andthewind farmlay-out(seeFigure13).

4.4.8 Using the 10m wind asinput

Due to thedecreasein grid sizeandthe improvementof theboundary-layerparameter-
isationof HIRLAM, the level from which the wind hasto be takenhaschangedfrom
whenthemodelwasfirst developedandimplemented(see[2] for furtherdetails).In the
original modelthe wind found in modellevel 5 (approx.550 m agl) shouldbeusedas
thebestapproximationof thegeostrophicwind, now, however, thewind from thelowest
level hasthesmallestscatterwhencomparedto theobservedwind at thewind farmsite.
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Figure 13: Thelay-outof theKyndbywind farm.

This meansthatsincetheoriginal modelhadto transformthe wind from a geostrophic
wind via thegeostrophicdraglaw to thesurfacethemodelmustbechanged,sincethis
transformationhasalreadybeendoneby theHIRLAM model.Referringto Figure2 the
boxlabeled‘Geo.draglaw, Log profile’ mustthereforeberemoved.Calculatingthemean
errorandstd.dev. of theoriginalmodelandthemodelproposedhereappliedto theRisø
mast,however, the predictionsusing the 10 m wind show a reductionin the standard
deviationof typically 20%on thepredictionof thewind speed.
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4.5 Differ encesbetweenOldenburg and RisøImplemen-
tation
ThemaindifferencesbetweentheRisøandtheOldenburg onlinepredictionmodelareW Risø model is basedon HIRLAM, Oldenburg model on the Deutschlandmodell

NWP model,whichhasa higherspatialresolution.W TheOldenburg approachis usinga non-linearroughnessmodelimplementation.W TheOldenburg modelcanhandlewind farmswith turbinesof differenthubheights.W TheOldenburg modeldoesn’t includeobstacles.
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5 Resultsand Conclusions

For theverificationof predictionresults,a lot of aspectshave to betakeninto account.In
thebeginning,thequalityof theforecastwill critically dependontheNWPmodeloutput
itself. If thisdoesnot reflectthedevelopmentof theweathersituation,thereis nochance
to geta reliablelocalwind powerprediction.Thecomparisonof theinfluenceof thetwo
NWP modelsHIRLAM andDeutschlandmodellwill beshown in section5.7.
In general,thepredictionqualitydependson thepredictiontime.Thepredictionerror is
expectedto increasefor longerforecasthorizons(chapter5.3).But therearealsoother
influences.Thenaturalwind speed(in general)showsadaily patternwhichcanberepro-
ducedmoreor lessaccuratelyby thewind speedprediction.Wehave alook at this effect
in the“results”chapterwherewemainlyconsiderpredictionswith starttime00UTC. So
theresultsshow theinfluenceof thetimeof day. In general,theaccuracy of a prediction
for 36hoursmaybedifferentif thetargettime is 12or 24UTC (chapter5.3).
General remarks:X All predictionsarebasedontheDeutschlandmodell, 0 UTC run,10m level, if noth-

ing elseis remarked.X In general,the1996NWPgrid datais used.If thebasicyearis 1997(alsogrid data)
or 1999(onlinedata),this is noted.X In most cases,two basicstatisticalpropertiesare usedfor discussion,the mean
bias Y Z predictedpower [ measuredpower\ ] and the RMSE (Root Mean Square,^ Y Z predictedpower [ measuredpower\ _ ] ).X In many cases,themean1 valuefor all stationsis used.This meansthattheRMSE
are just summedup anddivided by the numberof stations.This of courseis not
equalto theRMSEof thesummedup timeseries.

