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Chapter 1

Intr oduction

Accurate ux measurementglay a decisve role in theatmospherisciencesfor
examplein climatemodelling, weathermodelsandair-seainteraction. They re-
vealthewind pro le andit'sdependenciesntemperatur@andsurfaceroughness,
settingthe boundaryconditionsfor processes theatmospheridoundarylayer.

It seemedhatasolid way of describingheloweratmospheréadbeenfound,
whenObukhov discovereda universallengthscalefor exchangeprocesses the
surfacelayer, which leadto the Monin-Ohkukhov similarity theory Oneof the ex-
perimentafundament®f this modernboundarylayer physics,wasthe KANSAS
experiment,from which Busingeretal. (1971)developeduniversalfunctionsde-
scribing ux-pro le relations.

Certaindevelopmentdeadto doubtsin the overall validity of the Monin-Olukhov

similarity theory: On the onehand, ndings weremade,which didn't t into the
theoryandon the otherhand,a greatprogressvas madein measurementech-
niquescorrectioormethodsandinstrumentatevelopment Additionally thewhole
theoryhadbeendevelopedfor dry air andtheuniversalfunctionswerederivedfor

dry air aswell. A transferto situationsvheretheair moistureis muchhigher(e.g.
offshoresites)canbe problematic.

A comprehense andmoredetailedoverview of thehistoryof this partof bound-
ary layerphysicshasbeengivenby Foken(2004).

Mostof themeasuremergroblemshatfor exampleoccurrecatthe KANSAS ex-

perimentcanbe minimizedwith the progresanemometedevelopmenthasmade
in thelastyears.Not only theaccurag of theanemometerthemseles,but also
correctionmethodsfor misalignment,o w distortionof the instrumentandmast
shadaving have beendevelopedandimproved over the courseof 20 years.

Also measuremengitesarenow positionedat a greatrangeof surroundingsin-

cludingheightsof nearly100m,contraryto themeasuremerteightof aboutl0Om
from thegroundusedin earlyexperimentsandadditionallyat offshorelocations,
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for measuremenis moistair.

Concluding,newv measurements the atmospheridooundarylayer would be a
goodstartingpointto investigateatmospheriphysicsandthe validity of Monin-
Ohukhov aswell asmaybe nding amoregenerakheory

In thiswork, thefoundationstonefor sucha measuremens laid.
At the FINO measuremenplatform 40km north of Borkum, three ultra-sonic
anemometerand other meteorologicameasuremennstrumentsare employed
at a measurementastof 100m height. The ultrasonicanemometergare posi-
tionedat heightsof 40m,60mand80m,allowing to investigatethewind and ux
pro les of themeasuremertite.
Prior to installation,the calibrationof the ultrasonicanemometersvastestedin
the Oldenlurg wind tunnel. It wasfoundthatthe calibrationwaspartly erroneous
andincomplete. A threedimensionaktalibrationmethodhasbeendevelopedthat
takesin accountthe dependeng of the o w distortionfor azimuthandelevation
angle,aswell asfor the wind speed. Certainsymmetriesandlinearitiesof this
dependenciesouldbe utilised.
After applyingthis correctionandvalidatingthe measurementsom FINO, heat
and momentumux eswere calculated. The rst ux measurementsf the off-
shoresite are presentecéndthe in uence of the enhanceaalibrationis investi-
gated.Also, someinitial analysishasbeenconducted.

In chaptettwo, ashortsummaryof the basicprinciplesof atmospheridound-
ary layerphysicsshouldprovide thereademwith the backgrouncheededo under
standthe principles,aswell astheirimportanceusedin this work.

The wind tunnel measurementare describedcarefully in the chapterthree,to

give anideaaboutthe problemshatareencountered proceedingjuality checks
of pre-calibratecultrasonicanemometersThe basicbehaiour of an ultrasonic
anemometemn alaminar o w andthe importanceof the ngglectedvertical com-
ponentareshovn aswell.

In the chapterfour the enhancementf the calibrationis describedshawving the
advantageshatcanbeusedto optimizesucha procedure.

Chapter ve providesa descriptionof the measuremergite anda quality control
of themeasuremerdata.

Afterwards,in chaptersix the ux esderivedfrom the measuremerdataarepre-
sented giving anideaabouthow muchthe enhancementf the calibrationsim-

proves the measuremenand also shaving generalatmospheridbehaiour like

atmospheristability or sensibleheat ux for anoffshorelocation.



Chapter 2

Theoretical Background

2.1 Atmospheric Boundary Layer

This chaptershouldgive a brief overview over the basicsof principlesin atmo-
sphericphysics, to highlight why certainparametersre interestingand how to

gainthem.Thebriefnesgesultsfrom thefact,thatalot of excellentbooks(for ex-

ampleStull (1988),Kaimal (1994))have beenwritten aboutatmospherighysics,
sothereis noneedto talk atgreatiengthabouttheoreticabasicswhichhave been
presentedn a muchbetterway in otherworks. But to provide thereademwith the
right context for this work, afew key principlesareoutlined.

2.1.1 Basics

The partof the atmospherghatis dealtwith in thiswork is the so calledsurface
layer, de ned asthe lowest10 % of the boundarylayer The boundarylayeris
characterizedy the fact thatit is in uenced by surface processe®f the earth
with a responsdime of aboutan hour The in uence of the surfaceis mostly
dueto turbulent processesFor exampletransportof aerosol,moistureand heat
is conductedria turbulencein theatmosphereThesetransporiprocessearebest
describedby ux es.

To examineturbulentprocesseghe Reynoldsdecompositions used:A signalX
consistsof ameanpartX andaturbulent(or perturbation)artx®

X =X+x° (2.1)



2.1.2 The Logarithmic Wind Pro le

While atthe groundthewind speeds reducedo zerobecausef frictional drag,
with increasingheightthe wind speedncreasesaswell becausef pressuregra-
dientforces. The variation of the wind speedis nearlylogarithmicin statically
neutralsituations.For otherstability situationshewind pro le slightly differs.

u z
u(z)= — In — 2.2
@=cn o (2:2)
Whereu is thefriction velocity (explainedin section2.1.3),k is thevon Karman
constant,z the heightabove the surface and z, is the aerodynamiaoughness
length.

2.1.3 Monin-Obukhov Similarity Theory

With the four Monin-Olukhov key parametersa relation betweenthe vertical
behaior of dimensionlessnean o w andturbulencepropertieswithin the atmo-
sphericsurfacelayercanbe describedThesekey parametericlude:

z: theheightabove the surface;

%: thebuoyang/ parameteratio of inertiaandbuoyangy forces;

-: thekinematicsurfacestress;

Qvo = WIT,cthe surfacevirtual temperatureux,

whereg is gravitational acceleration, is a virtual temperature, ¢ is turbulent
stressat the surface, is air density Q¢ is a kinematicvirtual heat ux atthe
surfaceandwOT, is the covarianceof theverticalvelocity w with thevirtual tem-
peraturenearthe surfaceT,.

With theseparameters setof scalesfor the surfacelayer canbe de ned. One
of thesescalesthe friction velocity u , is of furtherimportancen this work and
shouldthereforebe mentionedlt is ameasuref turbulentsurfacestress.

u = (LW + vano): (2.3)

2.1.4 Atmospheric Stabilities

Atmosphericstability expressesiow muchthe atmospheras in equilibrium or
not. Threemainclassexanbeestablished:

stable: Warmerair residesover colderair. The areawherethe two layers
meetis calledinversion,becauseisually air getscolderwith rising height.
If anair parcelwould be lifted out of its original positionin stablestrati -
cation,it returnsto its original position.
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unstable: Colderair residesover warmerair. If anair parcelis movedfrom
its original position,it keepsmoving in thatdirection.

neutral: Here the changeof temperaturewith heightis identical to the
temperaturéossdueto expansiorwith increasingheight. Thusanair parcel
lifted from its original positionwill stayatits new position.

Atmosphericstabilityis classi edby the Obukhov-Length. This parameterelates
dynamic,thermalandbuoyantprocesses:

usT,
kgQuo

wherewherek is the von Karmanconstant,u is the friction velocity, g is the

gravitational accelerationT, is thevirtual temperatureandQ, is the kinematic
virtual temperatureux atthesurface.Thevirtual temperaturd, is the potential

temperaturg¢hatdry air would have if its pressurenddensitywereequalto those
of a given sampleof moistair. The potentialtemperature is the temperature
thatunsaturatediry air would have if broughtfrom its initial stateto a standard
pressure.

The relation betweenheightabove the surfaceand Obukhov lengthz=L is zero

for staticallyneutral,positive for stableandnegative for unstablestrati cation.

(2.4)

2.1.5 Fluxesin the Boundary layer

The setof equationsuild by the Monin-Olukhov similarity theoryandthe hy-
pothesighatthe ux esin the surfacelayerareuniformwith heighthelpto deter
minethe momentumux, sensibleheat ux, and ux esof watervaporandother
gaseswhich describethetransportn theatmosphere.

2.2 Measurementof Fluxes

2.2.1 Eddy Correlation Method

Theturbulentpartof ameasuredignalis oftenquite smallcomparedo themean
partandhighly uctuating. It is usedin the eddy correlationmethod,in which
ux escanbedescribedy the correlationof two values.
For theexampleof heat ux, thisconnectiorcanbe easilyillustrated.
Considertwo layersof air, the one on top colderthanthe otherasvisualizedin
g. 2.1.

A parcelof warmerair from beneathbegins to rise into the layer of colder
air. Therelative temperaturés positve, becausehe surroundingair is colderand
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Figure2.1: Two layersof air differing in temperature Movementof air parcels
up anddown.

therelative heightis positive aswell, becauséhe air parcelhasrisen. For colder
air, sinkingdown into the layer of warmerair, thetemperaturaifferenceandthe
heightdifferenceare both negative for respectre reasons.For both movements
the productof temperatur@andheightdifferenceresultsin a positive value,which
seemsensiblepecauséeatis transportedipwardsin bothcasesTo describeall
the ux of heatbecausef turbulenttransportonecansumup all movementsup
anddown, endingin the meanvalueof all temperatureandheightproducts.This
is proportionalto the heat ux.

HeatFlux w0 © (2.5)

Becausef the high uctuation of the usedturbulentcomponenthigh resolution
measuremenigrecrucial.

