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Chapter 1

Intr oduction

Accurate�ux measurementsplay a decisive role in theatmosphericsciences,for
examplein climatemodelling,weathermodelsandair-seainteraction.They re-
vealthewind pro�le andit' sdependenciesontemperatureandsurfaceroughness,
settingtheboundaryconditionsfor processesin theatmosphericboundarylayer.

It seemedthatasolidwayof describingtheloweratmospherehadbeenfound,
whenObukhov discovereda universallengthscalefor exchangeprocessesin the
surfacelayer, which leadto theMonin-Obukhov similarity theory. Oneof theex-
perimentalfundamentsof thismodernboundarylayerphysics,wastheKANSAS
experiment,from which Busingeret al. (1971)developeduniversalfunctionsde-
scribing�ux-pro�le relations.
Certaindevelopmentsleadto doubtsin theoverallvalidity of theMonin-Obukhov
similarity theory: On theonehand,�ndings weremade,which didn't �t into the
theoryandon the otherhand,a greatprogresswasmadein measurementtech-
niques,correctionmethodsandinstrumentaldevelopment.Additionally thewhole
theoryhadbeendevelopedfor dry air andtheuniversalfunctionswerederivedfor
dry air aswell. A transferto situationswheretheair moistureis muchhigher(e.g.
offshoresites)canbeproblematic.
A comprehensiveandmoredetailedoverview of thehistoryof thispartof bound-
ary layerphysicshasbeengivenby Foken(2004).
Mostof themeasurementproblemsthatfor exampleoccurredat theKANSAS ex-
perimentcanbeminimizedwith theprogressanemometerdevelopmenthasmade
in the lastyears.Not only theaccuracy of theanemometersthemselves,but also
correctionmethodsfor misalignment,�o w distortionof the instrumentandmast
shadowing havebeendevelopedandimprovedover thecourseof 20years.
Also measurementsitesarenow positionedat a greatrangeof surroundings,in-
cludingheightsof nearly100m,contraryto themeasurementheightof about10m
from thegroundusedin earlyexperiments,andadditionallyatoffshorelocations,
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for measurementsin moistair.
Concluding,new measurementsin the atmosphericboundarylayer would be a
goodstartingpoint to investigateatmosphericphysicsandthevalidity of Monin-
Obukhov aswell asmaybe�nding amoregeneraltheory.

In thiswork, thefoundationstonefor suchameasurementis laid.
At the FINO measurementplatform 40km north of Borkum, threeultra-sonic
anemometersandothermeteorologicalmeasurementinstrumentsareemployed
at a measurementmastof 100mheight. The ultrasonicanemometersareposi-
tionedat heightsof 40m,60mand80m,allowing to investigatethewind and�ux
pro�les of themeasurementsite.
Prior to installation,the calibrationof the ultrasonicanemometerswastestedin
theOldenburg wind tunnel.It wasfoundthatthecalibrationwaspartlyerroneous
andincomplete.A threedimensionalcalibrationmethodhasbeendevelopedthat
takesin accountthedependency of the �o w distortionfor azimuthandelevation
angle,aswell asfor the wind speed.Certainsymmetriesandlinearitiesof this
dependenciescouldbeutilised.
After applyingthis correctionandvalidatingthemeasurementsfrom FINO, heat
andmomentum�ux eswerecalculated.The �rst �ux measurementsof the off-
shoresite arepresentedandthe in�uence of the enhancedcalibrationis investi-
gated.Also, someinitial analysishasbeenconducted.

In chaptertwo, ashortsummaryof thebasicprinciplesof atmosphericbound-
ary layerphysicsshouldprovide thereaderwith thebackgroundneededto under-
standtheprinciples,aswell astheir importance,usedin thiswork.
The wind tunnel measurementsare describedcarefully in the chapterthree,to
giveanideaabouttheproblemsthatareencounteredif proceedingqualitychecks
of pre-calibratedultrasonicanemometers.The basicbehaviour of an ultrasonic
anemometerin a laminar�o w andthe importanceof theneglectedverticalcom-
ponentareshown aswell.
In thechapterfour theenhancementof thecalibrationis described,showing the
advantagesthatcanbeusedto optimizesuchaprocedure.
Chapter� ve providesa descriptionof themeasurementsiteanda quality control
of themeasurementdata.
Afterwards,in chaptersix the�ux esderivedfrom themeasurementdataarepre-
sented,giving an ideaabouthow muchthe enhancementof the calibrationsim-
proves the measurementand also showing generalatmosphericbehaviour like
atmosphericstabilityor sensibleheat�ux for anoffshorelocation.
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Chapter 2

Theoretical Background

2.1 Atmospheric Boundary Layer

This chaptershouldgive a brief overview over the basicsof principlesin atmo-
sphericphysics, to highlight why certainparametersare interestingandhow to
gainthem.Thebriefnessresultsfrom thefact,thatalot of excellentbooks(for ex-
ampleStull (1988),Kaimal (1994))havebeenwrittenaboutatmosphericphysics,
sothereis noneedto talk atgreatlengthabouttheoreticalbasics,whichhavebeen
presentedin amuchbetterway in otherworks.But to provide thereaderwith the
right context for thiswork, a few key principlesareoutlined.

2.1.1 Basics

Thepartof theatmospherethat is dealtwith in this work is thesocalledsurface
layer, de�ned asthe lowest10 % of the boundarylayer. The boundarylayer is
characterizedby the fact that it is in�uenced by surfaceprocessesof the earth
with a responsetime of aboutan hour. The in�uence of the surfaceis mostly
dueto turbulent processes.For exampletransportof aerosol,moistureandheat
is conductedvia turbulencein theatmosphere.Thesetransportprocessesarebest
describedby �ux es.
To examineturbulentprocesses,theReynoldsdecompositionis used:A signalX
consistsof ameanpartX anda turbulent(or perturbation)partx0.

X = X + x0 (2.1)
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2.1.2 The Logarithmic Wind Pro�le

While at thegroundthewind speedis reducedto zerobecauseof frictional drag,
with increasingheightthewind speedincreasesaswell becauseof pressuregra-
dient forces. The variationof the wind speedis nearly logarithmic in statically
neutralsituations.For otherstability situationsthewind pro�le slightly differs.

u(z) =
u�

k
ln

�
z
z0

�
(2.2)

Whereu� is thefriction velocity (explainedin section2.1.3),k is thevonKármán
constant,z the height above the surfaceand z0 is the aerodynamicroughness
length.

2.1.3 Monin-Obukhov Similarity Theory

With the four Monin-Obukhov key parameters,a relation betweenthe vertical
behavior of dimensionlessmean�o w andturbulencepropertieswithin theatmo-
sphericsurfacelayercanbedescribed.Thesekey parametersinclude:
z: theheightabove thesurface;
g

Tv
: thebuoyancy parameterratioof inertiaandbuoyancy forces;

�
� : thekinematicsurfacestress;
Qv0 = w0Tv0thesurfacevirtual temperature�ux,
whereg is gravitational acceleration,Tv is a virtual temperature,� 0 is turbulent
stressat the surface,� is air density, Qv0 is a kinematicvirtual heat�ux at the
surfaceandw0Tv0 is thecovarianceof theverticalvelocityw with thevirtual tem-
peraturenearthesurfaceTv0.
With theseparametersa setof scalesfor the surfacelayer canbe de�ned. One
of thesescales,thefriction velocity u� , is of further importancein this work and
shouldthereforebementioned.It is ameasureof turbulentsurfacestress.

u� = (u0w02 + v0w02)
1
4 (2.3)

2.1.4 Atmospheric Stabilities

Atmosphericstability expresseshow much the atmosphereis in equilibrium or
not. Threemainclassescanbeestablished:

� stable: Warmerair residesover colderair. Theareawherethe two layers
meetis calledinversion,becauseusually, air getscolderwith rising height.
If anair parcelwould be lifted out of its original positionin stablestrati�-
cation,it returnsto its originalposition.
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� unstable: Colderair residesoverwarmerair. If anair parcelis movedfrom
its originalposition,it keepsmoving in thatdirection.

� neutral: Here the changeof temperaturewith height is identical to the
temperaturelossdueto expansionwith increasingheight.Thusanair parcel
lifted from its originalpositionwill stayat its new position.

Atmosphericstability is classi�edby theObukhov-Length.Thisparameterrelates
dynamic,thermalandbuoyantprocesses:

L =
� u3

� Tv

kgQv0
(2.4)

wherewherek is the von Kármánconstant,u� is the friction velocity, g is the
gravitationalacceleration,Tv is thevirtual temperature,andQv0 is thekinematic
virtual temperature�ux at thesurface.Thevirtual temperatureTv is thepotential
temperaturethatdry air wouldhave if its pressureanddensitywereequalto those
of a given sampleof moist air. The potentialtemperature� is the temperature
thatunsaturateddry air would have if broughtfrom its initial stateto a standard
pressurep0.
The relationbetweenheightabove the surfaceandObukhov lengthz=L is zero
for staticallyneutral,positive for stableandnegative for unstablestrati�cation.

2.1.5 Fluxesin the Boundary layer

The setof equationsbuild by the Monin-Obukhov similarity theoryandthe hy-
pothesisthatthe�ux esin thesurfacelayerareuniform with heighthelpto deter-
minethemomentum�ux, sensibleheat�ux, and�ux esof watervaporandother
gases,whichdescribethetransportin theatmosphere.

2.2 Measurementof Fluxes

2.2.1 Eddy Corr elation Method

Theturbulentpartof ameasuredsignalis oftenquitesmallcomparedto themean
part andhighly �uctuating. It is usedin the eddycorrelationmethod,in which
�ux escanbedescribedby thecorrelationof two values.
For theexampleof heat�ux, thisconnectioncanbeeasilyillustrated.
Considertwo layersof air, the oneon top colderthanthe otherasvisualizedin
�g. 2.1.

A parcelof warmerair from beneathbegins to rise into the layer of colder
air. Therelative temperatureis positive,becausethesurroundingair is colderand
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Figure2.1: Two layersof air differing in temperature.Movementof air parcels
upanddown.

therelative heightis positive aswell, becausetheair parcelhasrisen.For colder
air, sinkingdown into thelayerof warmerair, thetemperaturedifferenceandthe
heightdifferenceareboth negative for respective reasons.For both movements
theproductof temperatureandheightdifferenceresultsin apositivevalue,which
seemssensible,becauseheatis transportedupwardsin bothcases.To describeall
the�ux of heatbecauseof turbulenttransport,onecansumup all movementsup
anddown, endingin themeanvalueof all temperatureandheightproducts.This
is proportionalto theheat�ux.

H eatFlux � w0� 0 (2.5)

Becauseof thehigh �uctuation of theusedturbulentcomponent,high resolution
measurementsarecrucial.

