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RESULTS OF THE SODAR INTERCOMPARISON EXPERIMENT

AT DÜRNROHR, AUSTRIA

Abstract. A statisticalandmeteorologicalintercomparisonof the three-axismonostaticAO-

Doppler Sodar and themonostaticPA2 phasedarraySodar is presented,bothproducedby the

french manufacturerREMTECH. The comparisonwas undertakenon the grounds of the

power plantDürnrohr northwestof Vienna,Austria, in thebeginningof 1993. Itwas intended

to test,whetherthe interpretationSkill,gainedwith the AO-Sodar at differentsitesin Austria

during some years, could be transferred to the new PA2-Sodar. The results of the

intercomparisonare discussedthoroughly,but not all the discrepanciescan be explainedfully.

After a carefulsurveyof the literatureit turnedout, however, that the resultsarewithinthose

of other intercomparisons.The comparisonpresentedhere comprises, for the first time, all

parametersmeasuredby bothinstruments.

Zusammenfassung. GegenstanddesvorliegendenVergleichs sind dasAO-Doppler Sodar und

das PA2 phased array-Sodar, beide von der französischen Herstellerfirma REMTECH

produziert. Der Vergleich wurde am Gelände des Kraftwerks Dürnrohr im Tullnerfeld zu

Beginn des Jahres1993 durchgeführt,um zu prüfen, ob die mit dem AO—Sodarseit1986 aus

Messungen an mehreren Standorten gewonnenen Interpretationsmusterauf das neu

einzusetzendePA2-Sodar übertragbarsind. Die Ergebnisse des Vergleichs werdeneingehend

statistischund meteorologisch diskutiert. Nicht alle aufgetretenenDiskrepanzen können

befriedigenderklärt werden, doch stand nach eingehendemLiteraturstudiumfest, daß die

Ergebnisse durchaus im Rahmen anderer Vergleichsexperimente liegen. Bei dem hier

präsentiertenVergleich werdenzum erstenMal in der Literatur alle Parameter,die von beiden

Instrumentengemessenwerden,diskutiert.



1. INTRODUCTION

BetweenDecember23, 1992 andMarch 2, 1993, a series of comparativemeasurementswith

two acoustic sounders were undertaken on the grounds of the power plant Dümrohr

(48°19' N, 15°55’ E), Austria. The site was made available by the Austrian electricity

companies „Verbundkraft“ and „EVN“. The instruments compared were the AO Dappler

Sodar, purchasedin 1986 by theAustrian electricitycompany „Verbundkraft“and one of the

newly bought phased-array Sodars PA2, both manufactured by the French company

REMTECH. The AO-Sodar was runby theCentral Instituteof Meteorology and Geodynamics

at differentinner- and outer—alpinelocationsto study local circulationand turbulencepatterns

(Piringer,1992). After some tests and experiments,the PA2 Sodars will be positioned at

selectedsitesneartheAustrianborderto providecontinuousinformationon thewind field and

turbulence,which is intendedto be used explicitlyin cases of severenuclearaccidentsabroad

with radioactiveclouds approachingAustria affordingrapid decision-making.Because of the

longtermexperiencewith the AO Sodar, a comparison between the two types of acoustic

sounderswasof primary interest.This reportcontainsa detaileddiscussionof the resultsof the

intercomparison.Partly during theexperiment,partly afterwardsin thecourseof the statistical

evaluationof the data it turned out that the performance of the AO-Sodar was steadily

decliningmost probably due to defectivemembranesgeneratingthe acoüstic power, and the

PA2-Sodar, whose softwarestill being in a stageof developmentat this time, showed some

softwaredefects. In this report, therefore,data for the first month when the two systems

operatedat their full acoustic powers,will be discussed.The evaluationof the full datasetis

availablefrom Piringer(1995).