2.2.2 Ultrasonic Anemometers

The standardnstrumentfor wind speedneasurements a cup anemometemus-
ing the dragforce of the wind to measurdts speed. Cup anemometersisually
producemeasurementaluesin intervals of a few secondsbecaus®f theinertia
of thedevice,which cannotinstantlyreactto anchangen wind speed.Thisis not
sufcient for turbulencemeasuremenwvhich may changemuchfaster Addition-
ally, cupscanonly measurghe horizontalwind componentsvith oneinstrument.
Anotherwind speedmeasuringnstrument,the ultrasonicanemomete(further
referredto as"sonic"), canmeasureawith a resolutionof up to 50 Hz for modern
instruments.This is very usefulfor high resolution ux measurement®esides,
sonicsareableto measurehethree-dimensionakind vectorandthetemperature



with oneinstrument.
A sonicbasically consistsof transducelpairs, betweenwhich ultrasonicsound
signalsaresentbackandforth. Thewind componentlongthis pathchangegshe
speedf thesignal,dependingnthesignalsdirection. Thisleadsto aruntimede-
lay betweerthe differentdirectionsof the signal. With knowledgeof thedistance
betweenrnthetransducerghewind speedof the air volumebetweerthe transduc-
erscanbecalculatedyith theruntimedelay If t; istheruntimeto, t, theruntime
backto ands is the distancebetweenthe transducersthe wind speedv canbe
calculatedasfollows: s 1 1

V= 2(,[1 tz) (2.6)
If threedifferentlinearindependenmeasurememnathsareused,a threedimen-
sionalmeasuremens possible.
While the lack of moving partsmake them low-maintenancenstrumentseach
sonichasto be calibratedcarefully The supportingstructureandthe transducer
headsof thesonicdoin uence theair o w in themeasurementolume. This has
to beconsideredf measuremerdataof ultrasonicanemometerareused.

2.2.3 Calibration of Ultrasonic Anemometers

As mentionedthe supportingstructureandthe transducepairsof the sonic aw

the measurementFig. 2.2 givesa closelook at the disturbingprobehead. A

measurememnhadewith anuncalibratedsonicis shovn by g. 2.3. Thesymme-
try of the probeheadwith the threestrutspositionedin 120 degreestepsclearly
shaws. Deviationsup to 10 % from the actualwind speecdarefound. This clearly
indicatesthe needfor correctionof theraw sonicdata.

Flow Distortion in the Instrument

In the courseof ultrasonicanemometedevelopmentseveral studiesin the possi-
bilities of calibrationweremade.
Wiesner(2001)andWyngaard/Zhand1985)focusedon the disturbingin uence
of the transduceresign. The sensorsf the sonicsusedin this work, which
will be describedn section2.2.1,are streamline-shapedlhey shoved thatthe
socalledtransduceshadaving effect causedy streamline-shapeansducerss
very smallin comparisorto the o w distortionmadeby the whole sonic. Thus
their effect canbe neglected.

Otherstudiesdealwith thedisturbanceausedy the sonicitself. A methodused
by GrelleandLindroth (1994)seemdo work quitewell in all threespatialdirec-
tions. They usea representatiomf the distortedcomponenbf the wind vector
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Figure2.2: Probeheadof the employed ultrasonicanemometersPositionof the
transducepairsandthe supportingstrutscanbe easilyseen.

by a linear combinationof the undistortedwind componentandspeci ¢ coef-
cientsasdevelopedby Rotach(1991). Theselinearcombinationgouild a system
of equationswhichin matrix notationhasa coefcient matrix. To calculatethese
matrix coefcients, a systemof linear equationsusingtheoreticaland measured
wind component$asto besolved.

Others(for exampleBUBBLE (2004))useda speci ¢ correctionmatrix, directly
basedon measuremendatafrom a calibration measuremenin a wind tunnel,
comparedo a referencemeasurementysually recordedwith pitot tubes. This
methodis similar to the one Gill uses(seesection3.2.1.2),but featuresa wider
rangeof spatialcon gurations.
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Figure 2.3: Measuredwind speedas a percentagef the referencewind speed
over azimuthangle.Uncorrectedneasurementalues.

Correction of Mounting Err ors

Somemethodsspeciallyconsiderpossibleerrorsthroughtilting of thesonic. For
a long time the disturbed ow eld for wind speedswith a vertical component
was correctedby a so called"tilt correction”(Kaimal et al., 1969)which usesa
coordinateransformatiorto adjustthe measuredalues.

Basedon the discovery thatthe "tilt correction"methodwasincorrect(seeWyn-
gaard(1981)),new waysto representhedisturbedwind ux werefoundby him,
and an alternatve calibrationmethodwas evolved by Rotach(1991). Wilczak
(2000) comparedhreedifferenttechniquedor a tilt correction,resultingin the
conclusionthatthe methodof "PlanarFit", whichis explainedlateron, is prefer
able,if workingona at surface,whichis givenat offshorelocations.

Gashand Dolman (2003) developedan enhancementior an alreadycalibrated
sonic,for elevationangledargerthan20 degrees.

Most of thesemethodsrequirequite an amountof measuremendatato be ap-
plied. Grelle andLindroth measured full rotationunderelevation anglesfrom
-10to 10 degreesfor awind speedof 2 to 8 m/s. In the BUBBLE project,a full
rotationundereleven differentelevation anglesbetween25 and 25 degreeswas
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performedat wind speedgrom 2 to 8 m/s.

Planar Fit
ThismethodusesadifferentapproacHor thetilt correctionof ansonicanemome-
ter. Basicallythe meanstreamlineeld is comparedo themeansonlcsmeasure-
ments. For a tilted sonic, the meanstreamllnevalues U, canbe obtainedby
multiplying the measuredalues'u m With a rotary matrix P which transforms
‘U, into the streamlinecoordinatesystem.A p055|blemeasurememffset c of
thesonichasto beconsidered.

up=Plum ‘o) 2.7)

Themeanwind componentsirethus:

Up = P11(Um  C1) + Pr2o(Vin  C2) + P13(Wm  Cg) (2.8)
Vp= Por(Um  C1) + P22(Vin o) + P2a(Wi  Ca) (2.9)
Wy = Pa1(Um  C) + P22(Vim  C2) + Pa3(Wm  C3) (2.10)

Becausen themeanstreamlinecoordinatesystenmthe verticalcomponentwv, has
to bezero,we canconcludethat:

Wm = G+ @Um @vm = by + bl + vy (2.11)

P33 P33

Meanvaluesof somelengthof measuremeninterval (10 min in this work) are
takenandvia multiple regressiorthe parametersy, b, andb, arecalculated.All
component®f P canbederivedfrom theseparametershecausef relationsbe-
tweenthe turning anglesandthe p coefcients aswell asgeometricalrelations
betweenthe p andb coefcients. Detailedformulais given by Wilzcak (2000).
Oncetherotarymatrix hasbeenbuilt, themeasuremenaluescanbetransformed,
andturnedin meanwind direction,with a secondotationmatrix M :

0 _ 1
cos sin O
M=@ sin cos 0A (2.12)
0 0O 1

where =tan ! g—z

2.2.4 Translation from Laminar to Turbulent Conditions

What hasto be keptin mind is that recentresearch(Hogstromand Smedman,
2004)hasshawvn thatcalibrationof sonicswith symmetricalprobehead(like the
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onesusedin this experiment)underlaminar conditionsin a wind tunnelis not
necessariltransferabldo turbulent measurementonditionsin the eld. It was
foundthatthe wakesbehindthe supportingstrutsof the sonicbehae differently
underlaminarandturbulentconditions,andtheirchangen form andsizerequires
a slightly differentcorrectionmatrix for eachof thesetwo conditions. No cor

rectionmethodof this effectis available. In this work the correctionobtainedat
laminarconditionsareassumedo be a goodapproximationto o w distortionin

turbulentconditions.
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Chapter 3

Wind Tunnel Investigationof the
Ultrasonic Anemometers

3.1 Intr oduction

In chapterl it wasshavn that sonicsneedto be carefully calibrated becausef

the o w distortionproducedy thesupportingstructure Althoughthesonicsused
arealreadyprovidedwith afactory-installectalibration,it is still importantto in-

vestigatethe quality andvalidity of this calibration.

Thereforein this chapterthe sonicsusedon the researctplatformareinves-
tigatedin the wind tunnelbeforeinstallation. The aim is to detectand correct
possibleerrorsin the factory-installeccalibration. The main focusis on the fact
thatthefactoryinstalledcalibrationof the sonicwasdevelopedonly for the hori-
zontalcomponentandno tilting wasconsideredDeviationscausedy a vertical
tilt shouldbe obsenred carefully

Becauseof thetime scheduléfor installationon the platform, only very lim-
ited time wasavailablefor thewind tunnelmeasurement3.hereforea calibration
methodwasdeveloped which needednly few measurements.
Thevariablesmportantfor aninvestigationaretheangleof attack(azimuthangle

), thetilting angle(elevationangle ) andthewind speedU). Thesevariables
canbevariedin thewind tunneltestsetupandcontritute to the behaiour of the
sonic.

Variationof thesevariablesin a resolutionof 1 degreeand 1 m/s stepsleadsto
nearly half a million measurementfor the characterizatiorof onesonic. Even
with anautomateaneasuremengrocessthisis impracticalandit wouldbeprefer
ableif the numberof measurementseededcould be decreasedThereforepos-
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sible symmetriesand linear behaiour of the sonicfor someof the in uencing
variableshave to befound. This would not only beimportantfor the ef ciency of
thetestmeasurement$ut alsofor a possiblecorrectionof the calibration.

3.2 Experimental Setup

3.2.1 The Ultrasonic Anemometer
Description of the Ultrasonic Anemometer

The sonicsusedin this work arefrom Gill Instrumentd_td., model1210R3-50,
SN 255,273 and 274. They arereferredto as# 255, # 273 and# 274 in the
following. Their overall heightis 0.75m. The probeheadis symmetrical,the
threesupportingstrutsarefoundat 120 steps.A blueprintis shavnin g. 3.1.
Speci cationsaregivenin table3.1.