2.2.2 Ultrasonic Anemometers

Thestandardinstrumentfor wind speedmeasurementsis a cupanemometer, us-
ing the dragforce of the wind to measureits speed.Cup anemometersusually
producemeasurementvaluesin intervalsof a few seconds,becauseof theinertia
of thedevice,whichcannot instantlyreactto anchangein wind speed.This is not
suf�cient for turbulencemeasurementwhich maychangemuchfaster. Addition-
ally, cupscanonly measurethehorizontalwind componentswith oneinstrument.
Another wind speedmeasuringinstrument,the ultrasonicanemometer(further
referredto as"sonic"), canmeasurewith a resolutionof up to 50 Hz for modern
instruments.This is very usefulfor high resolution�ux measurements.Besides,
sonicsareableto measurethethree-dimensionalwind vectorandthetemperature
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with oneinstrument.
A sonicbasicallyconsistsof transducerpairs,betweenwhich ultrasonicsound
signalsaresentbackandforth. Thewind componentalongthis pathchangesthe
speedof thesignal,dependingonthesignalsdirection.This leadsto aruntimede-
lay betweenthedifferentdirectionsof thesignal.With knowledgeof thedistance
betweenthetransducers,thewind speedof theair volumebetweenthetransduc-
erscanbecalculated,with theruntimedelay. If t1 is theruntimeto, t2 theruntime
backto ands is the distancebetweenthe transducers,the wind speedv canbe
calculatedasfollows:

v =
s
2

(
1
t1

�
1
t2

) (2.6)

If threedifferentlinear independentmeasurementpathsareused,a threedimen-
sionalmeasurementis possible.
While the lack of moving partsmake themlow-maintenanceinstruments,each
sonichasto becalibratedcarefully. Thesupportingstructureandthe transducer
headsof thesonicdo in�uence theair �o w in themeasurementvolume.This has
to beconsideredif measurementdataof ultrasonicanemometersareused.

2.2.3 Calibration of Ultrasonic Anemometers

As mentioned,thesupportingstructureandthetransducerpairsof thesonic�a w
the measurement.Fig. 2.2 givesa closelook at the disturbingprobehead. A
measurementmadewith anuncalibratedsonicis shown by �g. 2.3. Thesymme-
try of theprobeheadwith the threestrutspositionedin 120degreestepsclearly
shows. Deviationsup to 10 % from theactualwind speedarefound.This clearly
indicatestheneedfor correctionof theraw sonicdata.

Flow Distortion in the Instrument

In thecourseof ultrasonicanemometerdevelopment,severalstudiesin thepossi-
bilities of calibrationweremade.
Wiesner(2001)andWyngaard/Zhang(1985)focusedon thedisturbingin�uence
of the transducerdesign. The sensorsof the sonicsusedin this work, which
will be describedin section2.2.1,arestreamline-shaped.They showed that the
socalledtransducershadowing effect causedby streamline-shapedtransducersis
very small in comparisonto the �o w distortionmadeby the whole sonic. Thus
theireffect canbeneglected.
Otherstudiesdealwith thedisturbancecausedby thesonicitself. A methodused
by GrelleandLindroth (1994)seemsto work quitewell in all threespatialdirec-
tions. They usea representationof the distortedcomponentof the wind vector
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Figure2.2: Probeheadof theemployedultrasonicanemometers.Positionof the
transducerpairsandthesupportingstrutscanbeeasilyseen.

by a linearcombinationof theundistortedwind componentsandspeci�c coef�-
cientsasdevelopedby Rotach(1991). Theselinearcombinationsbuild a system
of equations,which in matrixnotationhasacoef�cient matrix. To calculatethese
matrix coef�cients, a systemof linear equationsusingtheoreticalandmeasured
wind componentshasto besolved.
Others(for exampleBUBBLE (2004))useda speci�c correctionmatrix,directly
basedon measurementdatafrom a calibrationmeasurementin a wind tunnel,
comparedto a referencemeasurement,usually recordedwith pitot tubes. This
methodis similar to the oneGill uses(seesection3.2.1.2),but featuresa wider
rangeof spatialcon�gurations.
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Figure2.3: Measuredwind speedasa percentageof the referencewind speed
overazimuthangle.Uncorrectedmeasurementvalues.

Corr ectionof Mounting Err ors

Somemethodsespeciallyconsiderpossibleerrorsthroughtilting of thesonic.For
a long time the disturbed�o w �eld for wind speedswith a vertical component
wascorrectedby a so called"tilt correction"(Kaimal et al., 1969)which usesa
coordinatetransformationto adjustthemeasuredvalues.
Basedon thediscovery that the"tilt correction"methodwasincorrect(seeWyn-
gaard(1981)),new waysto representthedisturbedwind �ux werefoundby him,
and an alternative calibrationmethodwas evolved by Rotach(1991). Wilczak
(2000)comparesthreedifferent techniquesfor a tilt correction,resultingin the
conclusionthatthemethodof "PlanarFit", which is explainedlateron, is prefer-
able,if workingona �at surface,which is givenatoffshorelocations.
Gashand Dolman (2003) developedan enhancementfor an alreadycalibrated
sonic,for elevationangleslargerthan20degrees.
Most of thesemethodsrequirequite an amountof measurementdatato be ap-
plied. Grelle andLindroth measureda full rotationunderelevation anglesfrom
-10 to 10 degreesfor a wind speedof 2 to 8 m/s. In theBUBBLE project,a full
rotationunderelevendifferentelevationanglesbetween-25 and25 degreeswas
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performedatwind speedsfrom 2 to 8 m/s.

Planar Fit
Thismethodusesadifferentapproachfor thetilt correctionof ansonicanemome-
ter. Basicallythemeanstreamline�eld is comparedto themeansonicsmeasure-
ments. For a tilted sonic, the meanstreamlinevalues�!u p can be obtainedby
multiplying the measuredvalues�!u m with a rotary matrix P, which transforms
�!u m into thestreamlinecoordinatesystem.A possiblemeasurementoffset �!c of
thesonichasto beconsidered.

�!u p = P(�!u m � �!c ) (2.7)

Themeanwind componentsarethus:

up = p11(um � c1) + p12(vm � c2) + p13(wm � c3) (2.8)

vp = p21(um � c1) + p22(vm � c2) + p23(wm � c3) (2.9)

wp = p31(um � c1) + p32(vm � c2) + p33(wm � c3) (2.10)

Becausein themeanstreamlinecoordinatesystemtheverticalcomponentwp has
to bezero,wecanconcludethat:

wm = c3 +
p31

p33
um �

p32

p33
vm = b0 + b1um + b2vm (2.11)

Meanvaluesof somelengthof measurementinterval (10 min in this work) are
takenandvia multiple regressiontheparametersb0, b1 andb2 arecalculated.All
componentsof P canbederivedfrom theseparameters,becauseof relationsbe-
tweenthe turning anglesandthe p coef�cients aswell asgeometricalrelations
betweenthe p andb coef�cients. Detailedformula is given by Wilzcak (2000).
Oncetherotarymatrixhasbeenbuilt, themeasurementvaluescanbetransformed,
andturnedin meanwind direction,with asecondrotationmatrixM :

M =

0

@
cos
 sin
 0

� sin
 cos
 0
0 0 1

1

A (2.12)

where
 = tan � 1
�

vp

up

�

2.2.4 Translation fr om Laminar to Turbulent Conditions

What hasto be kept in mind is that recentresearch(Högströmand Smedman,
2004)hasshown thatcalibrationof sonicswith symmetricalprobehead(like the
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onesusedin this experiment)underlaminarconditionsin a wind tunnel is not
necessarilytransferableto turbulent measurementconditionsin the �eld. It was
foundthat thewakesbehindthesupportingstrutsof thesonicbehave differently
underlaminarandturbulentconditions,andtheirchangein form andsizerequires
a slightly differentcorrectionmatrix for eachof thesetwo conditions. No cor-
rectionmethodof this effect is available. In this work thecorrectionobtainedat
laminarconditionsareassumedto bea goodapproximationto �o w distortionin
turbulentconditions.
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Chapter 3

Wind Tunnel Investigationof the
Ultrasonic Anemometers

3.1 Intr oduction

In chapter1 it wasshown thatsonicsneedto becarefullycalibrated,becauseof
the�o w distortionproducedby thesupportingstructure.Althoughthesonicsused
arealreadyprovidedwith a factory-installedcalibration,it is still importantto in-
vestigatethequalityandvalidity of thiscalibration.

Thereforein this chapter, thesonicsusedon theresearchplatformareinves-
tigatedin the wind tunnelbeforeinstallation. The aim is to detectandcorrect
possibleerrorsin the factory-installedcalibration.Themain focusis on the fact
thatthefactoryinstalledcalibrationof thesonicwasdevelopedonly for thehori-
zontalcomponentsandno tilting wasconsidered.Deviationscausedby avertical
tilt shouldbeobservedcarefully.

Becauseof the time schedulefor installationon theplatform,only very lim-
itedtimewasavailablefor thewind tunnelmeasurements.Thereforeacalibration
methodwasdeveloped,whichneededonly few measurements.
Thevariablesimportantfor aninvestigationaretheangleof attack(azimuthangle
� ), the tilting angle(elevationangle� ) andthewind speed(U). Thesevariables
canbevariedin thewind tunneltestsetupandcontributeto thebehaviour of the
sonic.
Variationof thesevariablesin a resolutionof 1 degreeand1 m/s stepsleadsto
nearlyhalf a million measurementsfor the characterizationof onesonic. Even
with anautomatedmeasurementprocess,thisis impracticalandit wouldbeprefer-
ableif thenumberof measurementsneededcouldbedecreased.Thereforepos-
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sible symmetriesand linear behaviour of the sonic for someof the in�uencing
variableshave to befound.Thiswouldnotonly beimportantfor theef�ciency of
thetestmeasurements,but alsofor apossiblecorrectionof thecalibration.

3.2 Experimental Setup

3.2.1 The Ultrasonic Anemometer

Description of the Ultrasonic Anemometer

The sonicsusedin this work arefrom Gill InstrumentsLtd., model1210R3-50,
SN 255, 273 and 274. They are referredto as # 255, # 273 and # 274 in the
following. Their overall height is 0.75 m. The probeheadis symmetrical,the
threesupportingstrutsarefoundat 120� steps.A blueprintis shown in �g. 3.1.
Speci�cationsaregivenin table3.1.