5.1 Wind Speed
Firstof all thequalityof thewind speedpredictionis evaluated.Figure14showsascatter
plot of thewind speedat10m level givenby theDeutschlandmodellversusthemeasured
wind speedat the sameheight for the stationAltenbeken. The datafor all prediction
timesis usedto get enoughdatapoints.Generally, the predictionis systematicallytoo
low becausemostof the datapointsarebelow the bisectorof angle.In particular, high
wind speedsareunderestimated.After the predictionof the NWP hasbeenrefinedthe
predictedwind speedmatchesthe measuredwind speedmuchbetter. This canbeseen
in figure 15 whereresultsof the refinedpredictionof the wind speedarecomparedto
themeasurementsfor thesamestationasbefore.Thedatapointsarenow ratherequally
distributedalongthe bisectorof angle.The improvementis mainly dueto the detailed
roughnessdescriptionin the refinementwhich considersthe local effectsat the site in
contrastto thedirectDeutschlandmodelloutputwhichis basedonameanroughnessover
a largearea.

1Sometimeswecall thisa typical value.
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Figure 14: Scatterof measuredandrawDeutschlandmodellwindspeedat 10m.
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Figure 15: Scatterof measuredandrefinedpredictedwind speedat 10m.

5.2 Power Prediction Time Series
In figure 16 a typical time seriesof measuredandpredictedpower for a singleturbine
is shown. In general,theagreementis goodandthetwo stormeventsarepredictedquite
well. Of course,thequality of thepredictionis betterfor shortforecasthorizons,i.e. 6 h
and12 h. In figure 17 the predictionsof threesucceedingruns(0 UTC) arepresented.
Again thepredictionis rathergoodbut for largepredictiontimesthe forecastmight de-
viatesignificantlyfrom therealsituation.Thiscanbeseenfor the24h - 48h forecastof
run1 whichpredictssmallpoweroutputinsteadof astorm.
Figure18shows theRMSEbetweenprediction(0 UTC run) andmeasurementof power
outputsfor differentpredictiontimesaveragedover all sites.Theuppercurve is normal-
ized to the respective meanpower output.The RMSEvalueis very high (about100%)
and increaseswith predictiontime, showing a daily pattern.The second(lower) curve
shows thesameRMSEnormalizedto thetotal ratedpower of all turbinesregarded.This
value,of course,is muchlower. We will show laterthat this valueis themoreimportant
onefor a generalizedpropositionaboutthepredictionuncertainty.
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Figure 16: Typical timeseriesof measured andpredictedpowerfor a singleturbine in
1996.
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5.3 Prediction Horizon and Daily Pattern
Figure20showsthedaily patternof measurementsandpredictions(basedon10m wind,
0 UTC run) for thecumulative poweroutputof all stations.As expected,thewind speed
is systematicallyhigherat noon(12and36hoursprediction)thanatnight (24,48hours)
dueto the thermalstability stateof the atmosphere.It canbestatedin generalthat the
relative daily patternof themeasurementsis reproducedquitewell, even if theabsolute
valueof forecastsandmeasurementsis quitedifferent.This is truefor siteswith high as
well aslow daily variations(figures21and25).
In figure 22 the developmentof the averageof predictionsis plotted for two different
model levels (level 10 at 10 m meanheightagl. andlevel 18 at 322 m). For the upper
level thedaily patternof the forecastis just oppositeto theexpectations:the prediction
at night is higher thanat daytime.This holds for all levels from level 19 (133 m) and
above.Accordingto informationprovidedby theDWD, this behaviour is anartifactdue
to anincompletepartof themodelwhichimplementsthestabilitydependentmomentum
transferin thelowerboundarylayer. In any case,it seemsto bedifficult to obtaina good
forecastbasedonlevel18evenafterimplementingarefinementincludingcurrentstability
of theatmosphere.
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Figure 20: Daily patternof measurementsandpredictionsversuspredictiontime(here:d daytime).Sumof all stations.Bothcurvesclearlyshowa daily pattern.
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Figure 21: Exampleof daily patternof thepowerpredictionandmeasurementfor a sta-
tion with weakdaily pattern(Fehmarn). Thisis alsoreproducedquitewell by thepredic-
tions.
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Figure 22: Daily patternlike in figure 20, level 10 (10 m height)and level 18 (322m):
Theupperlevel showsa reversedaily pattern.