SonicModel Gill 1210R3-50

UltrasonicSamplingRate 50Hz

Wind SpeedRangeandResolution| 0-45m/s,0.01m/s

Wind SpeedAccuragy < 1%RMS

Wind DirectionandResolution 0-360 ,1

Wind Direction Accurag < 1

Temperatur&kange -40 to +60

Accuragy Range wind speedc 32 m/s
elevationangle< 20

Table3.1: Speci cationsof the Gill R3-50,takenfrom the datashegprovided by
Gill Instrumentd_td. (2001)

Calibration of the Gill R3

To calibratetheir sonics,Gill usesa purely empiricalmethod. Eachsonicis put
into a wind tunnel,andfor a full rotationat a constantwind speedof 7 m/sthe
outputof the sonicis measuredn onedegreesteps.Only horizontalcomponents
areaccountedor. Thesemeasurementaluesarecomparedo thereferencespeed
of thewind tunnel.Deviationsarelistedin atablefor eachazimuthangle.Thista-
bleis usedto applythecorrespondingorrectionfactorto the measurementalue
for eachazimuthangle.This correctionappliesonly to anelevationangleof zero
degreefor the sonic,andadditionallynotfor theverticalcomponentBesidesthe
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Figure3.1: Blueprintof thesonic,sideandtopview. Picturefrom Gill Instruments
Ltd.

deviationsareassumeahot to changewith changingwind speed.Fig. 3.2 shavs
a measuremendf wind speedover wind direction with an appliedcalibration.
Althoughit is muchbetterthanthe uncalibratedvind speedover wind direction
shawvn in section2.2.3,it still has aws.

3.2.2 Experimental Setup

The measurementsereproceededn the Oldenlurg wind tunnel. The wind tun-
nel hasanopenmeasurementolumeanda closedcirculatorysystem.The mea-
suringvolumeis 1.8x 1,0x 0,8m3. A sketchof thewind tunnelis shovnin g.

3.3. For moredetailedinformationaboutthe wind tunnelseeStabeandLangner
(1997)ancaninternalpaperfrom the Institutefor TechnicalandApplied Physics.
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Figure 3.2: Measuredwind speedas a percentagef the referencewind speed
over azimuthangle.Measurementaluescorrectedy Gill.

Theexperimentaketupis shavnin g. 3.4.

The sonicis mountedon a swivel armin the openmeasurementolume,with
its northdirectionpointingaway from thewind. Themountingallows afull rota-
tion (360 degrees)in the horizontalplaneto changethe azimuthangle. Variation
of the elevation angleis possiblethroughthe swivel arm, allowing tilting angles
from -35 to 35. Four pitot tubes,usedfor obtaininga referencesignal, are
mountedat the openingof the wind tunnel. Their pressuresignalsare corverted
into voltage signalsby electric pressuresensors. The measurementaluesare
registeredwith a datalogger (Ammonit, model P414),which collectsotherex-
perimentaldataaswell. Sonicanddataloggerareconnectedo a PCvia a serial
port. Theloggingfrequeng is 1 Hz for the datalogger 20 Hz for the sonic255
and273and10Hz for sonic274. Thedataof thesonicarerecordedy a software
provided by the manugcturer Certainoptionsfor logging canbe selectedn this
software. Thefollowing optionswereusedin this work:

ReportMode: UVW CAL (calibratedmeasurement the factoryinstalled
calibrationwasused)

SelectedAverage:theloggeddatais anaverageof 5 (sonic255and273)or
10 (sonic274)by the sonicregisteredmeasuredalues.

Axis Alignment: SFAR (u-componentis alignedto northalignment).

18
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Figure 3.3: Sketchof wind tunnelusedfor the measurementsakenfrom anin-
ternalpaperof the Institutefor TechnicalandApplied Physics

The experimentaketupusedherewashuilt by DeutscheNindguardGmbH.

3.2.3 Offset Measurementof the Pitot Pressue Sensors

Theelectronigpressuresensorfiave atemperatur@andair pressurelependenoff-
set. Thereforeaheadof every measuremerdn offsetmeasuremens conducted,
in orderto determinethe correctoffsetfor eachpressuresensor

For suchan offsetmeasurementhe pitot tubesarecoveredwith protectve jack-
etsandthe wind tunnelis shutdown. The offsetfor the correspondingressure
sensowalueis takenfrom the meanvalueof eachpitot tubemeasurement.

Pitot tube: Quality of Offset Measurement

Thequality of aoffsetmeasuremens determinedeforeit is applied.For thisthe
standardieviation of theseriesof measurement®r eachpitot tubeis considered.
A stablemeasuremeris indicatedby a standarddeviation belov 2.5hPa.
Largerstandardieviationsleadto differencesn wind speedf over0.1m/s. Pitot
tubeswith datashaving a standardieviation above 2.5 hPa, aresimply takenout
of the analysis becauseestshave shavn thata correctionof the deviating tubes
is not easilyobtained.
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Figure3.4: Testsetupof the sonicin thewind tunnel. To theleft mountingof the
sonicon the swivel arm, to theright detailsof the positionof the sonicheadand
the pitot tubesin thewind tunnel.

3.2.4 Data Collection

After determinationof the pressuresensoroffset the desiredwind speedis ad-
justedin thewind tunnelwith the sonicstill in northalignment.In this position,
the o w distortionof theinstrumenis smallest.Thenazimuthandelevationangle
of thesonicaresetto theaccordingvalues.Whentheair o w hasstabilizedagain,
the measuremeruf the sonicdatabegins. The measuremenastsat leastfor 30
secondsandis loggeddirectly on the computer Pitot tubemeasurementarecol-
lectedwith the datalogger They are downloadedat the end of a measurement
series. For theassignmentf sonicmeasuremerib the correspondingime period
in thedatalogger le, anindicatingsignalis used.Thisis switchedon duringthe
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measuremergeriodandloggedin the dataloggeraswell.

To reconstructhe 3-dimensionalvind eld, all spatialdirectionshave to be
measured Due to the limited time availablefor the calibration,only certainse-
lectedspaceanglesaremeasuredirom which onecanreconstruct behaiour for
thewind o w in all spatialdirections.

A completehorizontalrotation (variation of azimuthangle ) with an elevation
angleof zerodgyreeis takenatawind speeddf 10 m/sfor every sonic. Addition-
ally, certainsectorof thesonicwheremeasuredavith wind speed®f 5, 10and15
m/sandelevationanglesvaryingfrom -15 to 15 . If only a partof the horizontal
planewas measuredthe measurementslwaysfeatureda strutin the middle of
thehorizontalsector

For elevation angles,which variedfrom -35 to +35, two differentazimuthan-
gleswhereused:0 and60 (strutfacingwind o w).

Becauseo w behaiour aroundthe strutsseemto be the sensitve partin calibra-
tion, measurement&herefocusedon the azimuthanglesaroundthem. Higher
resolutionwasusedtheremostly.

Someseriesof measuremenvnly considercertainsectorsin the horizontal
planeof thesonic.In g. 3.5theusedpartitionof the horizontalplaneis shavn.
In theinternalcoordinatiorsystenof thesonicanegative elevationangleindicates

Figure3.5: Partition of the horizontalplane,N=northalignment

a o w from above, a positive elevationangleindicates o w from belav the sonic,
seealso g. 3.6.

Wind speeds representedly the magnitudeof thewind vector
In section3.6the measuremenesultsareshavn. To easilyindicatedeviationsto
the expectedvalues,sonicdatais displayedasa percentag®f the averagevalue
of the pitot tubes. If the differentsectorsof a sonic are measuredthe datais
plottedsectorwise ontop of eachother This representatiors chosendueto the
rotationalsymmetryof the sonic,azimuthanglesfrom 120 -240 and240 -360
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Figure3.6: Elevationangledirectionof theanemometer

correspondo azimuthanglesrom 0 -120 , asis shovn in section3.7.2.

3.3 Pitot Tube: Measurementof Wind Speed

As mentionedthe pitot tubesareusedasa referencesignalfor the measurement
dataof the sonics. Henceit is necessaryo nd a way to calculatewind speed
from themeasuredair pressureWind speedandair pressureelateasfollows:

r—

V= Gl (3.2)

wherep is air pressureand is air density

Air pressuras calculatedrom eachpitot tube measurementyith respecto the
acquiredoffsetvaluesandsetupspeci c valuesgivenby personatommunication
with DieterWestermann:

p; = (measuredvalue offset) 15622 0:0049066
p. = (measuredvalue offset) 15620 0:0049059
ps = (measuredvalue offset) 15618 0:0049068
ps = (measuredvalue offset) 15619 0:.0049069

The air densityis calculatedfrom several meteorologicaldatacollectedby the

datalogger:
_ ki par v (ko T+ kj)
= T+ T (3.2)

ki = 0;34844kg=m® C=hPa
Pair = air pressurelhP a]
= relatve humidity [%0]

22



ko 0; 00252kg=m?3

ks = 0;02058%g=m* C
T = temperatur¢ C]

To 27315C

The coefcients k; to ks aretaken from the DeutscherKalibrierungsdienst
(2002).

Thesegparameteraregainedasmeanvaluesfrom 30 second®f measurement.
A nal correctionfactoris appliedto the meanvalue of the four pitot measure-
ments.Thisfactoraccountgor thechangen wind speedecausef theexpansion
of theair o w in theopensectionof thewind tunnel,aswell astheblockageeffect
the probeheaditself causesn theair ow. The correctionfactorwasprovided by
personatommunicatiorwith DieterWestermanr§2003).

V= (vi+ vo+ v3+ vy)=4 0:9935 (3.3)

As aquality controlmeasurethefour pitot tubemeasurementrecomparedvith

eachother If oneseriesof measurementdeviatesfrom the others,e.g. doesnot
t into arangeof 0.05m/swith theothermeasurements, is takenout of consid-
eration.

3.4 Fluctuations of Pitot Tube Data at Certain Wind
Speeds

Looking at the dataof theindividual pitot tubesat varyingwind speedsevealsa
noticeablebehaior of the rst two pitot tubesin a certainspeedangeasseenin

g 3.7. For wind speeddrom 7 to 10 m/s, the seriesof measurementshovs a
periodicoscillation,with a frequeng of approx. 0,33Hz (see g.3.8). Thefre-
gueng subsidesvith increasingvind speed.Thestrongesbscillationis obsered
between8 and10 m/s,at 7 m/sthe oscillationis still percevablein the standard
deviation, while for 11 m/sno differencen the standardieviationsfor the dataof
all four pitot tubescanbeseen.