SonicModel Gill 1210R3-50
UltrasonicSamplingRate 50Hz
Wind SpeedRangeandResolution 0-45m/s,0.01m/s
Wind SpeedAccuracy < � 1%RMS
Wind DirectionandResolution 0-360� , 1�

Wind DirectionAccuracy < � 1�

TemperatureRange -40� to +60�

Accuracy Range wind speed< 32m/s
elevationangle< � 20�

Table3.1: Speci�cationsof theGill R3-50,takenfrom thedatasheetprovidedby
Gill InstrumentsLtd. (2001)

Calibration of the Gill R3

To calibratetheir sonics,Gill usesa purelyempiricalmethod.Eachsonicis put
into a wind tunnel,andfor a full rotationat a constantwind speedof 7 m/s the
outputof thesonicis measuredin onedegreesteps.Only horizontalcomponents
areaccountedfor. Thesemeasurementvaluesarecomparedto thereferencespeed
of thewind tunnel.Deviationsarelistedin atablefor eachazimuthangle.Thista-
ble is usedto applythecorrespondingcorrectionfactorto themeasurementvalue
for eachazimuthangle.This correctionappliesonly to anelevationangleof zero
degreefor thesonic,andadditionallynot for theverticalcomponent.Besides,the
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Figure3.1:Blueprintof thesonic,sideandtopview. PicturefromGill Instruments
Ltd.

deviationsareassumednot to changewith changingwind speed.Fig. 3.2shows
a measurementof wind speedover wind direction with an appliedcalibration.
Although it is muchbetterthantheuncalibratedwind speedover wind direction
shown in section2.2.3,it still has�a ws.

3.2.2 Experimental Setup

Themeasurementswereproceededin theOldenburg wind tunnel.Thewind tun-
nel hasanopenmeasurementvolumeanda closedcirculatorysystem.Themea-
suringvolumeis 1.8x 1,0x 0,8m3. A sketchof thewind tunnelis shown in �g.
3.3. For moredetailedinformationaboutthewind tunnelseeStabeandLangner
(1997)andaninternalpaperfrom theInstitutefor TechnicalandAppliedPhysics.
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Figure3.2: Measuredwind speedasa percentageof the referencewind speed
overazimuthangle.Measurementvaluescorrectedby Gill.

Theexperimentalsetupis shown in �g. 3.4.
Thesonicis mountedon a swivel armin theopenmeasurementvolume,with

its northdirectionpointingaway from thewind. Themountingallows a full rota-
tion (360degrees)in thehorizontalplaneto changetheazimuthangle.Variation
of theelevationangleis possiblethroughtheswivel arm,allowing tilting angles
from -35� to 35� . Four pitot tubes,usedfor obtaininga referencesignal, are
mountedat theopeningof thewind tunnel. Their pressuresignalsareconverted
into voltagesignalsby electric pressuresensors.The measurementvaluesare
registeredwith a datalogger(Ammonit, modelP414),which collectsotherex-
perimentaldataaswell. Sonicanddataloggerareconnectedto a PCvia a serial
port. The loggingfrequency is 1 Hz for thedatalogger, 20 Hz for thesonic255
and273and10Hz for sonic274.Thedataof thesonicarerecordedby asoftware
providedby themanufacturer. Certainoptionsfor loggingcanbeselectedin this
software.Thefollowing optionswereusedin thiswork:

� ReportMode: UVW CAL (calibratedmeasurement- the factoryinstalled
calibrationwasused)

� SelectedAverage:theloggeddatais anaverageof 5 (sonic255and273)or
10 (sonic274)by thesonicregisteredmeasuredvalues.

� Axis Alignment:SPAR (u-componentis alignedto northalignment).
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Figure3.3: Sketchof wind tunnelusedfor themeasurements,taken from an in-
ternalpaperof theInstitutefor TechnicalandAppliedPhysics

Theexperimentalsetupusedherewasbuilt by DeutscheWindguardGmbH.

3.2.3 Offset Measurementof the Pitot PressureSensors

Theelectronicpressuresensorshaveatemperatureandair pressuredependentoff-
set. Thereforeaheadof every measurementanoffsetmeasurementis conducted,
in orderto determinethecorrectoffsetfor eachpressuresensor.
For suchanoffsetmeasurement,thepitot tubesarecoveredwith protective jack-
etsandthe wind tunnelis shutdown. Theoffset for thecorrespondingpressure
sensorvalueis takenfrom themeanvalueof eachpitot tubemeasurement.

Pitot tube: Quality of Offset Measurement

Thequalityof aoffsetmeasurementis determinedbeforeit is applied.For thisthe
standarddeviationof theseriesof measurementsfor eachpitot tubeis considered.
A stablemeasurementis indicatedby astandarddeviationbelow 2.5hPa.
Largerstandarddeviationsleadto differencesin wind speedof over0.1m/s.Pitot
tubeswith datashowing a standarddeviationabove 2.5hPa,aresimply takenout
of theanalysis,becausetestshave shown thata correctionof thedeviating tubes
is noteasilyobtained.
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Figure3.4: Testsetupof thesonicin thewind tunnel.To theleft mountingof the
sonicon theswivel arm,to theright detailsof thepositionof thesonicheadand
thepitot tubesin thewind tunnel.

3.2.4 Data Collection

After determinationof the pressuresensoroffset the desiredwind speedis ad-
justedin thewind tunnelwith thesonicstill in northalignment.In this position,
the�o w distortionof theinstrumentis smallest.Thenazimuthandelevationangle
of thesonicaresetto theaccordingvalues.Whentheair�o w hasstabilizedagain,
themeasurementof thesonicdatabegins. Themeasurementlastsat leastfor 30
secondsandis loggeddirectlyon thecomputer. Pitot tubemeasurementsarecol-
lectedwith the datalogger. They aredownloadedat the endof a measurement
series.For theassignmentof sonicmeasurementto thecorrespondingtimeperiod
in thedatalogger�le, anindicatingsignalis used.This is switchedonduringthe
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measurementperiodandloggedin thedataloggeraswell.

To reconstructthe 3-dimensionalwind �eld, all spatialdirectionshave to be
measured.Due to the limited time availablefor the calibration,only certainse-
lectedspaceanglesaremeasured,from whichonecanreconstructabehaviour for
thewind �o w in all spatialdirections.
A completehorizontalrotation(variationof azimuthangle� ) with an elevation
angleof zerodegreeis takenatawind speedof 10m/sfor everysonic.Addition-
ally, certainsectorsof thesonicwheremeasuredwith wind speedsof 5, 10and15
m/sandelevationanglesvaryingfrom -15� to 15� . If only apartof thehorizontal
planewasmeasured,the measurementsalwaysfeatureda strut in the middle of
thehorizontalsector.
For elevationangles,which variedfrom -35� to +35� , two differentazimuthan-
gleswhereused:0� and60� (strutfacingwind �o w).
Because�o w behaviour aroundthestrutsseemto bethesensitive part in calibra-
tion, measurementswherefocusedon the azimuthanglesaroundthem. Higher
resolutionwasusedtheremostly.

Someseriesof measurementonly considercertainsectorsin the horizontal
planeof thesonic. In �g. 3.5 theusedpartitionof thehorizontalplaneis shown.
In theinternalcoordinationsystemof thesonicanegativeelevationangleindicates

Figure3.5: Partitionof thehorizontalplane,N=northalignment

a �o w from above,apositiveelevationangleindicates�o w from below thesonic,
seealso�g. 3.6.

Wind speedis representedby themagnitudeof thewind vector.
In section3.6themeasurementresultsareshown. To easilyindicatedeviationsto
theexpectedvalues,sonicdatais displayedasa percentageof theaveragevalue
of the pitot tubes. If the different sectorsof a sonic are measured,the datais
plottedsector-wiseon top of eachother. This representationis chosen,dueto the
rotationalsymmetryof thesonic,azimuthanglesfrom 120� -240� and240� -360�
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Figure3.6: Elevationangledirectionof theanemometer

correspondto azimuthanglesfrom 0� -120� , asis shown in section3.7.2.

3.3 Pitot Tube: Measurementof Wind Speed

As mentioned,thepitot tubesareusedasa referencesignalfor themeasurement
dataof the sonics. Henceit is necessaryto �nd a way to calculatewind speed
from themeasuredair pressure.Wind speedandair pressurerelateasfollows:

v =

r
2p
�

(3.1)

wherep is air pressureand� is air density.
Air pressureis calculatedfrom eachpitot tubemeasurement,with respectto the
acquiredoffsetvaluesandsetupspeci�c valuesgivenby personalcommunication
with DieterWestermann:

p1 = (measuredvalue � of f set) � 15:622� 0:0049066

p2 = (measuredvalue � of f set) � 15:620� 0:0049059

p3 = (measuredvalue � of f set) � 15:618� 0:0049068

p4 = (measuredvalue � of f set) � 15:619� 0:0049069

The air densityis calculatedfrom several meteorologicaldatacollectedby the
datalogger:

� =
k1 � pair + � � (k2 � T + k3)

T + T0
(3.2)

k1 = 0; 34844kg=m3 � � C=hPa
pair = air pressure[hPa]
� = relativehumidity [%]
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k2 = � 0; 00252kg=m3

k3 = 0; 020582kg=m3 � � C
T = temperature[ � C]
T0 = 273; 15� C

The coef�cients k1 to k3 are taken from the DeutscherKalibrierungsdienst
(2002).

Theseparametersaregainedasmeanvaluesfrom 30secondsof measurement.
A �nal correctionfactor is appliedto the meanvalueof the four pitot measure-
ments.Thisfactoraccountsfor thechangein wind speedbecauseof theexpansion
of theair�o w in theopensectionof thewind tunnel,aswell astheblockageeffect
theprobeheaditself causesin theair�o w. Thecorrectionfactorwasprovidedby
personalcommunicationwith DieterWestermann(2003).

v = (v1 + v2 + v3 + v4)=4 � 0:9935 (3.3)

As aqualitycontrolmeasure,thefour pitot tubemeasurementsarecomparedwith
eachother. If oneseriesof measurementsdeviatesfrom theothers,e.g. doesnot
�t into a rangeof 0.05m/swith theothermeasurements,it is takenoutof consid-
eration.