Figure 23 shows the behaviour of the predictionsconcerningthe bias betweenpower
predictionsandmeasurementsdependingon thepredictiontime for 1996(annualmeans
normalizedto themeasuredmean).In any case,thepredictionis higherthanthemeasured
output,andthemeanvalueof thebiasis increasingfrom 12 % at 6 hoursto about32 %
at 48 hours.Thereseemto bemechanismsin theNWP modelproducingan increaseof
meanmomentumwith increasingpredictiontime.
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Figure 23: Predictionbias(predictionsminusmeasurements)versuspredictiontimenor-
malizedto currentmeanpower, meanof all stations.Thebiasis positiveall thetimeand
increasingwith predictiontime.

Figure24showsanexampleof thedevelopmentof theRMSEfor thestationSchülp. The
valuesarenormalizedto themeasuredmeanpowerandto theratedpower, respectively, to
getcomparablestatements.It canbeseenthattheRMSEnormalizedto thecurrentmean
powershowsadistinctdaily patternwhile theonenormalizedto ratedpowerdoesnot.In
fact, this behaviour shows a typical propertyof the predictionerrors:theuncertaintyof
thepredictionis mainlyanabsolutevaluewhichdoesnot stronglydependon thecurrent
meanpower output.This can be verified looking at the daily patternof power output
for thesamesite(figure25): thedevelopmentof theRMSEin figure24 just reflectsthe
normalizationto thecurrentmeanpower.
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Figure 24: Exampleof RMSEversuspredictiontimefor stationScḧulp. Theuppercurve
is normalizedto the current meanwind power, the lower oneto the ratedpowerof the
turbine. Thepredictionerror is increasingwith predictiontimeonaverage. It canbeseen
that the curve normalizedto the rated power showsalmostno daily variation, so the
uncertaintyof thepredictionis mainlykindof anabsoluteerror.
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Figure 25: Daily patternof measuredandpredictedpowerfor stationScḧulp.

Thesamebehaviour canbeseenfor themeanRMSEoverall stationsshown in figure26.
OnaveragetheRMSEof asinglestationis ratherhigh:about100% for 6 hoursandabout
150% for 48hoursif normalizedto themeanpoweroutput.If it is normalizedto themean
ratedpower theRMSErangesfrom about17% to 20%. In contrastto this theRMSEof
thesummedpower outputof all turbines(figures27 and28) is muchlower. Normalized
to themeanpower, the total RMSEincreasesfrom about40 % (6 hours)to about80 %
(48hoursprediction).Normalizedto ratedpower, therangeof RMSEis increasingfrom
about7 % to 12 %. It mustbenotedthat the fractionof annualmeanto ratedpower is
just about15 % becausetherearesomesiteswith quitepoorwind conditionspresentin
the ensembleof stations.Thedrasticimprovementof theRMSEof the summedpower
outputis dueto thedecayof thepredictionerrorover a region. Thegreaterthedistance
betweenthe stationsthe lesscorrelatedtheir predictionerror is. We will comebackto
regionaleffectsin chapter5.8.
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Figure 26: RMSEof poweroutputversuspredictiontime,averagedoverall stations.The
uppercurveis normalizedto the current meanwind power, the lower oneto the rated
powerof all turbines.Thepredictionerror is increasingwith predictiontime.
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Figure 27: RMSEversusprediction time for sumof poweroutputof all turbines.The
uppercurveis normalizedto the current meanwind power, the lower oneto the rated
powerof all turbines.
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Figure 28: Meanpowerversuspredictiontime for sumof poweroutputof all turbines,
measured(dashed)andpredicted(solidcurve).