With increasingwind speedall pitot tubesrecordstrongly uctuating data,but
only for the rangefrom 7 to 10 m/sthe dataof the rst two pitot tubesfeatures
the describedprominentdeviation. At otherwind speedghe uctuation is not
periodical.

However the meanvaluemeasuredby the pitot tubesis not altered.Deviationsof
themeanvalueareonly about0,01m/sfrom themeanvalueof thedataof all pitot

23



pitot tube 1
pitot tube 2

pitot tube 3
pitot tube 4

wind speed [m/s]

1~ 1 11111717 TrrTT T TT T
-100 0 100 200 300 400 500 8OO YOO 800 800 1000 1100 1200 1300

data points

Figure3.7: Plot of wind speedvs. time for differentwind speedsgpscillationof
the pitot tubedatacanclearlybe seenfor wind speedgrom 7-10m/s

tubes.Thereforethe obseredeffectdoesnotalterthe collecteddatasigni cantly.
A possibleexplanationfor thesephenomenas thatthe pitot tubespossess natu-
ral frequeng of approx.30 Hz, the samplingwith 10 Hz leadsto undersampling,
whichresultsin analteredsignalwith possiblythedetectedrequeng. Testshave
shawvn that the effect disappears the oscillationof the pitot tubesis prevented
(personatommunicatiorwith Dieter Westermani§2003)).

It shouldbementionedhatthe positionof the pressuresensoin uencestheperi-
odical oscillationaswell. It is possiblethatelectricaldisturbanceglay their part
in producingthis effect.

3.5 MeasurementUncertainty

It is in thenatureof measurementhatthey cannotbeabsolutelyaccurateSome
possibleuncertaintieswhich have to be consideredarelisted here.
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Figure3.8: Wind speedvs. time for a wind speedof 10 m/s, pitot tubesoneand
two show a periodicoscillation

3.5.1 Accuracy of Pitot Tubes

Becausethe pitot tube measurementare going to be usedas a reference the
measurementlatagainedhasto be accurate. As mentionedin section3.3, the
referencevind speeds calculatedrom the measureair pressureandair density
(seeequation(3.1)). Becausehe air densityis in uenced by temperatureair
humidity andair pressureuncertaintiesn theseparametersave to beconsidered
aswell. Via errorpropagtiontheuncertaintyof thewind speedalculationshavs
to beasfollows:

r

2 2
_ @ @
u ap P T e
.
2 2
_ @ @ 2 @
= a Pt @ T+ @
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The partial dervationscanbe calculatedrom equationg3.1) and(3.2). For an
accuray of 1 degree/hRP% in the temperature/aidensity/airhumidity measure-
ments,an accurag of 0.2 % occursfor the measuremendf wind speed. These
accuraciesirerealisticfor thesewind tunnelmeasurementsesultingin a satisfy-
ing accuray for areferencaneasurement.

3.5.2 Homogeneityof Wind Tunnel

Theair ow producedn thewind tunnelis only valid asa referencewnind speed
if it is laminarandhomogeneousThe homogeneityandhencethe quality of the
Oldenhurg wind tunnelhasbeenveri ed in measurementsiadeby the Institute
for TechnicalandApplied Physics(ITAP), seeStabeandLangner(1997)for fur-
ther details. Both deviationsfrom the meanwind speedandturbulenceintensity
have beenmeasuredBoth resultsarelistenedin tables3.2and3.3.

A laminarcoreof the o w is found,dependingn sizeonthedistanceo the open-
ing. Theheadof thesonicandthe pitot tubesareplacedin thelaminarcoreof the
ow eld, sothepitot tubescanbeusedasareferencesignal.

openingof thewind tunnel[m] | max. deviation[%] | sizeof corem?]
0.14 0.2 0.95x 0.75

0.5 0.2 0.95x 0.65

1 0.2 0.85x 0.55

15 0.3 0.75x 0.5

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

openingof thewind tunnel[m] | max. turbulenceintensity[%] | sizeof corejm?]
0.145 1.2 0.95x 0.65
0.5 1.3 0.80x 0.53
1 1.3 0.65x 0.35
15 1.6 0.30x 0.25

Table3.3: Turbulenceintensityof thewind tunnelfrom StabeandLangner(1997)

3.5.3 Mounting Err ors of Sonic

Althoughmountingof asonicontheswivel arm- or ary othersupportingstructure
for thatmatter- is conductedwith greataccurag, thereis still a possibility, that
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the mountingleavesthe sonicnot truly vertical or shiftedin respecto the north
alignment.While ashiftin thenorthalignmentcanbecorrectedandis easilyseen
if onecompareshe adjustecandmeasureadvind directionof the sonicin awind
tunnel,atilted sonicmustbetreatedcarefullybecausalthoughits tilt is noteasily
seenfrom measurementalues,it changeshemconsiderably
It mustbe distinguishedetweera sonictilted to a vertical axis of rotationanda
tilted axis of rotation.
Forasonicwhichis tilted with regardto theverticalaxisof rotation,thedeviations
expectedin all threecomponentgrea sinefunctions. A maximumoccurswhen
the tilt of the sonicampli es the vertical wind speed,while 180 degreeslater,
whenthe tilt attenuateghe vertical wind speed(whereit can be most clearly
seenbecaus®f therelatvely smallvalueof theverticalcomponentpsthe other
componentsaswell. Becauseof the rotation of the sonic, the deviation does
not behae linearly betweernthe maximaandminima. Onehasjust to recall the
derivationof the sineandcosinefunctionvia a vectorrotatingin the unit circle.
If the axisof rotationitself is tilted instead a steadyoffset for the wind speeds
expectedin all threecomponentsbecausehe axis of rotationandthereforethe
sensor®f thesonicstayin aconstantingleto thewind eld andthetruevertical
axisof rotation.
Section4.4.1dealswith the correctionsappliedto correctthe mountingerrorin
thewind tunnelmeasurementn section2.2.3.2thecorrectionof this effectin the
eld measuremerns described.

3.5.4 Uncertaintiesat Low Wind Speeds

As shavnin g. 3.9, measurementbelov a wind speedof 5 m/s arevery im-
precise.This resultsfrom the measurementangeof the pressuresensorandthe
dependencef wind speedandair pressureThesemeasuremeni@rengglectedin
thefollowing study Above 5 m/sreliablemeasurementsanbe made.

3.6 Results
3.6.1 Wind SpeedDependentResponse

Wind speeddrom 5to 17 m/saremeasuredvith sonicandpitot tubesin thewind

tunnel,aplot of thesemeasuremenis shovnin g.3.10. Intah 3.4thedifference
betweernthereferencevind speecandthe wind speedmeasuredby the sonicsare
shavn. As canbe seenthe measuredvind speedexceedshe allowed deviation

of 1% of theactualwind speedor thesonics# 273and# 274.
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Figure3.9: Wind speed®f all sonicsasapercentagef thewind speedmeasured
by thepitot tubes for wind speedg$rom 1 to 17 m/s. For wind speed$elov 5 m/s
theaccurag of themeasurements very bad.

3.6.2 Azimuth Angle DependentResponse:Horizontal Com-
ponent

No Elevation Angle

For wind speedof 5, 10 and15 m/seitherafull horizontalrotationor arotation
from 0 to 120degreess conducted.

Fig. 3.11shaws the responseof a sonicfor a full horizontalrotationat 10 m/s
for sonic# 255 asexample. The behaiour of the othertwo sonicsis similar. A
strongpeakaroundl2 degreesin front of eachstrutcharacterizethe responsef
all sonics.Theratio betweerthewind speedmeasuredy the pitot tubesandthe
sonicsliesin arangeof a 0.5 % deviation for the otherazimuthangleg(takenthe
offsetof sonic# 273and# 274in account).

Positive elevation angle

For a elevation angleof 10 and 15 degreesthe sonicis rotatedfor 360 or 120
degrees.
In arangeof 30 aroundeachstrut, the sonicdatafalls off in comparisorto
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Figure3.10: Wind speed®f all sonicsasapercentagef thewind speedneasured
by the pitot tubesversusreferencevind speedfor wind speedsrom 5to 17 m/s.

the pitot data. The progressiorof this deviation is characterizedy two peaks,
betweenwvhichaminimumlies.

Fig. 3.12 shavs measurementsmadewith sonic# 273 as example. The same
behaiour canalsobe seenin measurementadewith sonic# 255 and# 274.
Comparisonsitelevationanglesof 10 and15 degreesshav from sonic# 273that
the elevationgrows with growing elevationangle.Seealsosection3.6.4.

Negative Elevation Angle

Negative elevationanglesof -5 , -10 and-15 areusedto obsere theresponse
of thesonicsfor arotationof 360 orfrom0 to 120 .

The datagenerallyfeaturesa strongdeviation in therangeof 10 aheadof each
strut. It seemghat the deviation increasewith ascendingvind speedand tilt,
thoughtherearedifferencedetweerthe sonics.

Fig. 3.13shawvs datafor sonic# 255, which is exemplaryfor the experienced
response.
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sonic | horizontalalignment| difference:sonic/ pitot tubes[%]
averagevalue

#255 | 0 0.48
#273 | 0 1.41
#274 | O 1.05
#274 | 60 151

Table3.4: Sonicmeasuredvind speedasa percentagef pitot tubemeasuredfor
wind speedgrom 5to 17 m/s.

3.6.3 Azimuth DependentResponseVertical Component

Becausehe vertical componenis totally uncorrectedrom the manufcturer a
speciainterestiesin thebehaiour of thiscomponentEvery singlemeasurement
shaws the samebehaiour, anexampleis shavnin g. 3.14.Deviationsof about
0.1 m/sarefoundfor a verticalcomponeniwhenthe elevation angleis 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
behaiour canbeassumedaswill beshowvn in section3.7.2.

3.6.4 Elevation Angle DependentResponse:All Components

For aconstantvind speedf 5, 10 or 15 m/selevationanglesrom -35 to 35 are
adjusted.

In con gurationswith anazimuthangleof zerodegrees,deviationsexceedingl

% of the referencespeedonly exist for large positive elevation angles,beyond

20 dggrees. For an azimuthangleof 60 degrees,strongerdeviations are found,

for elevation anglessmallerthan-15 degreesand biggerthan 20 degrees. Fig.