3.4 Fluctuations of Pitot TubeData at Certain Wind
Speeds

Looking at thedataof theindividual pitot tubesat varyingwind speedsrevealsa
noticeablebehavior of the�rst two pitot tubesin a certainspeedrangeasseenin
�g 3.7. For wind speedsfrom 7 to 10 m/s, the seriesof measurementsshows a
periodicoscillation,with a frequency of approx. 0,33Hz (see�g.3.8). The fre-
quency subsideswith increasingwind speed.Thestrongestoscillationis observed
between8 and10 m/s,at 7 m/s theoscillationis still perceivablein thestandard
deviation,while for 11m/snodifferencein thestandarddeviationsfor thedataof
all four pitot tubescanbeseen.
With increasingwind speed,all pitot tubesrecordstrongly�uctuating data,but

only for the rangefrom 7 to 10 m/s the dataof the �rst two pitot tubesfeatures
the describedprominentdeviation. At otherwind speedsthe �uctuation is not
periodical.
However themeanvaluemeasuredby thepitot tubesis notaltered.Deviationsof
themeanvalueareonly about0,01m/sfrom themeanvalueof thedataof all pitot
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Figure3.7: Plot of wind speedvs. time for differentwind speeds,oscillationof
thepitot tubedatacanclearlybeseenfor wind speedsfrom 7-10m/s

tubes.Thereforetheobservedeffectdoesnotalterthecollecteddatasigni�cantly.
A possibleexplanationfor thesephenomenais thatthepitot tubespossessanatu-
ral frequency of approx.30Hz, thesamplingwith 10Hz leadsto undersampling,
whichresultsin analteredsignalwith possiblythedetectedfrequency. Testshave
shown that the effect disappearsif the oscillationof the pitot tubesis prevented
(personalcommunicationwith DieterWestermann(2003)).
It shouldbementionedthatthepositionof thepressuresensorin�uencestheperi-
odicaloscillationaswell. It is possiblethatelectricaldisturbancesplay their part
in producingthiseffect.

3.5 MeasurementUncertainty

It is in thenatureof measurementsthatthey cannotbeabsolutelyaccurate.Some
possibleuncertainties,whichhave to beconsidered,arelistedhere.
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Figure3.8: Wind speedvs. time for a wind speedof 10 m/s,pitot tubesoneand
two show aperiodicoscillation

3.5.1 Accuracy of Pitot Tubes

Becausethe pitot tube measurementsare going to be usedas a reference,the
measurementdatagainedhasto be accurate.As mentionedin section3.3, the
referencewind speedis calculatedfrom themeasuredair pressureandair density
(seeequation(3.1)). Becausethe air density is in�uenced by temperature,air
humidityandair pressure,uncertaintiesin theseparametershaveto beconsidered
aswell. Via errorpropagationtheuncertaintyof thewind speedcalculationshows
to beasfollows:

� u =
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The partial derivationscanbe calculatedfrom equations(3.1) and(3.2). For an
accuracy of 1 degree/hPa/% in thetemperature/airdensity/airhumidity measure-
ments,an accuracy of 0.2 % occursfor the measurementof wind speed.These
accuraciesarerealisticfor thesewind tunnelmeasurements,resultingin asatisfy-
ing accuracy for a referencemeasurement.

3.5.2 Homogeneityof Wind Tunnel

Theair �o w producedin thewind tunnelis only valid asa referencewind speed
if it is laminarandhomogeneous.Thehomogeneityandhencethequality of the
Oldenburg wind tunnelhasbeenveri�ed in measurementsmadeby the Institute
for TechnicalandApplied Physics(ITAP), seeStabeandLangner(1997)for fur-
therdetails.Both deviationsfrom themeanwind speedandturbulenceintensity
havebeenmeasured.Both resultsarelistenedin tables3.2and3.3.
A laminarcoreof the�o w is found,dependingin sizeonthedistanceto theopen-
ing. Theheadof thesonicandthepitot tubesareplacedin thelaminarcoreof the
�o w �eld, sothepitot tubescanbeusedasa referencesignal.

openingof thewind tunnel[m] max.deviation [%] sizeof core[m2]
0.14 0.2 0.95x 0.75
0.5 0.2 0.95x 0.65
1 0.2 0.85x 0.55
1.5 0.3 0.75x 0.5

Table 3.2: Deviations of meanwind speedin the wind tunnel from Stabeand
Langner(1997).

openingof thewind tunnel[m] max. turbulenceintensity[%] sizeof core[m2]
0.145 1.2 0.95x 0.65
0.5 1.3 0.80x 0.53
1 1.3 0.65x 0.35
1.5 1.6 0.30x 0.25

Table3.3: Turbulenceintensityof thewind tunnelfrom StabeandLangner(1997)

3.5.3 Mounting Err ors of Sonic

Althoughmountingof asonicontheswivelarm- orany othersupportingstructure
for thatmatter- is conductedwith greataccuracy, thereis still a possibility, that
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themountingleavesthesonicnot truly verticalor shiftedin respectto thenorth
alignment.While ashift in thenorthalignmentcanbecorrectedandis easilyseen
if onecomparestheadjustedandmeasuredwind directionof thesonicin a wind
tunnel,atilted sonicmustbetreatedcarefullybecausealthoughits tilt is noteasily
seenfrom measurementvalues,it changesthemconsiderably.
It mustbedistinguishedbetweena sonictilted to a verticalaxisof rotationanda
tilted axisof rotation.
For asonicwhichis tiltedwith regardto theverticalaxisof rotation,thedeviations
expectedin all threecomponentsarea sinefunctions.A maximumoccurswhen
the tilt of the sonic ampli�es the vertical wind speed,while 180 degreeslater,
when the tilt attenuatesthe vertical wind speed(where it can be most clearly
seenbecauseof therelatively smallvalueof theverticalcomponent)astheother
componentsas well. Becauseof the rotation of the sonic, the deviation does
not behave linearly betweenthemaximaandminima. Onehasjust to recall the
derivationof thesineandcosinefunctionvia avectorrotatingin theunit circle.
If theaxisof rotationitself is tilted instead,a steadyoffset for thewind speedis
expectedin all threecomponents,becausethe axis of rotationandthereforethe
sensorsof thesonicstayin a constantangleto thewind �eld andthetruevertical
axisof rotation.
Section4.4.1dealswith the correctionsappliedto correctthe mountingerror in
thewind tunnelmeasurement.In section2.2.3.2thecorrectionof thiseffect in the
�eld measurementis described.

3.5.4 Uncertaintiesat Low Wind Speeds

As shown in �g. 3.9, measurementsbelow a wind speedof 5 m/s arevery im-
precise.This resultsfrom themeasurementrangeof thepressuresensorsandthe
dependenceof wind speedandair pressure.Thesemeasurementsareneglectedin
thefollowing study. Above5 m/sreliablemeasurementscanbemade.

3.6 Results

3.6.1 Wind SpeedDependentResponse

Wind speedsfrom 5 to 17m/saremeasuredwith sonicandpitot tubesin thewind
tunnel,aplot of thesemeasurementsis shown in �g.3.10. In tab. 3.4thedifference
betweenthereferencewind speedandthewind speedmeasuredby thesonicsare
shown. As canbeseen,themeasuredwind speedexceedsthealloweddeviation
of 1% of theactualwind speedfor thesonics# 273and# 274.
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Figure3.9: Wind speedsof all sonicsasapercentageof thewind speedmeasured
by thepitot tubes,for wind speedsfrom 1 to 17m/s.For wind speedsbelow 5 m/s
theaccuracy of themeasurementsis verybad.

3.6.2 Azimuth Angle DependentResponse:Horizontal Com-
ponent

No Elevation Angle

For wind speedsof 5, 10 and15 m/seithera full horizontalrotationor a rotation
from 0 to 120degreesis conducted.
Fig. 3.11shows the responseof a sonic for a full horizontalrotationat 10 m/s
for sonic# 255asexample.Thebehaviour of theothertwo sonicsis similar. A
strongpeakaround12 degreesin front of eachstrutcharacterizestheresponseof
all sonics.Theratio betweenthewind speedmeasuredby thepitot tubesandthe
sonicslies in a rangeof a 0.5% deviation for theotherazimuthangles(takenthe
offsetof sonic# 273and# 274in account).

Positiveelevation angle

For a elevation angleof 10 and15 degreesthe sonic is rotatedfor 360 or 120
degrees.
In a rangeof � 30� aroundeachstrut, the sonicdatafalls off in comparisonto
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Figure3.10:Wind speedsof all sonicsasapercentageof thewind speedmeasured
by thepitot tubesversusreferencewind speed,for wind speedsfrom 5 to 17m/s.

the pitot data. The progressionof this deviation is characterizedby two peaks,
betweenwhichaminimumlies.
Fig. 3.12 shows measurementsmadewith sonic# 273 asexample. The same
behaviour canalsobe seenin measurementsmadewith sonic# 255 and# 274.
Comparisonsatelevationanglesof 10and15degreesshow from sonic# 273that
theelevationgrowswith growing elevationangle.Seealsosection3.6.4.

NegativeElevation Angle

Negative elevationanglesof -5� , -10� and-15� areusedto observe the response
of thesonicsfor a rotationof 360� or from 0� to 120� .
Thedatagenerallyfeaturesa strongdeviation in the rangeof 10� aheadof each
strut. It seemsthat the deviation increaseswith ascendingwind speedandtilt,
thoughtherearedifferencesbetweenthesonics.

Fig. 3.13shows datafor sonic# 255,which is exemplaryfor theexperienced
response.
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sonic horizontalalignment difference:sonic/ pitot tubes[%]
averagevalue

#255 0� 0.48
#273 0� 1.41
#274 0� 1.05
#274 60� 1.51

Table3.4: Sonicmeasuredwind speedasapercentageof pitot tubemeasured,for
wind speedsfrom 5 to 17m/s.

3.6.3 Azimuth DependentResponse:Vertical Component

Becausethe vertical componentis totally uncorrectedfrom the manufacturer, a
specialinterestliesin thebehaviour of thiscomponent.Everysinglemeasurement
shows thesamebehaviour, anexampleis shown in �g. 3.14.Deviationsof about
0.1 m/sarefound for a vertical componentwhentheelevationangleis zeroe.g.
no vertical componentshouldbe existent. At a wind speedof approx. 15 m/s
this would leadto a deviation of approx. 0.15m/s. For the wind speeda linear
behaviour canbeassumed,aswill beshown in section3.7.2.

3.6.4 Elevation Angle DependentResponse:All Components

For aconstantwind speedof 5, 10or 15m/selevationanglesfrom -35� to 35� are
adjusted.
In con�gurationswith anazimuthangleof zerodegrees,deviationsexceeding1
% of the referencespeedonly exist for large positive elevation angles,beyond
20 degrees.For an azimuthangleof 60 degrees,strongerdeviationsarefound,
for elevation anglessmallerthan-15 degreesandbigger than20 degrees. Fig.
3.15shows theresponseof sonic# 255. On thewhole,only for elevationangles
having a magnitudeof 15 andmoredegreessigni�cant deviationsareregistered,
thesedeviationsincreasewith anazimuthanglenear60degrees.

3.7 Conclusions

3.7.1 Overall Calibration Factor

As presentedin section3.6.1,wherethe wind speeddependentresponseof the
sonicsis shown, it canbeseenthat themeasuredwind speedfor thesonic# 273
and# 274differsfor morethan1% of thewind speedmeasuredby thepitot tubes.
Theseobservationsareconsistentwith othermeasurements.
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Figure 3.11: Sonic # 255: wind speedas a percentageof the referencespeed
versusazimuthangle,noelevationangle.