The increasinguncertaintyof the forecastwith increasingpredictionhorizonis alsore-
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flectedin thecorrelationbetweenpredictionandmeasurements:for a typical site(figure
29), thecorrelationdecreasesfrom 0.88(6 hours)to 0.72(48hours).For thesummedup
poweroutput(figure30),thefiguresarehigherdueto balancingeffects(seechapter5.8),
but theoveralldevelopmentis thesame(0.94to 0.87).
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Figure 29: Exampleof correlationof thepowerpredictionandmeasurementfor thetypi-
cal stationAltenbeken. Thecorrelationis decreasingwith increasingpredictionhorizon.
A slight influenceof thetimeof daycanalsobeseen.
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Figure 30: Correlation of predictionandmeasurementfor summedpoweroutputof all
stations.Thecorrelationis quitehighanddecreasingwith increasingpredictionhorizon.
Theinfluenceof thetimeof dayis verysmall.
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5.4 Online Data 1999
For theyear1999thedatafor ourpredictionsis providedby onlinedatafrom theDWD.
In contrastto the1996grid datathe1999onlinedatais givendirectly for thegeographic
positionof thestation.
We foundsignificantdifferencesbetweenthetwo years.Figure31 shows a typical daily
patternof themeanpredictedpoweroutputandthecorrespondingmeasurement.Thepre-
diction revealsa muchmoreemphasizeddiurnalpatternasthemeasurement.Compared
to 1996thebiasversuspredictiontimesis completelydifferentwhichcanbeseenin fig-
ure 32. The pronounceddaily patterncanbe seenthereaswell. Moreover, thereis no
systematicincreaseof thebiaswith increasingpredictiontime for 1999which is thecase
for 1996.
The RMSE averagedover all stationfor 1999 doesnot increasewith predictiontime
either(figure33).Thedaily patternis not muchdifferentfrom theonein 1996shown in
figure26.TheRMSEin 1999is worsefor shortpredictiontimesandbetterfor largeones
comparedto 1996.It hasto benoticedthattheresultsfor 1997agreeverywell with 1996.
Thedatasourcefor thesetwo yearsaregrid pointsin contrastto onlinedatain 1999.We
have no informationif theonlinedataaresubjectto furtherpostprocessingwhichmight
beresponsiblefor thedifferentresults.
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Figure 31: Daily patternof measurementsandprediction(1999).Thedaily variation of
theforecastis toohigh.
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Figure 32: Asfigure 23,for 1999.

28 JOR3–CT98–0272,PublishableReport(DRAFT)



60

80

100

120

140

6 12 18 24 30 36 42 48

R
M

S
E

 p
re

di
ct

ed
 p

ow
er

 

g
 [%

 o
f m

ea
su

re
d 

m
ea

n 
po

w
er

]

h

prediction time [h]

for 1999 online data

Figure 33: Asfigure 26,for 1999.

5.5 Prediction Err or and Mean Power Output
In general,the quality of the predictiondependson the meanwind speedand power
outputrespectively. As figure 35 shows, the relative RMSE of the forecastnormalized
to thecurrentpower outputhasalmostthesamevalueindependentof thecurrentmean
power outputexceptfor low wind speeds.This is dueto the fact that it is very difficult
to predictlow wind speedscorrectly, becausetheloweratmosphereis not in equilibrium
in many cases.In addition,thecut-in-performanceof theturbineandthedependency of
poweroutputon i j ( i : currentwindspeed)causesbig differencesin powerevenfor small
wind speeddifferences.
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Figure 34: Distributionof poweroutputfor a typicalsite(Hilkenbrok)

Due to thesereasons,the RMSE is dominatedby the behaviour at low power outputs,
becausemosttimeof theyear, thewind speeditself is relatively low (figure34).In reality,
thepredictionof poweroutputis importantmainly for higherwind speeds.
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Figure 35: RMSEfor classifiedfor binsof meanmeasuredpower. Theerror for low wind
speedsis veryhigh.