3.15shaws theresponsaf sonic# 255. Onthewhole,only for elevationangles
having a magnitudeof 15 andmoredegreessigni cant deviationsareregistered,
thesedeviationsincreasawith anazimuthanglenear60 degrees.

3.7 Conclusions

3.7.1 Overall Calibration Factor

As presentedn section3.6.1,wherethe wind speeddependentesponseof the
sonicsis shawn, it canbe seenthatthe measuredavind speedor the sonic# 273
and# 274differsfor morethan1% of thewind speedmeasuredy thepitot tubes.
Theseobsenrationsareconsistentvith othermeasurements.
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Figure 3.11: Sonic# 255: wind speedas a percentagef the referencespeed
versusazimuthangle,no elevationangle.

Asthisexceedgheaccurag of wind speedyivenin thespeci cationsof thesonics
(seetable3.1)acorrectionshouldbe appliedto thetwo sonics.

In caseof # 273 the overall calibrationfactoris about1.41% of the wind speed,

for # 2741t is 1.05% far from a strutand 1.51 % neara strut. Althoughthere

seemdo beaslightwind speeddependence the overall calibrationfactor(see
gure 3.4), nowind speeddependenbverall calibrationfactorhasbeenchosen,
becausaot enoughdatais availableto verify this dependence.

3.7.2 Symmetriesand Linear Behaviour
Variation of Azimuth Angle

The symmetryof the probeheadis re ectedin a 120 periodicbehaiour for the
horizontalandverticalcomponentandthe magnitudeof thewind vectoraswell,

but for reason®f geometrynot for thesingleu andv componentsvhich follow a
sinerespectrely cosinefunction, onewavelengthrelatingto a full rotation. The
periodicbehaiour is shavnin g. 3.16for the magnitudeof thewind vector It

canbe seenthat dervationsbetweenthe differentsectorsarerathersmall. The
mostprominentfeaturesare a peakat approximately48 degreesazimuthangle.
Thesefeaturesarevisible for all threesections.
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Figure 3.12: Sonic# 273: wind speedas a percentagef the referencespeed
versusazimuthangle,positive elevationangle.

Variation of Elevation Angle

Thevariationof elevationangless notsymmetric responsefor positve andnegy-
ative elevation anglediffer totally, ascanbeeseenin section3.6.2.2and3.6.2.3.
A possiblereasorfor this is the differentpositionof the sonicin the ow. For a
positive elevation angle,the air o ws directly over the supportingrod on which
the probeheadrests. Herethe o w is constrictedn front of the probeheadand
widenswhile passingit, resultingin a lower wind speedthan without the dis-
turbance.For a negative elevation angle,the air is constrictedwhile passingthe
probehead resultingin ahigherwind speed But anearlylinearbehaior between
neighbouringelevation anglesmight be concluded.For the vertical component,
anothereffectcanbeobsened.In g. 3.17it canbeseenthattheelevationangle
seemdo in uencethepositionof thenodeof thedata.lt is shiftedtowardsthepo-
sition of the strutfor positive elevationsangles.Only for elevationsangleswhich
exceed 10deyreesthisbehaiouris clearlyshavn. It is especiallypronounced
for an elevation angleof 15 degrees,whereevery sonicsshaws a clear shift to
higherazimuthanglesof the nodesin comparisorto otherelevationangles.Un-
fortunately dueto limited time availablefor the wind tunnelmeasurementsot
enoughmeasurements thisrangewheremadeto make afundedstatemen&about
aconnectiorbetweemodepositionandelevationangle.
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Figure 3.13: Sonic# 255: wind speedas a percentagef the referencespeed
versusazimuthangle negative elevationangle.

Dependenceon Wind Speed

For alaminar o w, the dependencen wind speeds linear. But the o w distor
tion methereis farfrom laminar thusthe behaiour of the o w is hardto predict.
Theturbulentwind eld andthewakes,building behindthe supportingstrutsof
theanemometercausea highly complex processwhich cannotbedescribedn a
linearway.

To investicgatehow wind speedn uences, the vertical components normal-
izedwith thereferencewvind speedcomparedor differentwind speedsata x ed
azimuthandelevationangle. Thetilt correctedvertical componenimeasuredy
the sonicis plottedover the referencespeedmeasuredby the pitot tubes.For az-
imuth anglesof zeroand 60 degrees severalwind speedmeasurementsxist, as
alreadypresentedn section3.6.1.

For an azimuthangleof 60 degrees,the behaior resembles nearlylinear
behaiour, the sonicsresponsdor # 274is shovn in g. 3.18,the sonics# 273
and# 255shaw a similar behaiour.

Basedon the measurementsiade,it is possibleto derive anapproximatebe-
haviour of thewind speedhatmeetshe obsenationsmade.Looking atthe phys-
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Figure3.14:# 255, vertical componenversusazimuthanglefor a wind speedf
10m/s,noelevationangle

ical backgroundiescribinghesephenomenaevealsa highly complec theory No
trivial theoreticalsolutioncanbe found quickly, a sufcient analysiswould ex-
ceedthe scopeof this work by far. Becauseempiricalandtheoreticaimethodso
nd asolutionshow to be problematic at leastan approximatedescriptionof the
behaior obseredis quite satisfying. The simplestsolutionis a linearin uence
of wind speed. For azimuthanglesof strongdeviation, this solution meetsthe
obsenationsmadenearlyperfectlyasseenin g. 3.18.If verticalcomponent®f
differentazimuthanglesandwind speedsrenormalisedwith thereferencevind
speedtheresultis quite corvincing,ascanbeseenn g. 3.19.

3.7.3 Deviations

Theresultsfor all threesonicsinvestigatedareconsistentComparisondetween
differentseriesof measurementst pointsof similar con gurationresultin corre-
spondence.

Deviationsarefoundaroundhestruts.For noor negative elevationangle astrong
peakaheadof the strutis found, which increasesvith growing elevation angle,
seenif datain section3.6.2.1is comparedo 3.6.2.3. For positive elevation an-
gles,asymmetricadeviation is foundaroundthe strut,which doesnotdependso
clearlyonthe magnitudeof the elevationangle(compare3.6.2.2).
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Figure3.15: Sonic# 255: wind speedasa percentag®f referencespeedversus
elevationangle,variationof elevationanglefor differentwind speeds.

The disturbingin uence of the strutcanalsobe seenin section3.6.4,wherethe
responsshavs atotally differentbehaiour for azimuthanglesof 60 degrees Al-
thoughvariationof the elevation angleshavs no strongdeviationsfor elevation
anglesof magnitudesqualor smallerthan 15 degrees,it canbe obsenedin sec-
tion 3.6.2.3thatevensmallerelevationsangledeadto anincreasingdeviation.
Thethird dimensionwhich is not consideredn the factoryinstalledcalibration,
in uencesthe calibratedmeasuredlatawhich makesa re-calibrationnecessary
Evenfor a2-dimensionameasuremerdonstellatiorthe deviationsriseabove the
allowed 1% of the wind speed sincethe perturbationcausedy the strutsis not
completelycorrectedby the factoryinstalledcalibration. For the vertical wind
speedt is seerthatit hasto becorrectecaswell.
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Figure3.16: Sonic# 255: wind speedasa percentag®f referencespeedversus
azimuthanglefor all threesectorsof the sonic,wind speedl0 m/s, no elevation
angle.

Figure3.17: Sonic# 255:tilt correctecandnormalizedverticalcomponentersus
azimuthanglefor differentwind speeds.
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Figure3.18: Sonic# 274: vertical componenversusvpii: , azimuthangleof 60 ,
elevationangleof zero.Thesolidline shavs alinear t of themeasuremerdata.

Figure3.19: Sonic# 255: normalizedvertical componentrersusazimuthangle,
no elevationangle triangleswerescaledirom 10 m/s,squaregrom 15m/s
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3.8 Outlook

A few phenomenaccurredwhich werenot discussedurthermoren thisthesis,
but might be of interest:

The oscillationin the pitot tubedataasdescribedn section3.4: Although
thenaturalfrequeny seemso bethesourceof this phenomenorstill elec-
trical effectswerefoundto in uence aswell. It might be worth to investi-
gate,whetherelectro-magnetieffects of the experimentalsetupin uence
in adisturbingway.

A deviation of the adjustedazimuthangleandthe azimuthanglemeasured
by the sonicwasfound. Becausdhe measure@ngleshaved morehomo-
geneouslatathesevalueswereused.Possibilitiesfor this differencemight
be a slight misalignmentof the anemometemn the setup,or imprecisead-
justmentof the azimuthanglein the measurements.

The nodeshift of the vertical componenbbsenred for differentelevation
anglesshouldbe investicatedmore closely A connectionbetweenthese
couldprovide helpful informationfor furthercorrectionof the sonic.

Althoughthe wind speeddependenceould be assumedslinearasa rst
approximationgamorecomple investigationshouldgetcloserto theactual
behaiour.

As a recommendatiorfor future measurementsMultiple measurements
shouldbe conductedo minimize measuremengrrors. Additionally it is
advantageouso usethesamecon gurationfor differentsonics andto mea-
surethefull scopeof 120degreeswith a ne resolutionaroundthe struts.

Automationof the measuremergetupimprovesthe measurementa great
deal.
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Chapter 4

Calibration of the Ultrasonic
Anemometers

4.1 Intr oduction

It hasbeenshavn in Chapter2 thata correctionandextensionof the factoryin-
stalledcalibrationarenecessary
Most correctionmethodsneeda large amountof measuremendata(seeChapter
2.2.3).Becausef time limitations extensve measurementsherenot possible a
calibrationmethodwas developedwhich requireslessmeasurementsiddition-
ally the methodhasto baseon measurementsot on a physicaldescriptionof the
o w effectsaroundthe sonic. This is becauseghe phenomendound resultfrom
physicsfartoo comple to be discusse@dequatelyn this work.

4.2 Description of the Correction Method

The methodusedherearelookup tables,similar to the methodGill Instruments
used,asdescribedn section3.2.1.2Unlike Gill, the vertical componentswell
aselevationangleddifferentfrom zerowhereaccountedor.

Becausef the few measurementsecessaryit differsfrom the methodsevolved
by GrelleandLindroth andthe BUBBLE project,wheremuchmorespatialcon-
gurations areneeded.