As thisexceedstheaccuracy of windspeedgivenin thespeci�cationsof thesonics
(seetable3.1)acorrectionshouldbeappliedto thetwo sonics.
In caseof # 273 theoverall calibrationfactoris about1.41% of thewind speed,
for # 274 it is 1.05% far from a strut and1.51% neara strut. Although there
seemsto bea slight wind speeddependencein theoverall calibrationfactor(see
�gure 3.4), no wind speeddependentoverall calibrationfactorhasbeenchosen,
becausenotenoughdatais availableto verify thisdependence.

3.7.2 Symmetriesand Linear Behaviour

Variation of Azimuth Angle

Thesymmetryof theprobeheadis re�ected in a 120� periodicbehaviour for the
horizontalandverticalcomponentsandthemagnitudeof thewind vectoraswell,
but for reasonsof geometrynot for thesingleu andv componentswhich follow a
sinerespectively cosinefunction,onewavelengthrelatingto a full rotation. The
periodicbehaviour is shown in �g. 3.16for themagnitudeof thewind vector. It
canbe seenthat derivationsbetweenthe differentsectorsarerathersmall. The
mostprominentfeaturesarea peakat approximately48 degreesazimuthangle.
Thesefeaturesarevisible for all threesections.
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Figure 3.12: Sonic # 273: wind speedas a percentageof the referencespeed
versusazimuthangle,positiveelevationangle.

Variation of Elevation Angle

Thevariationof elevationanglesis notsymmetric,responsesfor positiveandneg-
ative elevationanglediffer totally, ascanbeeseenin section3.6.2.2and3.6.2.3.
A possiblereasonfor this is thedifferentpositionof thesonicin the �o w. For a
positive elevation angle,the air �o ws directly over the supportingrod on which
theprobeheadrests.Herethe �o w is constrictedin front of theprobeheadand
widenswhile passingit, resultingin a lower wind speedthan without the dis-
turbance.For a negative elevationangle,theair is constrictedwhile passingthe
probehead,resultingin ahigherwind speed.But anearlylinearbehavior between
neighbouringelevation anglesmight be concluded.For the vertical component,
anothereffect canbeobserved. In �g. 3.17it canbeseenthattheelevationangle
seemsto in�uence thepositionof thenodeof thedata.It is shiftedtowardsthepo-
sition of thestrutfor positive elevationsangles.Only for elevationsangleswhich
exceed� 10degrees,thisbehaviour is clearlyshown. It is especiallypronounced
for an elevation angleof 15 degrees,whereevery sonicsshows a clearshift to
higherazimuthanglesof thenodesin comparisonto otherelevationangles.Un-
fortunately, dueto limited time availablefor thewind tunnelmeasurements,not
enoughmeasurementsin thisrangewheremadeto makeafundedstatementabout
aconnectionbetweennodepositionandelevationangle.
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Figure 3.13: Sonic # 255: wind speedas a percentageof the referencespeed
versusazimuthangle,negativeelevationangle.

Dependenceon Wind Speed

For a laminar�o w, thedependenceon wind speedis linear. But the �o w distor-
tion methereis far from laminar, thusthebehaviour of the�o w is hardto predict.
The turbulentwind �eld andthewakes,building behindthesupportingstrutsof
theanemometer, causeahighly complex process,whichcannotbedescribedin a
linearway.

To investigatehow wind speedin�uences,theverticalcomponentis normal-
izedwith thereferencewind speedcomparedfor differentwind speeds,ata �x ed
azimuthandelevationangle. The tilt correctedvertical componentmeasuredby
thesonicis plottedover thereferencespeedmeasuredby thepitot tubes.For az-
imuth anglesof zeroand60 degrees,severalwind speedmeasurementsexist, as
alreadypresentedin section3.6.1.

For an azimuthangleof 60 degrees,the behavior resemblesa nearly linear
behaviour, the sonicsresponsefor # 274 is shown in �g. 3.18,the sonics# 273
and# 255show asimilarbehaviour.

Basedon themeasurementsmade,it is possibleto derive anapproximatebe-
haviour of thewind speedthatmeetstheobservationsmade.Lookingat thephys-
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Figure3.14:# 255,verticalcomponentversusazimuthanglefor a wind speedof
10m/s,noelevationangle

ical backgrounddescribingthesephenomenarevealsahighly complex theory. No
trivial theoreticalsolutioncanbe found quickly, a suf�cient analysiswould ex-
ceedthescopeof this work by far. Becauseempiricalandtheoreticalmethodsto
�nd a solutionshow to beproblematic,at leastanapproximatedescriptionof the
behavior observed is quitesatisfying. Thesimplestsolutionis a linear in�uence
of wind speed.For azimuthanglesof strongdeviation, this solutionmeetsthe
observationsmadenearlyperfectlyasseenin �g. 3.18. If verticalcomponentsof
differentazimuthanglesandwind speedsarenormalisedwith thereferencewind
speed,theresultis quiteconvincing,ascanbeseenin �g. 3.19.

3.7.3 Deviations

Theresultsfor all threesonicsinvestigatedareconsistent.Comparisonsbetween
differentseriesof measurementsatpointsof similar con�gurationresultin corre-
spondence.
Deviationsarefoundaroundthestruts.For noor negativeelevationangle,astrong
peakaheadof the strut is found, which increaseswith growing elevation angle,
seenif datain section3.6.2.1is comparedto 3.6.2.3. For positive elevation an-
gles,asymmetricaldeviation is foundaroundthestrut,whichdoesnotdependso
clearlyon themagnitudeof theelevationangle(compare3.6.2.2).
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Figure3.15: Sonic# 255: wind speedasa percentageof referencespeedversus
elevationangle,variationof elevationanglefor differentwind speeds.

Thedisturbingin�uence of thestrutcanalsobeseenin section3.6.4,wherethe
responseshowsatotally differentbehaviour for azimuthanglesof 60degrees.Al-
thoughvariationof the elevation angleshows no strongdeviationsfor elevation
anglesof magnitudeequalor smallerthan15 degrees,it canbeobserved in sec-
tion 3.6.2.3thatevensmallerelevationsanglesleadto anincreasingdeviation.
Thethird dimension,which is not consideredin the factoryinstalledcalibration,
in�uences the calibratedmeasureddatawhich makesa re-calibrationnecessary.
Evenfor a2-dimensionalmeasurementconstellationthedeviationsriseabove the
allowed1% of thewind speed,sincetheperturbationcausedby thestrutsis not
completelycorrectedby the factory installedcalibration. For the vertical wind
speedit is seenthatit hasto becorrectedaswell.
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Figure3.16: Sonic# 255: wind speedasa percentageof referencespeedversus
azimuthanglefor all threesectorsof thesonic,wind speed10 m/s,no elevation
angle.

Figure3.17:Sonic# 255: tilt correctedandnormalizedverticalcomponentversus
azimuthanglefor differentwind speeds.
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Figure3.18:Sonic# 274: verticalcomponentversusvpitot , azimuthangleof 60� ,
elevationangleof zero.Thesolid line showsa linear�t of themeasurementdata.

Figure3.19: Sonic# 255: normalizedverticalcomponentversusazimuthangle,
noelevationangle,triangleswerescaledfrom 10m/s,squaresfrom 15m/s
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3.8 Outlook

A few phenomenaoccurred,which werenot discussedfurthermorein this thesis,
but mightbeof interest:

� Theoscillationin thepitot tubedataasdescribedin section3.4: Although
thenaturalfrequency seemsto bethesourceof thisphenomenon,still elec-
trical effectswerefoundto in�uence aswell. It might beworth to investi-
gate,whetherelectro-magneticeffectsof the experimentalsetupin�uence
in adisturbingway.

� A deviation of theadjustedazimuthangleandtheazimuthanglemeasured
by thesonicwasfound. Becausethemeasuredangleshowedmorehomo-
geneousdata,thesevalueswereused.Possibilitiesfor thisdifferencemight
bea slight misalignmentof theanemometerin thesetup,or imprecisead-
justmentof theazimuthanglein themeasurements.

� The nodeshift of the vertical componentobserved for differentelevation
anglesshouldbe investigatedmoreclosely. A connectionbetweenthese
couldprovidehelpful informationfor furthercorrectionof thesonic.

� Althoughthewind speeddependencecouldbeassumedaslinearasa �rst
approximation,amorecomplex investigationshouldgetcloserto theactual
behaviour.

� As a recommendationfor future measurements:Multiple measurements
shouldbe conductedto minimize measurementerrors. Additionally it is
advantageousto usethesamecon�gurationfor differentsonics,andto mea-
surethefull scopeof 120degrees,with a �ne resolutionaroundthestruts.

� Automationof themeasurementsetupimprovesthemeasurementsa great
deal.
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Chapter 4

Calibration of the Ultrasonic
Anemometers

4.1 Intr oduction

It hasbeenshown in Chapter2 thata correctionandextensionof the factoryin-
stalledcalibrationarenecessary.
Most correctionmethodsneeda largeamountof measurementdata(seeChapter
2.2.3).Becauseof time limitationsextensivemeasurementswherenotpossible,a
calibrationmethodwasdevelopedwhich requireslessmeasurements.Addition-
ally themethodhasto baseon measurementsnot on a physicaldescriptionof the
�o w effectsaroundthesonic. This is becausethephenomenafoundresultfrom
physicsfar toocomplex to bediscussedadequatelyin thiswork.

4.2 Description of the Corr ectionMethod

The methodusedherearelookup tables,similar to the methodGill Instruments
used,asdescribedin section3.2.1.2Unlike Gill, thevertical componentaswell
aselevationanglesdifferentfrom zerowhereaccountedfor.
Becauseof thefew measurementsnecessary, it differsfrom themethodsevolved
by GrelleandLindroth andtheBUBBLE project,wheremuchmorespatialcon-
�gurations areneeded.
For thetilt correctionof themeasurementdatathemethodof PlanarFit wascho-
sen,becauseof theadvantagesthemethodprovidesandbecauseof thenumberof
measurementsfrom themeasurementplatformwill bequitehigh. Thecorrection
of GashandPolmanfor largeelevationangleswasnot applied,but elevationan-
gleslargerthan20degreesareveryseldom.
For the correctionof the �o w distortionusewasmadeof the 120 degreesym-
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metryof theprobeheadfor thespatialcomponents,aswell astheapproximately
linear behaviour for differentwind speeds.For positive, negative andno eleva-
tion angles,different lookup tablesareused(seechapter2). So for eachsonic
exist nine lookup tables:a setof threefor eachpositive, negative andno eleva-
tion angle.For eachdistinctelevationorientation,acorrectiontablefor horizontal
andverticalcomponentsaswell astheazimuthangleexist. Theusageof the120
degreesymmetryreducesthemeasurementsto onethird for eachazimuthdepen-
dentmeasurement,the linearity of wind speedmakesit possibleto useonly one
representative wind speedandfor differentelevationangles,only prominentcon-
�gurations for a positive andnegative elevationangleanda con�guration for no
elevationanglehave to beused.
Thelookuptablescontainthecorrectionfactorwhichhasto beappliedto thenor-
malizedmeasurementvalue,accordingto thecurrentazimuthangleandelevation
angle.