From thesefacts,the ideaaroseto filter out low power outputsandjust look at higher
wind speeds.In general,thisapproachdid not succeeddueto several reasons:n Filtering out low measuredpower outputsmeansalsofiltering out situationswhen

themeasuredoutputis low andpredictionis high.On theotherhand,thesearevery
badsituationsbecausenothaving theexpectedwind powermaybevery expensive.n This cleardisadvantagecannotbe overcomeby filtering with respectto predicted
power. In this caseany changein the predictionmodel changesthe valueof the
poweroutputandin thiswaytheensembleof measurementsregarded.This leadsto
totally incomparableresults.n Filteringmayleaveonlyalittle numberof observationsleft for badsites.In thiscase,
thestatisticalparameterscalculatedarevery uncertain,andtheir absolutevalue(as
e.g.themeanoutputafterfiltering) maybemisleading.

As a conclusion,it canbestatedthatthereis still a needto decreasetheinfluenceof low
poweroutputsonstatisticalparameters,but a new algorithmhasto bedevelopedfor this.

0

50

100

150

200

250

300

350

400

450

0 50 100 150 200 250 300 350 400

po
w

er
 p

re
di

ct
ed

 [k
W

]

`

power measured [kW]

values for 36h
f(x) = 0.81 * x + 53.6, powerfilter 60 kW

Figure36: Scatterplot andregressionline calculatedwith a powerfilter (regressionwith
pointswere meanpoweris greaterthan20 % of ratedpower oqp r s�t ) and for station
Hagen-Dahl(36 hoursprediction).Thenumberof pointsleft outsidethefilter rectangle
( p r�s�tvu8p r�s�t ) is very small. The MOS regressionline (here: offset and slope) is
almostarbitrary.

30 JOR3–CT98–0272,PublishableReport(DRAFT)



5.6 MOS
Thecurve in figure23 shows themeanbiasfor all sitesbetweenmeasurementsandpre-
dictions.For all predictiontimes,the forecastis significantlyhigherthanthe measure-
ments.This canbe correctedpartly by applyinga simpleMOS model,in this caseby
just multiplying thepower forecastwith a factorwhich is determinedfor eachsiteaver-
agedover all predictiontimes.Figure37 shows anexamplefor a site wherethis MOS
canimprovethepredictions.Of course,therearesiteswherefundamentalproblemswith
thepredictionsfor this siteoccur, e.g.stationLindewitt(figure38). Therepredictionand
measurementsseemto beveryweaklycorrelated.In asituationlike that,animprovement
by MOSwouldbejustby chance.
In figure39, theMOS factorsgainedfrom the1996dataareplottedfor eachsite,sorted
by their magnitude.It canbeseenthatmostvaluesvary aroundanaverageof about0.7
to 0.8, so this seemsto bea quiteuniversalvalue.Neverthelesstherearesomestations
with valuesfar away from that(e.g.0.4).
Applying theMOS correction(factorsfrom 1996)to the1997dataleadsto a biasshown
in figure40, lowercurve.Generally, thepredictionnow underestimatesthemeasurement
but averagedoverall predictiontimestheagreementbetweenthepredictedandmeasured
meanpoweroutputhasbeenimprovedby MOS.
The improvementin RMSEis shown in figure41 and42. Dependingon the prediction
time the RMSEnormalizedto the meanpower outputwith MOS is between10 % and
20% smallerthanwithoutMOS.TheRMSEwith respectto theratedpower is improved
by about2 %.
Theresultsof theMOS correctionfor 1999(factorsfrom 1996)aregivenin figures43
and44.Thebiashasshiftedonaverageby about-10% comparedto directoutput(figure
32). Nevertheless,the RMSE hasimproved about10 % for 6 and12 hours.For larger
predictiontimes(except36 hours)the RMSE is worsewith MOS thanwithout (figure
33).
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Figure 41: Likefigure40 for RMSEnormalizedto meanpower.
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Figure 42: Likefigure 40 for RMSEnormalizedto ratedpower.
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Figure 43: Likefigure 40,biasfor 1999data.
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5.7 HIRLAM/ Deutschlandmodell
Theforecastof thenumericalweatherpredictionmodelis thebasisof thewholeforecast
system.To comparetwo of the big modelsusedin Europe,i.e. HIRLAM andDeutsch-
landmodell, seven sitesarecalculatedwith input datafrom both NWP modelswith the
refinementimplementedin Oldenburg (Oldenburg model)for 1999predictiondata(on-
line datafor bothNWP models).
Figure45 shows the biasbetweenmeanmeasuredandmeanpredictedpower for 1999
summedupoverall 7 sites.HIRLAM overestimatesfor all predictiontimesnearly10kW
in contrastto theDeutschlandmodellwhichgenerallyfits quitegood.TheRMSEis more
than20%higherascanbeseenin figure46
Figure47showsthebiasof measuredandpredictedpowercomparedto themodelimple-
mentedin Risø(Risømodel)andthe Oldenburg model.The Risømodeloverestimates
for all predictiontimeswith 15kW. Sotheoverestimationin figure45is notrelatedto the
refinementmodel,theorigin lies in theNWP dataalready. Pleasenotethatbothmodels
werecomparedwithout MOS. It is expectedthat this would improve theperformanceif
usingHIRLAM inputdatadistinctly.
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Figure45: Biasbetweenpoweroutputmeasurementsandpredictionswith theOldenburg
modelbasedonDeutschlandmodellandHIRLAMNWPdata(1999).
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Figure 46: RMSEof power output measurementsand predictionswith the Oldenburg
modelbasedon DeutschlandmodellandHIRLAM NWPdata,normalizedto meanmea-
suredpower(1999).
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Figure47: Biasbetweenpoweroutputmeasurementsandpredictionsof theDeutschland-
modellbasedOldenburg andtheHIRLAMbasedRisømodel(1999).
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ell basedOldenburg andtheHIRLAMbasedRisømodel(1999).