For thetilt correctionof the measuremerdatathe methodof PlanarFit wascho-
sen,becaus®f theadwantageshe methodprovidesandbecaus®f thenumberof
measurementsom the measuremerglatformwill be quite high. The correction
of GashandPolmanfor large elevationangleswasnot applied,but elevationan-
gleslargerthan20 degreesarevery seldom.

For the correctionof the o w distortionusewas madeof the 120 degreesym-
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metry of the probeheadfor the spatialcomponentsaswell asthe approximately
linear behaiour for differentwind speeds.For positive, negative and no eleva-
tion angles,differentlookup tablesare used(seechapter2). Sofor eachsonic
exist nine lookuptables: a setof threefor eachpositive, negative andno eleva-
tion angle.For eachdistinctelevationorientation a correctiontablefor horizontal
andverticalcomponentsaiswell astheazimuthangleexist. The usageof the 120
degreesymmetryreducegshe measurement® onethird for eachazimuthdepen-
dentmeasurementhe linearity of wind speedmakesit possibleto useonly one
representae wind speedandfor differentelevationanglesonly prominentcon-
gurations for a positive andnegative elevation angleanda con gurationfor no
elevationanglehave to beused.

Thelookuptablescontainthe correctionfactorwhich hasto beappliedto thenor-
malizedmeasurementalue,accordingo the currentazimuthangleandelevation
angle.

Thecompletecorrectionprocesss describedn thefollowing.

1. At rst thethreecomponentsu,v,w) of thewind vectorarecorrectedor tilt
errorswith the PlanarFit method.

2. Thewind vectoris turnedinto the mainwind direction.
3. Detrendingof thewind vectorsthreespatialcomponentss conducted.

4. Thenthewind vectoris split up in its horizontalandvertical spatialcom-
ponentsandthe wind directionis derived, to make useof the 120 degrees
symmetryof the probehead.

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

6. Thecorrectionis appliedto themeasurementalue.

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

8. A fully correctedwvind vectorexists.

As canbe seen the whole correctionprocesscanbe separatedn threecompo-
nents:tilt correctiondetrendingand o w distortioncorrection.
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4.3 Detrending

While the methodof PlanarFit and o w distortioncorrectionhave alreadybeen
discussedanimportantcomponenthe"detrending“hasto be explainedstill:

Only the turbulent part of the measuremeris of interestin ux measurements.
But becausea generalrise of the wind speeddoesnot contrikute to ux es, but
addsto the differencebetweena measuremenvalue and the meanvalue of a
measuremenhtenal. It mustnotbe mistalenasaturbulentdeviation. Therefore
the generaltrend of the obsened variable hasto be considered: The trend of
the measuremenintenal is calculatedvia linear regression. The trendis then
subtractedrom the measuremenigaving a measuremenivhich deviationsare
purelyturbulent.

4.4 Determination of the Lookup Tablesfrom Wind
Tunnel Measurements

The calibrationdependsasthe measuremeritself, on threevariables:azimuth
angle, elevation angleand wind speed. For the wind speeda nearly linear be-
haviour could be shavn, aswell asit wasshawvn that for positve and negative
elevation anglesdifferentcorrectionsare needed. The correctionis linearly de-
pendenton the magnitudeof the elevation angle. Thusthe threesetsof look up
tablesarefor elevationanglesof -15,0 and+15 degrees.For elevationanglesex-
ceedingthe magnitudeof 15 degreesthe correctionwasnot interpolatedurther,
but the correctionfrom the corresponding 15 degreeelevationanglewasused.

For eachsonic,the setof threelookuptablesfor threedifferentelevationan-
glesis calculatedfor eachof the following componentshorizontalwind speed,
verticalwind speedandwind direction(=azimuthangle).

Beforetheselookuptablescanbe derived from the wind tunnelmeasurement
data,the dataitself have to betilt corrected.

4.4.1 Tilt Correctionof Wind Tunnel Data

As describedn chapter2, a possiblemisalignmenof the soniccallsfor a correc-
tion. The datatakenin the wind tunnelfeaturea sinusoidalbehaiour for every
measurementThis is especiallyobvious, if looking at the vertical component,
becauseof the high deviationsin comparisonto the small vertical component.
Thereforewe canassumehatthe sonicis slightly tilted to a vertical axis of rota-
tion. Differencesf approximatelyonedegreein the verticalangleleadto differ-
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encesof 0,1-0,2m/sin the vertical component.To correctthis, the theoretically
expectedsinefunctionis tted onthe measuremerdatafor eachsonic. Thefol-
lowing functionform is usedwithin this t:

y=a sin(b x+c¢+d (4.1)

with speci c coefcients a, candd. Theparametebhasthevalueof 0.01745and
representshe frequeng of the sinefunction, correspondingo the wavelengthof
2 , which equalsa full rotation. The coefcient d considerghefactthata slight
misalignmenbf the axis of rotationitself hasalsohappenediesultingin aslight
offset.

Fig. 4.1shavsthe t for sonic# 255asanexample.

Figure4.1: Sonic# 255: The vertical componentanda tting function plotted
over theazimuthangle,for ameasuremenwith no verticalangleatawind speed
of 10m/s.

After subtractinghesdunctions thedeviationsin all threesectorsof thesonic
shawn to be quite similar, all bearingthe sameoffsetfrom zero,seeg. 4.2. The
coefcients foundfor thethreesonicsareshavn in tah 4.1. Althoughit canonly
be seenclearly for the vertical componenttilt correctionmustbe appliedto the
otherspatialdirectionsaswell, becaus¢hey arealsoaffectedby thetilting.

After consideratiorof the tilt correctionthe lookup tablescan be built. If
for certaincon gurationstwo or moremeasurementseremade meanvaluesof
thesemeasuremeni@reused.
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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 coefcients for thetilt correctionfunction.The2 peri-
odicity of the tting functionshasbeenusedthusthedifferenceo thecoefcients
givenin g. 4.1.

4.4.2 Lookup Tablefor Horizontal Wind Speed

The magnitudeof the measuredhorizontalwind vectoris comparedo the refer
encehorizontalwind speedfor every azimuthangleandwind speedmeasured.
For this, differenceof the wind speedandthe vertical componentderived from
theadjustecklevationangleis subtractedrom thereferencevind speed.Thedif-
ferencebetweerthereferenceandthe measureavind speeds normalizedby the
referencewvind speedandafterthatusedin thelookuptableasa correctionvalue
for anormalizedwind speedor thatazimuthangle.To make useof the 120 de-
greessymmetryof the probehead eachazimuthanglebeyond 120 is subtracted
by 120, respectrely 240 if largerthan240 . This procedurealsoaccountdor
the steadyoffsetfoundwith sonics# 273and# 274,becausehederivationfrom
thereferencespeeds used.

If more measurementthan one are madefor a sector the meanvaluesof the
valueslying in thesameonedegreeinterval areused.

4.4.3 Lookup Tablefor Wind Direction (=Azimuth Angle)

Becausehe single horizontal componentsare calculatedfrom horizontalwind
speedand direction, and the measuredazimuthangle shavs differencesto the
adjustedone, correctionof this variableis necessaraswell. Differencesof the
measuredazimuthangle (derved from the two uncorrectechorizontalcompo-
nents)andtheadjustedazimuthanglearelistedin alookuptable. Thesonicangle
is correctedwith thesevalues.

4.4.4 Lookup Tablefor Vertical Wind Speed

Again, the differencebetweerthe referenceandthe measuredvind speeds cal-
culatedandnormalizedwith thereferencavind speed.Thereferencewnind speed
for the vertical componenis derived from the geometricakelation betweenthe
referencewind speedandthe adjustedelevation angle. The meanvertical wind
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Figure4.2: Sonic# 255: Theverticalcomponentvith andwithouttilt correction,
for a measuremenwith no vertical angle,at a wind speedof 10 m/s. No offset
appliedfor bettervisualization.

speedis addedor subtractedemulatingan elevation angle of zero degrees,to
enablea bettercomparisorbetweemmeasurementsf differentelevationangles.

4.5 Testingof the Calibration Procedure

Totestthecalibrationprocedureanadditionalmeasurementvasmaden thewind
tunnelat a constantwind speedof 7.17 m/s with variouselevation and azimuth
angles.Tah 4.2shavsthedifferentcon gurationsof azimuthandelevationangle.

After applicationof the calibrationprocedure several improvementscan be
seen.Themeanvalueof thewind vectordecreaseom 7.24to 7.22m/s,which
reduceghe overall deviation from 1 % to 0.7 %. Fig. 4.3 shaws the difference
of the correctedandthe uncorrectedvind speed.The differentcorrectionvalues
usedfor differentelevationanglescanbe seenvery clearly

Thestrongestmprovementcanbe seenfor the verticalcomponentwherethe
meanvaluedecreasefom 0.08m/sto 0.06m/s. Fig. 4.4shavsthedifferenceof
acorrectedandanuncorrectedrerticalcomponentThein uence of the different
tilt angleson the correctioncanbe clearly seenaswell. 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 the TestMeasurement

the differenceis heavily uctuating. This is becausehe azimuthangleleadsto
a positionin the lookup tablewith a very steepslope. Thussmall variancedor
azimuthandelevation anglesleadto strongdifferencesn the appliedcorrection
value.

Generally for a negative tilt angle,it would be expectedto measurea too high
verticalcomponenttheprocedureshouldiowerthemeasuredalue,whichit does.
And for a positietilt anglethe expectedise of the measurederticalcomponent
is foundaswell. As canbe seenthe enhancementf the calibrationcorrectsthe
measuremenis a sensiblevay andimprovesthe measurementguality.

4.6 Conclusion

Thecorrectionis notperfecte.g.doesnotreacha 0% error, but for themag-
nitudereducegsheerrorit hadbeforeandfor theverticalcomponentowers
it considerablyascanbeseenin sectiord.5

The calibrationmethodis basedon measurementsiadein a wind tunnel.
Possiblesrrorsof thismeasuremerarelistedin chapter2. Anotherproblem
might be the factthatthe behaiour of the o w in the laminarconditioned
laboratorycan not be exactly transferredo the turbulent conditionsmet
in eld measurementsGenerallythe methodcanbe usedfor every sonic
given,if measuremerntme is available.
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Figure4.3: Sonic# 255: Differenceof the uncorrectechindcorrectedvind speed
overtime.

Figure4.4: Sonic# 255: Differenceof theuncorrecte@ndcorrectedrerticalwind
speedbvertime.