Thecompletecorrectionprocessis describedin thefollowing.

1. At �rst thethreecomponents(u,v,w) of thewind vectorarecorrectedfor tilt
errorswith thePlanarFit method.

2. Thewind vectoris turnedinto themainwind direction.

3. Detrendingof thewind vectorsthreespatialcomponentsis conducted.

4. Thenthe wind vectoris split up in its horizontalandvertical spatialcom-
ponentsandthewind directionis derived, to make useof the120degrees
symmetryof theprobehead.

5. The appropriatecorrectionvaluesarelooked up, andscaledto the correct
wind speed.

6. Thecorrectionis appliedto themeasurementvalue.

7. After this correction,thetwo horizontal(u,v) componentsarederivedfrom
horizontalwind speedwind direction.

8. A fully correctedwind vectorexists.

As canbe seen,the whole correctionprocesscanbe separatedin threecompo-
nents:tilt correction,detrendingand�o w distortioncorrection.
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4.3 Detrending

While themethodof PlanarFit and�o w distortioncorrectionhave alreadybeen
discussed,animportantcomponentthe"detrending"hasto beexplainedstill:
Only the turbulent part of the measurementis of interestin �ux measurements.
But becausea generalrise of the wind speeddoesnot contribute to �ux es,but
addsto the differencebetweena measurementvalue and the meanvalue of a
measurementinterval. It mustnotbemistakenasa turbulentdeviation. Therefore
the generaltrend of the observed variablehasto be considered:The trend of
the measurementinterval is calculatedvia linear regression. The trend is then
subtractedfrom the measurement,leaving a measurementwhich deviationsare
purelyturbulent.

4.4 Determination of the Lookup Tablesfr om Wind
Tunnel Measurements

The calibrationdepends,asthe measurementitself, on threevariables:azimuth
angle,elevation angleandwind speed. For the wind speeda nearly linear be-
haviour could be shown, aswell as it wasshown that for positive andnegative
elevation anglesdifferentcorrectionsareneeded.The correctionis linearly de-
pendenton themagnitudeof theelevationangle. Thusthe threesetsof look up
tablesarefor elevationanglesof -15,0 and+15degrees.For elevationanglesex-
ceedingthemagnitudeof 15 degrees,thecorrectionwasnot interpolatedfurther,
but thecorrectionfrom thecorresponding� 15degreeelevationanglewasused.

For eachsonic,thesetof threelookuptablesfor threedifferentelevationan-
glesis calculatedfor eachof the following components:horizontalwind speed,
verticalwind speedandwind direction(=azimuthangle).

Beforetheselookuptablescanbederivedfrom thewind tunnelmeasurement
data,thedataitself have to betilt corrected.

4.4.1 Tilt Corr ectionof Wind Tunnel Data

As describedin chapter2, apossiblemisalignmentof thesoniccallsfor acorrec-
tion. The datataken in the wind tunnelfeaturea sinusoidalbehaviour for every
measurement.This is especiallyobvious, if looking at the vertical component,
becauseof the high deviations in comparisonto the small vertical component.
Thereforewe canassumethatthesonicis slightly tilted to a verticalaxisof rota-
tion. Differencesof approximatelyonedegreein theverticalangleleadto differ-
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encesof 0,1-0,2m/s in thevertical component.To correctthis, the theoretically
expectedsinefunctionis �tted on themeasurementdatafor eachsonic.Thefol-
lowing functionform is usedwithin this �t:

y = a � sin(b� x + c) + d (4.1)

with speci�c coef�cients a, c andd. Theparameterbhasthevalueof 0.01745and
representsthefrequency of thesinefunction,correspondingto thewavelengthof
2� , which equalsa full rotation. Thecoef�cient d considersthefact thata slight
misalignmentof theaxisof rotationitself hasalsohappened,resultingin a slight
offset.
Fig. 4.1shows the�t for sonic# 255asanexample.

Figure4.1: Sonic# 255: The vertical componentanda �tting function plotted
over theazimuthangle,for a measurementwith no verticalangleat a wind speed
of 10m/s.

After subtractingthesefunctions,thedeviationsin all threesectorsof thesonic
shown to bequitesimilar, all bearingthesameoffsetfrom zero,see�g. 4.2. The
coef�cients foundfor thethreesonicsareshown in tab. 4.1. Althoughit canonly
beseenclearly for thevertical component,tilt correctionmustbeappliedto the
otherspatialdirectionsaswell, becausethey arealsoaffectedby thetilting.

After considerationof the tilt correctionthe lookup tablescan be built. If
for certaincon�gurationstwo or moremeasurementsweremade,meanvaluesof
thesemeasurementsareused.
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anemometer a a-err c c-err d d-err
255 0.093 � 0.012 3.54 � 0.12 0.064 � 0.008
273 0.070 � 0.012 5.58 � 0.11 0.011 � 0.008
274 0.098 � 0.011 5.65 � 0.12 0.008 � 0.008

Table4.1: Sonicspeci�c coef�cients for thetilt correctionfunction.The2 � peri-
odicity of the�tting functionshasbeenused,thusthedifferenceto thecoef�cients
givenin �g. 4.1.

4.4.2 Lookup Table for Horizontal Wind Speed

Themagnitudeof themeasuredhorizontalwind vectoris comparedto therefer-
encehorizontalwind speedfor every azimuthangleandwind speedmeasured.
For this, differenceof the wind speedandthe vertical componentderived from
theadjustedelevationangleis subtractedfrom thereferencewind speed.Thedif-
ferencebetweenthereferenceandthemeasuredwind speedis normalizedby the
referencewind speedandafterthatusedin thelookuptableasa correctionvalue
for a normalizedwind speedfor thatazimuthangle.To make useof the120� de-
greessymmetryof theprobehead,eachazimuthanglebeyond120� is subtracted
by 120� , respectively 240� if larger than240� . This procedurealsoaccountsfor
thesteadyoffsetfoundwith sonics# 273and# 274,becausethederivationfrom
thereferencespeedis used.
If more measurementsthan one are madefor a sector, the meanvaluesof the
valueslying in thesameonedegreeinterval areused.

4.4.3 Lookup Table for Wind Dir ection (=Azimuth Angle)

Becausethe single horizontalcomponentsare calculatedfrom horizontalwind
speedand direction, and the measuredazimuthangleshows differencesto the
adjustedone,correctionof this variableis necessaryaswell. Differencesof the
measuredazimuthangle(derived from the two uncorrectedhorizontalcompo-
nents)andtheadjustedazimuthanglearelistedin a lookuptable.Thesonicangle
is correctedwith thesevalues.

4.4.4 Lookup Table for Vertical Wind Speed

Again, thedifferencebetweenthereferenceandthemeasuredwind speedis cal-
culatedandnormalizedwith thereferencewind speed.Thereferencewind speed
for the vertical componentis derived from the geometricalrelationbetweenthe
referencewind speedandthe adjustedelevation angle. The meanvertical wind
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Figure4.2: Sonic# 255:Theverticalcomponentwith andwithout tilt correction,
for a measurementwith no vertical angle,at a wind speedof 10 m/s. No offset
appliedfor bettervisualization.

speedis addedor subtracted,emulatingan elevation angleof zero degrees,to
enableabettercomparisonbetweenmeasurementsof differentelevationangles.

4.5 Testingof the Calibration Procedure

To testthecalibrationprocedure,anadditionalmeasurementwasmadein thewind
tunnelat a constantwind speedof 7.17m/s with variouselevation andazimuth
angles.Tab. 4.2showsthedifferentcon�gurationsof azimuthandelevationangle.

After applicationof the calibrationprocedure,several improvementscanbe
seen.Themeanvalueof thewind vectordecreasesfrom 7.24to 7.22m/s,which
reducesthe overall deviation from 1 % to 0.7 %. Fig. 4.3 shows the difference
of thecorrectedandtheuncorrectedwind speed.Thedifferentcorrectionvalues
usedfor differentelevationanglescanbeseenveryclearly.

Thestrongestimprovementcanbeseenfor theverticalcomponent,wherethe
meanvaluedecreasesfrom 0.08m/sto 0.06m/s.Fig. 4.4showsthedifferencesof
a correctedandanuncorrectedverticalcomponent.Thein�uence of thedifferent
tilt angleson thecorrectioncanbeclearlyseenaswell. For a negative tilt angle
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azimuthangle elevationangle
17 00
17 05
17 10
55 10
55 23
100 23
180 23
180 -7
280 -7
280 -21

Table4.2: SpatialCon�gurationsfor theTestMeasurement

the differenceis heavily �uctuating. This is becausethe azimuthangleleadsto
a positionin the lookup tablewith a very steepslope. Thussmall variancesfor
azimuthandelevationanglesleadto strongdifferencesin theappliedcorrection
value.
Generally, for a negative tilt angle,it would be expectedto measurea too high
verticalcomponent,theprocedureshouldlowerthemeasuredvalue,whichit does.
And for apositive tilt angletheexpectedriseof themeasuredverticalcomponent
is foundaswell. As canbeseen,theenhancementof thecalibrationcorrectsthe
measurementsin asensiblewayandimprovesthemeasurementsquality.

4.6 Conclusion

� Thecorrectionis notperfecte.g.doesnotreacha0% error, but for themag-
nitudereducestheerrorit hadbeforeandfor theverticalcomponentlowers
it considerablyascanbeseenin section4.5

� The calibrationmethodis basedon measurementsmadein a wind tunnel.
Possibleerrorsof thismeasurementarelistedin chapter2. Anotherproblem
might be the fact that thebehaviour of the �o w in the laminarconditioned
laboratorycan not be exactly transferredto the turbulent conditionsmet
in �eld measurements.Generallythe methodcanbe usedfor every sonic
given,if measurementtime is available.
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Figure4.3: Sonic# 255: Differenceof theuncorrectedandcorrectedwind speed
over time.

Figure4.4: Sonic# 255:Differenceof theuncorrectedandcorrectedverticalwind
speedover time.
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Chapter 5

The FINO MeasurementPlatform -
Quality Control of Measurements

Beforeworking with the�eld datagainedwith themeasurementplatformFINO,
informationaboutthe platform andthe datacollectedshouldbe observed care-
fully. At �rst, ashortdescriptionof theplatformitself is given,thesecondsection
dealswith thereliability of themeasureddata.