5.8 Predictionof the Power Output of Ensemblesof spa-
tially distrib uted Wind Wurbines
5.8.1 Relevance

For the implementationof predictionschemesinto theschedulingprocessesof thecon-
ventionalpower plants,thekey figure is not presentedby theprecisionof theforecasted
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power outputof individual installationsbut of the power outputof the ensembleof all
turbinesconnectedto the respective grid section.Thus,the error in the forecastedto-
tal power outputhasto beanalysed.This is doneby both thedirectcomparissonof the
lumpedfiguresof measuredandpredictedpoweroutputof differentensemblesandthein
depthstudyof thecorrelationcharacteristicsof thespatialfield of forecasterrors.From
thelattertoolsfor theassessmentof forecasterrorsfor arbitrarywind turbineensembles
maybederived.In thenext sectionfirst theunderlyingfundamentalsfor thehandlingof
statisticalcharacteristicsof ensembleeffectsarepresented.

5.9 EnsembleSmoothingof ForecastErr ors
Basedon the completesetof the datafor 33 turbines,the normalizedpredictionerror
(measuredasrmserror)for theensemblepoweroutputis derivedfor thedifferentforecast
horizons.The resultsusing the outcomeof the full predictionmodel arepresentedin
figure49.Theplot givestheaverageof thenormalizedforecasterrorsfor theindividual
turbinesandtheensemblefigures.
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Figure49: Normalizedrmserrors for thepredictionof thepoweroutputof singleturbines
andtheensembleof 33turbines.

The ratio of the forecasterrorsfor the ensembleendsingle site dataragesfrom 0.38
for thetime horizon6h to 0.55for 48 h. Comparedto thevalueof 0.17expectedfor this
ratioassuming33uncorrelateddatasets,thisindicates,thattheforecasterrorsshow some
coherencefor theareainspected.This effect is moreprominentwith increasingforecast
horizon.