46



Chapter 5

The FINO MeasurementPlatform -
Quality Control of Measurements

Beforeworking with the eld datagainedwith the measurememlatformFINO,

information aboutthe platform and the datacollectedshouldbe obsered care-
fully. At rst, ashortdescriptiorof the platformitselfis given,thesecondsection
dealswith thereliability of the measurediata.

5.1 Descriptionofthe FINO MeasurementPlatform

The FINO measuremerplatform, picturedin g. 5.2,is located40 km north of
theislandBorkumin the NorthernSea,see g. 5.1. Measurementareavailable
sinceAugust2003,althoughdataof the rst montharenot very reliable. In this
work, datafrom November2003to April 2004hasbeenused.

The heightof the measuremennastis 100m,with seven cantileverson each
side,alignedto north-north-westespectiely south-east-eagsee g. 5.3). Son-
ics, wind vanesandcupanemometerareusedfor wind speedanddirectionmea-
surements.

Theassemblyof the measurementstrumentson the mastis asfollows: cup
anemometeareinstalledon the onesideof the measuremennaston cantilever
armsat heightsfrom 30 to 100 metersin 10 m steps.Wind vanesandthe sonics
whereplacedalternatingontheothersideof the maston cantilever arms,sonicsat
40,60and80m,wind vanesat90, 70,50and30 m height. Additionaltemperature
sensorsvereplacedat 100,70,50and30 m height. Table5.1 shavs the position
of the sonicsatthe platform.

a7



Figure5.1: Map shaving the positionof the FINO measurementlatform (black
dot) in thenorthernsea from Germanischekloyd WindEnegie GmbH.

5.2 Quality Control of Measurements

The aim of this investigation wasto checkthe correctfunction of the ultrasonic
anemometerd-or this purposedataof thesonicsarecomparedo dataof thewind
vanedor wind directionandto thecupanemometerir wind speed Beforethat,
thereliability of thereferencanstrumentdasto betestedaswell.
Measuremendatafrom November 1stto 30rd 2003have beenusedfor thiscom-
parison. Only measurementlataof a minimum wind speedof 7 m/s areused,
becaus®f theuncertaintiesn measurementst lower wind speeds.

5.2.1 Reliability of the ReferenceMeasurements:Wind Speed

Comparedo eachother the cup anemometershav a consistenimeasurement.
The ratio betweentwo measurementbes generallybetween0.98 and 1.01. If
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Figure5.2: FINO measurementlatformin the northernsea,from Germanischer
Lloyd WindEnegie GmbH.

greaterdifferencesoccut the higher cup anemometemeasuresa higher wind
speedbecausef the vertical wind speedpro le. In g. 5.4 thesetwo typical
behaiours can be seen. Neverthelessa few glitchesare found. Over all, the
measurementseemconsistenenoughto beusedasa referenceneasurement.

5.2.2 Quality Control of the SonicWind Speed

Comparisonof the cup andthe sonic datashonvs good concordanceas canbe
seenin g. 5.5. Theratio of cupandsonicbeingfor mostwind directionsnearly
one, indicating good concordance.Two strongdeviations around125 and 310
degreesindicatethe in uence of the measurementnast. For 125 degrees,the
wind comesfrom the cup side of the mast, making the cups measurea much
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Figure5.3: Planview of themeasuremerglatform. Positionof cantileverscanbe
seenwell, from Germanischekloyd WindEnegie GmbH.

larger relative wind speedthanthe shadeved sonics. For 310 degreesthe wind
comesfrom nearlythe oppositedirection(it is not exactly 180 degrees because
thetwo cantilever armsarenot exactly 180degreesopposedsee g. 5.3),giving
thecupstheshadaev positionandconsequentlyhe sonicsarelatively higherwind
speedo measureComparedvith the groundplanof the platform,this behaiour
con rms thereliability of the sonicwind speedneasurements.

5.2.3 Reliability of the ReferenceMeasurements:Wind Dir ec-
tion

For the two wind vanesat 50 and 70 m height, the datachannelsusedare not
intendedfor direction measurement@ersonalcommunication:Tom Neumann
2004). This leadsto problemswith averagingaroundzerorespectrely 360 de-
greeswhich for exampleleadsto anaveragevalueof 180degreesnsteadof zero
if averagedbetween355and5 degrees.Anotherproblematicbehaiour evenfor
anglesnot closeto zerois seenfor threeof the wind vanes. If differencesbe-
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sonic | installedheightat platform
#255| 40m
#273| 60m
#274|80m

Table5.1: Installedheightof sonicsat measuremerglatform.

tweenthe measuredinglesare calculated one expectsto nd a constantoffset,
or a constanbehaiour for identicalcircumstancesBut whatreally is found,are
non-distinctshifting anglesfor thewind direction,shavn in g. 5.6. Theseshifts
areaboutoneto four degreesanddo not dependon wind speeddateor wind di-
rection(althoughthe effectonly occursfor certainazimuthangles).lt is seerthat
only the wind vaneat 30 m shavs a consistenbehaiour for all con gurations.
This doesalso manifest,if wind vanedirection measurementare comparedo
sonicdirectionmeasurements.

5.2.4 Quality Control of the SonicWind Dir ection

As we have seenn the previoussubsectionpnly thewind vaneat 30 m heightcan
be usedasareference Comparisondetweerthesedataandthe sonicdatashov
a constantshift in the sonicmeasurementsThis indicatesa misalignmentirom
north direction, which is correctablejf the right offsetis known. The shifting
anglesfrom north directionfor the threesonicsarelistedin table5.2. The val-
uesarein agreemenwith thosefound by the operatorof the platform (personal
communicationTom Neumann2004).

sonic | Shift from northalignment
#255| 54

#273| 277

#274| 29

Table5.2: Deviation of theinstalledsonicsfrom northalignmentyvalueindicates
positionof true northalignmentin soniccoordinatesystem.

If comparedvith thereliablewind vaneat 30 m, the sonicshavs arathercon-
stantshifting anglebetweerbl and53 degrees(measurementsn the instrument
positionshav a shifting angleof 54 ). Thein uence of the mastcanbe clearly
seenfor wind directionsaround125 degrees. For 310 degrees,not enoughdata
wascollectedto make areliablestatement.
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Figure5.4: Wind speedneasuredby cupanemometerat differentheightsover a
time spanof 2.5h .

5.2.5 Conclusion

The quality control of the sonicsdataby comparisorwith thewind vanesandthe
cup anemometershawv that the installedsonicsdeliver reliable measurements.
Without greaterconcernusingthis dataseemgusti ed.

Weaknessesf sereralmeasuremerinstrumentsespeciallythe wind vaneshave
to beconsidered.

For the sonics the shifting anglesfrom northalignmenthave to be accountedor,
additionally wind directionsleadingto shadeving from the measurementast
have to betreatedcarefully If notcorrectedthesemeasurementshouldbetaken
out of theevaluation,whichis donein thefollowing.

5.2.6 Data Selection

In thefollowing, measuremerdatafrom November2003,from the sonicsat40m
and 60m heighthave beenused. Following dayshave beenleft out, becausef
missing(m) measuremerdataor awed (f) measurementstOth (mf), 13th (m),
16th(m), 17th(mf), 21st(f), 22nd(f), 27th(mf) and30th(m) of November
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Figure5.5: Ratio of wind speedmeasuredy cup anemometeandsonicversus
wind directionfrom 0 to 360degrees.Thein uence of themeasuremenhastcan
easilybeseen.Sonic#255, meanvalueof cupanemometerat 30mand50m.

Figure5.6: Differenceof the wind directionmeasuredy the wind vanesat 30m
and50m.

53



Figure5.7: Differenceof sonic(40m)andwind vane(30m)wind directionmea-
surementersuswind vane(30 m) wind directionmeasurement.
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Chapter 6

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

6.1 Comparisonof Correctedand UncorrectedData

For a rst comparisonthe monthly meanvaluesfrom the correctedandthe un-
correctedmeasurementare shavn in tah 6.1. The changedor H are similar
for both heights therelatively large magnitudeof changeor H originatingfrom

thein uence of theverticalcomponentBecauseheappliedcorrectionmakesthe
largestrelative changedor theverticalcomponentthelargechangds notsurpris-
ing. Thechangedor u arerathersimilaraswell, butfor u hasto bekeptin mind
thata 10 minutesaverageof themeasurementsasusedto derive u , leadingto a
quitelarge samplingerror.

U changedlifferentlyfor eachheight,addingto the wind speedat 40mandlow-

eringit at60m. Themagnitudeof changds thesamethedifferentalgebraicsigns
might origin from slightly differentwind directions,which canleadto very dif-

ferentcorrectionvaluesat steepslopesof the lookuptable. The changeof z=L is
differentfor every height. The large differencecould be becausef the fact, that
the samplingerrorof u grows considerablywhenu is usedin thethird power,

asfor calculationof L.

For thefrequeng distributionsof U, H, u andz=L, nosigni cant trendcanbe
found, but the changesrevisible, aspicturedin g. 6.1for friction velocity and
sensibleheat ux.

If the differenceof the uncorrectedand correctedvaluesis plotted versusthe
wind direction,onewould expectto nd a periodicbehaiour for the difference,
becausehe strongestorrectionappliesaroundthe struts. This is con rmed for
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40m | corrected| uncorrected | changg %
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| changd %]
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 correctedanduncorrectedneasurement®yovember2003.

theratio betweertheuncorrectedindcorrectedvind speedn g. 6.2.
To visualizethe effect of the changesapplied,a plot of the uncorrectecandthe
correctedvind speeds shavnin g. 6.3.

6.2 Overview over Measured Data

A rst overview of thedatacollecteds givenby tah 6.1,wherethemonthlymean
valuesof wind speedsensibleheat ux, friction velocity andz=L arepresented
for the sonicsat40mand60mheight.

The wind speedat 60mis larger thanthe wind speedat 40m, thus shaving an
expectedbehaiour. For the other quantities,40m valuesare always belov the
60mones.This indicatesmoreturbulentmovementin theregion of 60m. For the
friction velocity, this is remarkablepecauser is a measuref theturbulenceof
the surfacestressandthereforeshoulddecreasevith growing height.