5.1 Description of the FINO MeasurementPlatform

TheFINO measurementplatform,picturedin �g. 5.2, is located40 km northof
theislandBorkumin theNorthernSea,see�g. 5.1. Measurementsareavailable
sinceAugust2003,althoughdataof the �rst montharenot very reliable. In this
work, datafrom November2003to April 2004hasbeenused.

Theheightof themeasurementmastis 100m,with sevencantileverson each
side,alignedto north-north-westrespectively south-east-east(see�g. 5.3). Son-
ics,wind vanesandcupanemometersareusedfor wind speedanddirectionmea-
surements.

Theassemblyof themeasurementinstrumentson themastis asfollows: cup
anemometesareinstalledon theonesideof themeasurementmaston cantilever
armsat heightsfrom 30 to 100metersin 10 m steps.Wind vanesandthesonics
whereplacedalternatingontheothersideof themastoncantileverarms,sonicsat
40,60and80m,wind vanesat90,70,50and30m height.Additionaltemperature
sensorswereplacedat 100,70,50 and30 m height.Table5.1shows theposition
of thesonicsat theplatform.
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Figure5.1: Map showing thepositionof theFINO measurementplatform(black
dot) in thenorthernsea,from GermanischerLloyd WindEnergieGmbH.

5.2 Quality Control of Measurements

The aim of this investigation wasto checkthe correctfunctionof the ultrasonic
anemometers.For thispurposedataof thesonicsarecomparedto dataof thewind
vanesfor wind directionandto thecupanemometersfor wind speed.Beforethat,
thereliability of thereferenceinstrumentshasto betestedaswell.
Measurementdatafrom November, 1stto 30rd2003havebeenusedfor thiscom-
parison. Only measurementdataof a minimum wind speedof 7 m/s areused,
becauseof theuncertaintiesin measurementsat lowerwind speeds.

5.2.1 Reliability of the ReferenceMeasurements:Wind Speed

Comparedto eachother, the cup anemometersshow a consistentmeasurement.
The ratio betweentwo measurementslies generallybetween0.98 and1.01. If
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Figure5.2: FINO measurementplatformin thenorthernsea,from Germanischer
Lloyd WindEnergieGmbH.

greaterdifferencesoccur, the higher cup anemometermeasuresa higher wind
speed,becauseof the vertical wind speedpro�le. In �g. 5.4 thesetwo typical
behaviours can be seen. Nevertheless,a few glitchesare found. Over all, the
measurementsseemconsistentenoughto beusedasa referencemeasurement.

5.2.2 Quality Control of the SonicWind Speed

Comparisonof the cup and the sonicdatashows goodconcordance,ascanbe
seenin �g. 5.5. Theratio of cupandsonicbeingfor mostwind directionsnearly
one, indicatinggoodconcordance.Two strongdeviationsaround125 and310
degreesindicatethe in�uence of the measurementmast. For 125 degrees,the
wind comesfrom the cup side of the mast,making the cupsmeasurea much
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Figure5.3: Planview of themeasurementplatform.Positionof cantileverscanbe
seenwell, from GermanischerLloyd WindEnergieGmbH.

larger relative wind speedthanthe shadowed sonics. For 310 degreesthe wind
comesfrom nearlytheoppositedirection(it is not exactly 180degrees,because
thetwo cantilever armsarenot exactly 180degreesopposed,see�g. 5.3),giving
thecupstheshadow positionandconsequentlythesonicsarelatively higherwind
speedto measure.Comparedwith thegroundplanof theplatform,thisbehaviour
con�rms thereliability of thesonicwind speedmeasurements.

5.2.3 Reliability of the ReferenceMeasurements:Wind Dir ec-
tion

For the two wind vanesat 50 and70 m height, the datachannelsusedarenot
intendedfor directionmeasurements(personalcommunication:Tom Neumann
2004). This leadsto problemswith averagingaroundzerorespectively 360 de-
grees,which for exampleleadsto anaveragevalueof 180degreesinsteadof zero
if averagedbetween355and5 degrees.Anotherproblematicbehaviour evenfor
anglesnot closeto zero is seenfor threeof the wind vanes. If differencesbe-
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sonic installedheightatplatform
# 255 40m
# 273 60m
# 274 80m

Table5.1: Installedheightof sonicsatmeasurementplatform.

tweenthe measuredanglesarecalculated,oneexpectsto �nd a constantoffset,
or a constantbehaviour for identicalcircumstances.But whatreally is found,are
non-distinctshiftinganglesfor thewind direction,shown in �g. 5.6. Theseshifts
areaboutoneto four degreesanddo not dependon wind speed,dateor wind di-
rection(althoughtheeffectonly occursfor certainazimuthangles).It is seenthat
only the wind vaneat 30 m shows a consistentbehaviour for all con�gurations.
This doesalsomanifest,if wind vanedirectionmeasurementsarecomparedto
sonicdirectionmeasurements.

5.2.4 Quality Control of the SonicWind Dir ection

As wehaveseenin theprevioussubsection,only thewind vaneat30m heightcan
beusedasa reference.Comparisonsbetweenthesedataandthesonicdatashow
a constantshift in the sonicmeasurements.This indicatesa misalignmentfrom
north direction,which is correctable,if the right offset is known. The shifting
anglesfrom north directionfor the threesonicsarelisted in table5.2. The val-
uesarein agreementwith thosefoundby theoperatorof theplatform(personal
communication:TomNeumann,2004).

sonic Shift from northalignment
# 255 54�

# 273 277�

# 274 29�

Table5.2: Deviation of theinstalledsonicsfrom northalignment,valueindicates
positionof truenorthalignmentin soniccoordinatesystem.

If comparedwith thereliablewind vaneat30m, thesonicshowsarathercon-
stantshifting anglebetween51 and53 degrees(measurementson theinstrument
positionshow a shifting angleof 54 � ). The in�uence of themastcanbeclearly
seenfor wind directionsaround125 degrees.For 310 degrees,not enoughdata
wascollectedto makea reliablestatement.
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Figure5.4: Wind speedmeasuredby cupanemometersatdifferentheightsovera
timespanof 2.5h .

5.2.5 Conclusion

Thequality controlof thesonicsdataby comparisonwith thewind vanesandthe
cup anemometersshow that the installedsonicsdeliver reliable measurements.
Withoutgreaterconcern,usingthisdataseemsjusti�ed.
Weaknessesof severalmeasurementinstruments,especiallythewind vanes,have
to beconsidered.
For thesonics,theshiftinganglesfrom northalignmenthave to beaccountedfor,
additionally wind directionsleadingto shadowing from the measurementmast
have to betreatedcarefully. If notcorrected,thesemeasurementsshouldbetaken
outof theevaluation,which is donein thefollowing.

5.2.6 Data Selection

In thefollowing, measurementdatafrom November2003,from thesonicsat40m
and60m heighthave beenused. Following dayshave beenleft out, becauseof
missing(m) measurementdataor �a wed(f) measurements:10th(mf), 13th(m),
16th(m), 17th(mf), 21st(f), 22nd(f), 27th(mf) and30th(m) of November.
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Figure5.5: Ratioof wind speedmeasuredby cupanemometerandsonicversus
wind directionfrom 0 to 360degrees.Thein�uenceof themeasurementmastcan
easilybeseen.Sonic#255, meanvalueof cupanemometersat30mand50m.

Figure5.6: Differenceof thewind directionmeasuredby thewind vanesat 30m
and50m.
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Figure5.7: Differenceof sonic(40m)andwind vane(30m)wind directionmea-
surementversuswind vane(30m) wind directionmeasurement.
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Chapter 6

Measurementof Heat and
Momentum Fluxesin the Surface
Layer over the Northern Sea

6.1 Comparisonof Corr ectedandUncorrectedData

For a �rst comparison,the monthly meanvaluesfrom the correctedandthe un-
correctedmeasurementsareshown in tab. 6.1. The changesfor H aresimilar
for bothheights,therelatively largemagnitudeof changefor H originatingfrom
thein�uenceof theverticalcomponent.Becausetheappliedcorrectionmakesthe
largestrelativechangesfor theverticalcomponent,thelargechangeis notsurpris-
ing. Thechangesfor u� arerathersimilaraswell, but for u� hasto bekeptin mind
thata10minutesaverageof themeasurementswasusedto deriveu� , leadingto a
quitelargesamplingerror.
U changesdifferentlyfor eachheight,addingto thewind speedat 40mandlow-
eringit at60m.Themagnitudeof changeis thesame,thedifferentalgebraicsigns
might origin from slightly differentwind directions,which canleadto very dif-
ferentcorrectionvaluesat steepslopesof thelookuptable.Thechangeof z=L is
differentfor every height. Thelargedifferencecouldbebecauseof thefact, that
thesamplingerrorof u� grows considerably, whenu� is usedin thethird power,
asfor calculationof L.
For thefrequency distributionsof U, H , u� andz=L, no signi�cant trendcanbe

found,but thechangesarevisible,aspicturedin �g. 6.1 for friction velocity and
sensibleheat�ux.

If the differenceof the uncorrectedandcorrectedvaluesis plottedversusthe
wind direction,onewould expectto �nd a periodicbehaviour for thedifference,
becausethestrongestcorrectionappliesaroundthestruts. This is con�rmed for
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40m corrected uncorrected change[%]
U 10.242 10.37054 -1.24
u� 0.32826 0.32991 -0.5
H 11.60164 12.3916 -6.37
z/L -0.35331 -0.39429 -10.39
60m corrected uncorrected change[%]
U 10.63507 10.46695 1.61
u� 0.35713 0.36144 -1.19
H 12.48541 13.39198 -6.77
z/L -0.50177 -0.50946 -1.51

Table6.1: Monthly meanvaluesof U, u� ,H andz=L for heightsof 40mand60m,
derivedfrom correctedanduncorrectedmeasurements,November2003.

theratiobetweentheuncorrectedandcorrectedwind speedin �g. 6.2.
To visualizethe effect of the changesapplied,a plot of the uncorrectedandthe
correctedwind speedis shown in �g. 6.3.

6.2 Overview over MeasuredData

A �rst overview of thedatacollectedis givenby tab. 6.1,wherethemonthlymean
valuesof wind speed,sensibleheat�ux, friction velocity andz=L arepresented
for thesonicsat40mand60mheight.
The wind speedat 60m is larger thanthe wind speedat 40m, thusshowing an
expectedbehaviour. For the otherquantities,40m valuesarealwaysbelow the
60mones.This indicatesmoreturbulentmovementin theregion of 60m.For the
friction velocity, this is remarkable,becauseu� is a measureof theturbulenceof
thesurfacestress,andthereforeshoulddecreasewith growing height.

6.2.1 Time Series

Wind Speed

Thetwo time seriesof wind speedsmeasuredby thesonicsat 40mand60mare
plottedin �g. 6.4. Both measurementsareratherconsistent.Thewind speedat
60mis predominantlyhigherthanthewind speedat40m.