5.9.1 Cross-correlation structure of the forecasterrors

In thissectionthecrosscorrelationof theforecasterrorsareinspectedwith respectto inter
site distance,forecasthorizon,sub-region andforecastmodel.First a total dataset for
33 turbinesis analysed.For thedifferentforecasthorizonsthecross-correlationvaluefor
eachpairof turbinesis calculatedusingall availabledatafor oneyear. For thepresentation
of results,thedataaregroupedaccordingto inter sitedistanceapplyinga classwidth of
25km.Within eachdistanceclass,theaveragecross-correlationvaluefor thepairswithin
theclassis calculated.Figure50showstheoutcomefor theforecasthorizonsof 6.12,24
and48h.
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A first view shows, that the correlationdecreaseswith inter site distancerangingfrom
about0.9 for turbinepairswithin onewind farm to valuesaroundzero for the largest
valuesof the inter site distance.Regardingthe differentforecasthorizonsthe tendency
that the correlationincreasesfor longerhorizonsmay be seen.For the 6 and the 12h
forecasthowever, thecorrelationdataarealmostidentical.Theincreaseof thecorrelation
with theforecasthorizonis in accordancewith therationsof theensemblesmoothingfor
theforecasterrorspresentedin section5.10and5.10.1.
Summingup thefollowing statementscanbemade:| Thecross-correlationof theforecasterrordecreaseswith inter stationdistance.For

distancesabove about300km thecross-correlationapproacheszerofor all forecast
horizons.| In general,thecross-correlationincreaseswith increasingforecasthorizon.For the
6hand12hhorizonthedifferencesin correlationareonly marginal.| Thecorrelationstructureof theforecasterroris notsignificantlyeffectedby various
stagesof includeddetailsof theforecastmodel.?Therearenosignificantdifferences
in thecorrelationcharacteristicswithin theinspectedsubensembles.

5.10 Differ ent Regions
For a quantitative look at the smoothingeffects of the geographicaldispersionof the
turbines,theexisting measuringsitesweresummedupto regionswith threetypicalmax-
imum distances:140km (figure51),350km (figure52)andall sites(700km). Thenthe
RMSEof measurementsandpredictionswerecalculatedandnormalizedto theaverage
RMSE of a single turbine.As comparison,the maximumexpectedreduction( }~ � , N:
numberof turbinesin a region, seeabove) is given also.As expected,for longerpre-
diction timesthereductionof error is smallerdueto systematic,correlatederrorsof the
predictions.In all cases,thereductionis small for the12and36hoursprediction,which
pointsto asystematicallyinsufficientpredictionof thedaily wind speedpattern(input for
thecalculationwerethe00UTC predictionrun).
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Figure 51: Definitionof regionswith typical radiusof 140km.

Figure 52: Definitionof regionswith typical radiusof 350km.

Predictiontime 6 12 18 24 36 48
Region size � � ��� �1�
140km 0.71 0.81 0.95 0.87 0.82 0.99 0.82
350km 0.45 0.63 0.66 0.68 0.64 0.73 0.66
700km 0.17 0.41 0.41 0.42 0.45 0.53 0.51

Table 2. Ratio of RMSEfor different regionsand meanRMSEfor singlesites.N is the
numberof siteswithin theregion.
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5.10.1 Application for Model Regions

To getanimpressionof thepredictionimprovement,modelcalculationsweremadewith
the correlationof predictionerrorsdependingon distanceasinput. Two modelregions
weredefined, � ����� � �&� � and � � �>��� � �&� � , correspondingto typical sizesof en-
ergy supply areasin Germany. The grid spacingwas chosenas the resolutionof the
Deutschlandmodellmodel( � � � ��� ). All correlationsof turbineswith a smallermutual
distanceweresetto 1. For thecalculations,thecorrelationswherefitted by the function� � ���A�5� ���&� � � � �A����� � with � : correlation,��� : predictiontime, � : distancebetween
sites,and � . constantto bedetermined.
In table3 thereductionfactorsof thepredictionerrorsarelisted.It shows that theerror
is reducedto 83 % for thesmallandto 74 % for the largerareacomparedto thetypical
errorfor a singlesite.
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Figure 53: Fit of correlationsof predictionerror versusdistanceasin figure 50.

TimeHorizon Area � ����� � � � � Area � � ���¡� � �A� �
12h 0.76 0.62
48h 0.83 0.74

Table 3. Ratioof regional by averagesinglesite standard deviation for two typical re-
gions.Grid spacingof theNWPis 15km.