6.2.1 Time Series
Wind Speed

Thetwo time seriesof wind speedsneasuredy the sonicsat40mand60mare
plottedin g. 6.4. Both measurementareratherconsistent.The wind speedat
60mis predominantlyhigherthanthewind speedat 40m.
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Figure6.1: Frequeng distributionsfor friction velocity andsensibleheat ux at
aheightof 40m, correctecanduncorrectedralues November2003.

Friction Velocity

Comparingboth time seriesto eachother(see g. 6.11)shaws thatat a height
of 60mgenerallya higheru is measuredhanat a heightof 40m. Especiallyin
weektwo, the differences obvious. It would beinterestingo examinethe closer
circumstancesf this strongdifference like temperaturendwind direction. In
weeksoneandthree,thereare somesigni cantly differentsituations wherethe
measuremerat40mshawvsthe highervalues thesesituationsareseldomthough.

SensibleHeat Flux

The overall courseof the sensibleheat ux is quite the samefor both heights,
beinghigherat 60mthanat 40m mostly. For the rst two weeks,theheat ux is
mostly positive, indicatingheat ux from the waterto the air. In thethird week,
theheat ux is mostly negative. And in the lastweek,positve andnegative heat
ux arebalancedThescatterfoundfor 60mis muchhigherthanatthe heightof
40m,ascanbeeseenn g. 6.6.

z=L

Plottedversusthe time spanof the monthin g. 6.7, z=L shaws a consistent
behaiour. Forthe 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 behaiour is rathermixed, with large scattering.
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Figure6.2: Ratio of uncorrectecandcorrectedvind speedplottedversusthe un-
correctedvind direction,heightof 60m,November2003.

This agreeswith the measuredgensibleheat ux, whichis mostlypositive for the
rst two weeks,negative for the third week and mixed for the last week. The
connectiorbetweerthesetwo quantitiess describedn section2.1.4.

6.2.2 FrequencyDistrib ution

Thefrequeng distributionsfor U, u , H andz=L shaw the characteristicéound
in the alreadypresentedime linesandmonthly meanamoreclearly For friction

velocity and z=L the algebraicsignsare mostinteresting,becausehey charac-
terizedifferentatmospheribehaiour. Thereforefrequeng distributionsof these
two areshown.

SensibleHeat Flux

Thefrequeny distribution of bothheightsshavsthedominancef positive values
for H, similar for both heights,see g.6.8. This indicatesa dominationof heat
rising from thewaterin theair. This agreesvith the mostly unstableatmospheric
stability found.
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Figure6.3: Uncorrectecandcorrectedwind speedplottedversustime, heightof
60m,November2003.

z=L

As wasseenat the time series negative valuesof z=L dominate althoughsome
positive valuesare found aswell. This is identical for both heights. Here the
mostlyunstablestrati cation of theatmospheréor bothheightsis shavn, see g.
6.9.

6.3 Comparisonof Measurementsat Differ ent Heights

In theprevioussectionsalreadythedifferentheightswerecomparedo eachother
In this sectionthedaily variationsfor theheightsarecomparedo give abetterun-
derstandingf the daily processesTwo quantitiesbearingarecognizablaliurnal
cycle are presented.Additionally, the measurementat the two heightsare di-
rectly comparedo eachother Thisallowsto recognizdinearor othercoherences
easily
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Figure6.4: 10 min averagesf wind speedat 40mand60mversusthetime span
of themonth,November2003.

6.3.1 Diurnal Variation
Wind Speed

Meanvaluesfor eachhour of the day areshavn in g. 6.10. For both heights,
wind speedisesover the courseof the day having its lowestpoint at approx. 3h
in themorning.

Friction Velocity

Over the courseof theday, u behaessimilar at the heightsof 40mand60m. It
is characterizetby two minimaslightly after 3h andaround12handtwo maxima
around8h and19h. Thefriction velocity at60mis higherthanthe oneat40m,as
canbeseennin g. 6.11.

6.3.2 DirectComparison of Both heights
Wind Speed

If Usom is plottedversusUson, asin g. 6.12,it canbeseernthatthegenerakrend
is linear It shavs again, thatat 60m height,the wind speeds constantlyhigher
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Figure6.5: u gom andu 4om versusthetime spanof the month,November2003

asat40m,astheregion above thebisectingline is muchmorepopulated.

Friction Velocity

A tight coneshapas foundif bothfriction velocitiesareplottedagainsteachother
(g. 6.13). Thevarianceof bothriseswith rising friction velocity. More higher
valuesarefoundfor the heightof 60m.

SensibleHeat Flux

If plotted agpinsteachother(g. 6.14), a scattereccloud can be seen,which
shaws a linear behaiour for positive valuesof H andfor negative valuesH gom
hasa smallermagnitudethanH 4o, resultingin a nearly parableform. The be-
haviour hasto be examinedfurther for the negative values,becauseanot enough
measurementsherefoundwith negative valuesof H .

z=L

The two z=L comparedshowv for both positive or both negative valuesstrong
scatteringshavnin g. 6.15. Valueswhere60=L and40=L differ in algebraic
signsare more seldomand mostly closeto the origin. The scatterings strong,
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Figure6.6: Hgom andH 4om versuseachday of the month,November2003

becausef thelargescatteringn L itself, beingderivedfrom the 3rd power of the
friction velocity. Thefriction velocity hasalargesampleerror, whichis ampli ed
by thethird power.

6.4 Conclusion

For thein uence of the correctionmethod,the correctionchangedvecome
especiallyapparenfor theheat ux, mainly becaus®f theinitial correction
of the importantvertical component.For the other quantities,the change
becaus®f correctionis clearlyvisible aswell.

A longer averagingtime would reducethe samplingerrorof u . A less
scattered. couldresultfrom suchachange.

The measurementarefoundto be consistent.Changesn the atmospheric
stability arecon rmed by accordanthangesn heat ux for example.

After viewing the measurementst seemghat at a heightof 60m the at-
mospheras moreturbulentthanat 40m height. This is evidencedby the
higherfriction velocity and quite unusual. Furtherinvestication shouldbe
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Figure6.7: z=L for heightsof 40m and60m versusthe time spanof the month,
November2003

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

6.5 Outlook

After a correctionfor the employed sonicswasdevelopedandthe validity of the
measuremerdatais con rmed, further investication of the atmospherever the
northseashouldbe conducted.

Until now, only measurementsom the sonicsat40mand60m heighthave
beenused.Addingthethird sonicat80mheightwould completethepro les
for wind speedfriction velocity, heat ux andz=L. Especiallythefriction
velocity at 80mwould be of interest.

Adding moremeasuremerdatafrom differentmonthwould make it possi-
ble to look for seasonaVariation,especiallyfor the diurnal circlesandthe
atmospheristabilities.
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Figure6.8: Frequenyg Distributionsof H gg, andH 40, , November2003.

Figure6.9: Frequeny distributionsof z=L for heightsof 40mand60m, Novem-
ber2003.
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Figure6.10: Meanwind speedvaluesof both heightsversusthe time spanof the
day, November2003.

Figure 6.11: U gom mean @nd U 4om mean VErsusthe time spanof the month,
November2003.
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Figure6.12: Ugom VersusUsem andthebisectingline, November2003.

Figure6.13:u gom Versusu 4om andthebisectingline, November2003.
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Figure6.14: Hgom VersusH 4o andthebisectingline, November2003.

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

Conclusions

ThreeultrasonicanemometerGill Instrumentd.td., model1210R3-50areem-

ployed at the offshoremeasurementlatform FINO I, which is positioned45 km

northof Borkumin the North Sea.

Priorto installation thecalibrationof thethreeultrasonicanemometeraastested
in the Oldenhurg wind tunnel. Flaws in the calibrationwerefound andtherefore
an empirical correctionmethodfor the calibrationwas developedand applied.

Thecorrectionof the calibrationwastestedsuccessfully

After ensuringhevalidity of themeasuremerdatafrom FINO, aninitial analysis
of eld datawasperformed.Flux measurementserederivedfor onemonthand
rst investigationsof theatmospheristability anddiurnalcycleswereconducted.

The factory-installedcalibrationof the sonicanemometersvastestedin the
Oldenlurg wind tunnel. Systematierrorssimilar at all threesonicsaswell aser-
rorswhich arespeci ¢ for eachindividual instrumentwerefoundin wind tunnel
measurementg\roundthe struts,themeasuredvind speectandeviateupto 3 %
from thereferencewind speed Additionally, the uncorrectedrertical component
provesto be problematic,erroneousrertical wind speedsof up to 0.1 m/sfor a
referencespeedaround10 m/swerefound. If the measurementshouldbe used
for ux calculationsan enhancemenf the calibrationis needed.This applies
notonly for theinstrumentsused,but shavs thatthe factory-installectalibration
for thesonicsshouldbetreatedwith cautionif usedfor ux measurements.

A correctionmethodfor the calibration of the sonicshasbeendeveloped,
basedon the measurements The correctionis azimuthandelevation anglede-
pendentand makesuseof symmetriesand linearitiesfound in the behaiour of
thesonicin the o w. Thereforethe correctionemplagys a limited numberof wind
tunnelmeasurementsnakingis usableeven if only shorttime is available for
testingthe sonic. Theimprovementscould be shavn, especiallyfor the vertical
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component.

A quality control of the measurementsiadeby the FINO measuremernlat-
formwasconductedt{o ensurevalid data. Themeasurement®adeby cupanemome-
tersandsonicsshavedto beconsistentyhile for threeof thefour wind vaneddif-
ferentproblemsoccurred.Two of thewind vanesarenot connectedo a channel
designedor directionmeasurementshreeof thewind vanesshav a nondistinct
shifting anglefrom northalignment.

Theshiftinganglesrom northalignmentfor thethreesonicscouldbedetermined
andvalidatedwith datafrom the operatorof the platform. Additionally, wind di-
rectionsleadingto mastshadeving couldbedetermined.

For onemonth ux eswere calculatedfrom the correctedmeasuremendata.
They shav a mostly unstablestrati cation for November2003. While the wind
pro le seemsto behae as expected,the friction velocity riseswith increasing
height,which is unexpected. This effect hasto be investigatedfurther Diurnal
variationsfor wind speedandfriction velocity could befound, shaving a diurnal
cyclewith strongminimaandmaxima.Theeffectof thecorrectectalibrationwas
shavedaswell.

However only onemonthof datawasusedin thisinitial analysis.To verify these
ndings, alongertime periodhasto be considered.
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