56



Figure6.1: Frequency distributionsfor friction velocity andsensibleheat�ux at
aheightof 40m,correctedanduncorrectedvalues,November2003.

Friction Velocity

Comparingboth time seriesto eachother(see�g. 6.11)shows that at a height
of 60mgenerallya higheru� is measuredthanat a heightof 40m. Especiallyin
weektwo, thedifferenceis obvious. It wouldbeinterestingto examinethecloser
circumstancesof this strongdifference,like temperatureandwind direction. In
weeksoneandthree,therearesomesigni�cantly differentsituations,wherethe
measurementat40mshowsthehighervalues,thesesituationsareseldomthough.

SensibleHeat Flux

The overall courseof the sensibleheat�ux is quite the samefor both heights,
beinghigherat 60mthanat 40mmostly. For the�rst two weeks,theheat�ux is
mostlypositive, indicatingheat�ux from thewaterto theair. In the third week,
theheat�ux is mostlynegative. And in the lastweek,positive andnegative heat
�ux arebalanced.Thescatterfoundfor 60mis muchhigherthanat theheightof
40m,ascanbeeseenin �g. 6.6.

z=L

Plottedversusthe time spanof the month in �g. 6.7, z=L shows a consistent
behaviour. For the�rst two weeksof themonth,unstablestrati�cation dominates.
In the end of the third week, stablestrati�cation is found, which occursmore
seldom. For the last days,the behaviour is rathermixed, with large scattering.
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Figure6.2: Ratioof uncorrectedandcorrectedwind speedplottedversustheun-
correctedwind direction,heightof 60m,November2003.

This agreeswith themeasuredsensibleheat�ux, which is mostlypositive for the
�rst two weeks,negative for the third weekandmixed for the last week. The
connectionbetweenthesetwo quantitiesis describedin section2.1.4.

6.2.2 FrequencyDistrib ution

Thefrequency distributionsfor U, u� , H andz=L show thecharacteristicsfound
in thealreadypresentedtime linesandmonthlymeansmoreclearly. For friction
velocity andz=L the algebraicsignsaremost interesting,becausethey charac-
terizedifferentatmosphericbehaviour. Thereforefrequency distributionsof these
two areshown.

SensibleHeat Flux

Thefrequency distributionof bothheightsshowsthedominanceof positivevalues
for H , similar for both heights,see�g.6.8. This indicatesa dominationof heat
rising from thewaterin theair. Thisagreeswith themostlyunstableatmospheric
stability found.
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Figure6.3: Uncorrectedandcorrectedwind speedplottedversustime, heightof
60m,November2003.

z=L

As wasseenat the time series,negative valuesof z=L dominate,althoughsome
positive valuesare found as well. This is identical for both heights. Here the
mostlyunstablestrati�cation of theatmospherefor bothheightsis shown, see�g.
6.9.

6.3 Comparisonof Measurementsat Differ entHeights

In theprevioussections,alreadythedifferentheightswerecomparedtoeachother.
In thissectionthedaily variationsfor theheightsarecomparedto giveabetterun-
derstandingof thedaily processes.Two quantitiesbearinga recognizablediurnal
cycle arepresented.Additionally, the measurementsat the two heightsaredi-
rectlycomparedto eachother. Thisallowsto recognizelinearor othercoherences
easily.
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Figure6.4: 10 min averagesof wind speedat 40mand60mversusthetime span
of themonth,November2003.

6.3.1 Diur nal Variation

Wind Speed

Meanvaluesfor eachhour of the day areshown in �g. 6.10. For both heights,
wind speedrisesover thecourseof thedayhaving its lowestpoint at approx.3h
in themorning.

Friction Velocity

Over thecourseof theday, u� behavessimilar at theheightsof 40mand60m. It
is characterizedby two minimaslightly after3handaround12handtwo maxima
around8h and19h.Thefriction velocityat 60mis higherthantheoneat 40m,as
canbeseenin in �g. 6.11.

6.3.2 Dir ectComparisonof Both heights

Wind Speed

If U60m is plottedversusU40m , asin �g. 6.12,it canbeseenthatthegeneraltrend
is linear. It shows again, thatat 60mheight,thewind speedis constantlyhigher
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Figure6.5: u� 60m andu� 40m versusthetimespanof themonth,November2003

asat40m,astheregionabove thebisectingline is muchmorepopulated.

Friction Velocity

A tight coneshapeis foundif bothfriction velocitiesareplottedagainsteachother
(�g. 6.13). Thevarianceof both riseswith rising friction velocity. More higher
valuesarefoundfor theheightof 60m.

SensibleHeat Flux

If plotted against eachother (�g. 6.14), a scatteredcloud can be seen,which
shows a linear behaviour for positive valuesof H andfor negative valuesH 60m

hasa smallermagnitudethanH40m , resultingin a nearlyparableform. The be-
haviour hasto be examinedfurther for the negative values,becausenot enough
measurementswherefoundwith negativevaluesof H .

z=L

The two z=L comparedshow for both positive or both negative valuesstrong
scattering,shown in �g. 6.15. Valueswhere60=L and40=L differ in algebraic
signsaremoreseldomandmostly closeto the origin. The scatteringis strong,
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Figure6.6: H60m andH40m versuseachdayof themonth,November2003

becauseof thelargescatteringin L itself, beingderivedfrom the3rdpowerof the
friction velocity. Thefriction velocityhasa largesampleerror, which is ampli�ed
by thethird power.

6.4 Conclusion

� For the in�uence of thecorrectionmethod,thecorrectionchangesbecome
especiallyapparentfor theheat�ux, mainlybecauseof theinitial correction
of the importantvertical component.For the otherquantities,the change
becauseof correctionis clearlyvisibleaswell.

� A longer averagingtime would reducethe samplingerror of u� . A less
scatteredL couldresultfrom suchachange.

� Themeasurementsarefoundto beconsistent.Changesin theatmospheric
stabilityarecon�rmed by accordantchangesin heat�ux for example.

� After viewing the measurements,it seemsthat at a heightof 60m the at-
mosphereis moreturbulent thanat 40m height. This is evidencedby the
higherfriction velocity andquiteunusual.Furtherinvestigationshouldbe
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Figure6.7: z=L for heightsof 40mand60mversusthe time spanof themonth,
November2003

conducted.Adding of the measurementsat 80m heightcould prove inter-
esting.

6.5 Outlook

After a correctionfor theemployedsonicswasdevelopedandthevalidity of the
measurementdatais con�rmed, further investigationof theatmosphereover the
northseashouldbeconducted.

� Until now, only measurementsfrom thesonicsat40mand60mheighthave
beenused.Addingthethird sonicat80mheightwouldcompletethepro�les
for wind speed,friction velocity, heat�ux andz=L. Especiallythefriction
velocityat80mwouldbeof interest.

� Addingmoremeasurementdatafrom differentmonthwouldmake it possi-
ble to look for seasonalvariation,especiallyfor thediurnalcirclesandthe
atmosphericstabilities.
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Figure6.8: Frequency Distributionsof H 60m andH40m , November2003.

Figure6.9: Frequency distributionsof z=L for heightsof 40mand60m,Novem-
ber2003.
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Figure6.10: Meanwind speedvaluesof bothheightsversusthetime spanof the
day, November2003.

Figure 6.11: u� 60m mean and u� 40m mean versusthe time span of the month,
November2003.
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Figure6.12:U60m versusU40m andthebisectingline, November2003.

Figure6.13:u� 60m versusu� 40m andthebisectingline, November2003.

66



Figure6.14:H60m versusH40m andthebisectingline, November2003.

Figure6.15:60=L versus40=L, November2003.
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Chapter 7

Conclusions

Threeultrasonicanemometers(Gill InstrumentsLtd., model1210R3-50)areem-
ployedat theoffshoremeasurementplatformFINO I, which is positioned45 km
northof Borkumin theNorthSea.
Priorto installation,thecalibrationof thethreeultrasonicanemometerswastested
in theOldenburg wind tunnel. Flaws in thecalibrationwerefoundandtherefore
an empirical correctionmethodfor the calibrationwas developedand applied.
Thecorrectionof thecalibrationwastestedsuccessfully.
After ensuringthevalidity of themeasurementdatafrom FINO,aninitial analysis
of �eld datawasperformed.Flux measurementswerederivedfor onemonthand
�rst investigationsof theatmosphericstabilityanddiurnalcycleswereconducted.

The factory-installedcalibrationof the sonicanemometerswastestedin the
Oldenburg wind tunnel.Systematicerrorssimilaratall threesonicsaswell aser-
rorswhich arespeci�c for eachindividual instrumentwerefoundin wind tunnel
measurements.Aroundthestruts,themeasuredwind speedcandeviateup to 3 %
from thereferencewind speed.Additionally, theuncorrectedverticalcomponent
provesto be problematic,erroneousvertical wind speedsof up to 0.1 m/s for a
referencespeedaround10 m/swerefound. If themeasurementsshouldbeused
for �ux calculations,an enhancementof the calibrationis needed.This applies
not only for theinstrumentsused,but shows that thefactory-installedcalibration
for thesonicsshouldbetreatedwith cautionif usedfor �ux measurements.

A correctionmethodfor the calibrationof the sonicshasbeendeveloped,
basedon the measurements. The correctionis azimuthandelevation anglede-
pendentandmakesuseof symmetriesandlinearitiesfound in the behaviour of
thesonicin the�o w. Thereforethecorrectionemploys a limited numberof wind
tunnelmeasurements,making is usableeven if only short time is available for
testingthe sonic. The improvementscould be shown, especiallyfor the vertical
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component.

A quality controlof themeasurementsmadeby theFINO measurementplat-
formwasconducted,toensurevaliddata.Themeasurementsmadebycupanemome-
tersandsonicsshowedto beconsistent,while for threeof thefour wind vanesdif-
ferentproblemsoccurred.Two of thewind vanesarenot connectedto a channel
designedfor directionmeasurements,threeof thewind vanesshow anondistinct
shiftinganglefrom northalignment.
Theshiftinganglesfrom northalignmentfor thethreesonicscouldbedetermined
andvalidatedwith datafrom theoperatorof theplatform. Additionally, wind di-
rectionsleadingto mastshadowing couldbedetermined.

For onemonth�ux eswerecalculatedfrom the correctedmeasurementdata.
They show a mostly unstablestrati�cation for November2003. While the wind
pro�le seemsto behave as expected,the friction velocity riseswith increasing
height,which is unexpected.This effect hasto be investigatedfurther. Diurnal
variationsfor wind speedandfriction velocity couldbefound,showing a diurnal
cyclewith strongminimaandmaxima.Theeffectof thecorrectedcalibrationwas
showedaswell.
However only onemonthof datawasusedin this initial analysis.To verify these
�ndings, a longertimeperiodhasto beconsidered.
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