5.11 Conclusions¢ In generalit canbestatedthatthedevelopmentof wind farmproductionis predicted
quitewell by the forecastingsystem.Neverthelesstherearesituationswerebigger
deviationsbetweenforecastandactualpoweroutputoccur.¢ The daily patternof wind power outputis reproducedwell by theNWP grid data.
Theonlinedataoverestimatesthediurnalamplitude.It is possiblethatat theweather
serviceaninternalMOS modelis appliedto theonlinedataalreadywhich leadsto
thisdifferentbehaviour.¢ Thedeviationsbetweenmeasuredandpredictedpoweroutputsassessedin termsof
RMSEarequitehighandin theorderof magnitudeof themeanpoweroutput.Onthe
otherhand,theRMSEerroris almostindependentof thecurrentmeanpoweroutput
(exceptfor very low wind speeds).Thismeansthatthepredictionerroris kind of an
absolutemeasure,which is typically in therangeof 15% (6 hoursprediction)to 25
% (48hours)of ratedpower.¢ The predictionsfor all modelsshow a biascomparedto measurements.An MOS
proceduremustbe includedinto the predictionsystemin any case.The MOS pa-
rametersaredependingonthecurrentpredictionmodelversionandmustbeadapted

JOR3–CT98–0272,PublishableReport(DRAFT) 39



from time to time. The decreaseof RMSEby MOS is typically about15 % of its
original value.£ The comparisonof the two NWP models,DeutschlandmodellandHIRLAM has
shown abetterperformancefor theGermanmodel.Thismaybedueto ahigherbias
shown by theHIRLAM forecastswhich couldbedecreasedby MOS. This feature
shouldbeanalysedona largerdatasetof predictionandmeasurementdata.£ For thecurrentstatusof theforecastmodel,assessmentsof theforecasterrorsfor the
outputof wind turbineensemblesmaybebasedon theinformationof theinter site
distancesandthe forecasthorizoninvolved.For larger distances,predictionerrors
betweendifferentsitesarejust partlycorrelated.£ For regionswith a sizetypical for thesupplyareaof a utility, thesinglesiteforecast
errormaybereducedby a factorof ¤ ¥ ¦ ¤ to ¤ ¥ § ¨ , dependingon thepredictiontime
andactualsizeof theregion.

40 JOR3–CT98–0272,PublishableReport(DRAFT)



6 Exploitation

Fromtheoutputof thisproject,RisøandOldenburg holdawind powerpredictionmodel.
ThemaindifferencesarethedifferentNWP input (DanishHIRLAM andGermanDM)
anda slightly differentrefinementprocedure.Eachof themodelsincludesthe improve-
mentsgainedthroughthis projectandboth modelsareoperational.Eachinstitution is
holdingthepropertyrightsto theirown model.
In Germany, themaingoalof exploiting theoutputof this projectis to install thepredic-
tion systemfor Germany on a commercialbases,mostlikely togetherwith theGerman
WeatherServiceDWD. To do this, the systemmustbe endorsedby a databaseinclud-
ing thecharacteristicdataof wind turbinesinstalledin Germany. This databaseis under
developmentalready.
In Denmak,theRisømodelis in a maturestateof commercialisation:soldto oneutility
already(which wasnot a projectpartner)andundernegotiationwith anothertwo. There
arealsoapproachesto install thissystematotherEuropeancountries.
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7 Characteristic Diagram

Figure 54: AccessHTML pageto thewind powerpredictionsystem.Theclickablemap
showsthesitesfor which predictionsare available.

Figure 55: Chart of wind powerpredictionsfor onesite. Thepredicteddevelopmentof
thewindpowerfor two daysaheadis shown.
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H.G. Beyer, H. Mellinghoff, K. Mönnich,H.-P. Waldl, 1998:Windleistungsvorher-
sageim Zeitbereichbis48Stunden.DEWI-Magazin,August1998,number13,49–
53.

JOR3–CT98–0272,PublishableReport(DRAFT) 45
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