Vogt and Thomas (1994) publisheda comparisonbetweenPA2 Sodar and Karlsruhe tower

datausing10minutesaverages.Comparisonsof the AO Sodar and the towerwere undertaken

earlier(Thomas and Vogt, 1993; Thomas and Vogt, 1990). A direct intercomparisonof A0-

andPA2-Sodar data concerningdataavailability,wind directionandWindspeedwas published

by Piringer(1994); these resultsare included and extendedhere, togetherwith those of the

other parameters:vertical velocity, the standard deviations of wind direction and vertical

velocity, and the echo intensity. The results will be compared with other investigations

obtainablefrom the literature,all of which includeat leastone RemtechSodar of typeAO and

thecomparisonwith otherSodarsor towers.



The nextchaptercontainsa technicaldescriptionof the Sodars. In chapter3, themethodology

and the problemsof theintercomparisonwill be explained.This is followedby a descriptionof

the location and the measurementprogramme.Chapters5 and6 contain the resultsof the

intercomparison:first, the availabilityof data as a function of height is discussed,then the

agreement of the parametersis investigated.Chapter 7 contains two meteorologicalcase

studies.Summaryandconclusionsaregiven in chapter8.

2. TECHNICAL DESCRIPT ION OF THE TWO SODARS

The AO Doppler Sodar (REMTECH, 1985; Sodar is an abbreviationfor „sounddetectionand

ranging“, Neff and Coulter, 1986) consists of three funnel-shapedantennas(upper diameter

approx. 2 m, about 2 m high) which alternatelytransmitsound pulses; eachof the antennas

also serves as a receiving unit for the backscatteredsignal (monostaticSodar). One antenna

points in the vertical, the other two are tilted from the vertical at an angleof 18°; the angle

betweenthemis 90°.

The new PA2-Sodar (REMTECH, 1991; the abbreviation stands for „phased array“, the

number2 describingthe size of the system)consists of a single flat „antenna“of 14x 14, in

sum196small loudspeakersmountedan a 1,3 x 1,3 m horizontal platform.The PA2-Sodar,

too, is a monostaticSodar. The loudspeakersare electronicallycontrolled in such a way that

the sound waves generatedby themshow the intendeddirection via interference:emittingin

phase, the soundwave propagatesvertically;tilted signals are producedby intemallysteered

phaseshifts.The systemparametersof thetwoinstrumentsarelistedin Table 1.



Table 1:Systemparametersof SodarsAO andPA2

Parameter AO PA2

Centeredfrequency(Hz) 1600 2100

Pulse length(ms) 50 - 400 5 x 200

Time of reception(ms) 200 200

Number of elements 3 196

Angle-tiltedantenna 18° 30°

Number of rangegates(max.) 20 30

Min. heightof firstgate(rn) 40 50—60

Mean distanceof rangegates(m) 20 - 50 20 - 50

Max, heightrange(rn) 1000 900

Averaging period(min) 10 - 60 10 - 60

Atmospheric stability is deduced from the vertical distribution of the backscattered signal

intensity(„echo“), and the componentsof the three-dirnensionalwind are derived from the

frequencyshiftsdue to the Dappler effect.These principlesare examinedin more detailin the

following.

The sound pulse transmittedby a Sodar is backscatteredcontinuouslyfrom the atmosphere,

the time of reception indicatingthe heightat which backscatteroccurred (approx. 6 seconds

for a heightrangeof about 1000 m). Usually, the echo intensityvaries for one sigrial:higher

intenities are received from layers of strong thermal turbulence (daytiine convection) or

enhancedmechanicalturbulence(windshear,mainlyin connectionwith night-timetemperature

inversions),lower intensitiesare associatedwith weak turbulenceor near—neutrallapserates.

Because the speed of sound is well-known, vertical profiles of the echo intensitycan be

constructed.

The turbulenceelementsresponsiblefor theecho intensitymove at thespeedof thewind, thus

a double Doppler effect results (REMTECH, 1985): the first is realizedwhen the acoustic

beam reaches the moving turbulenceelements,the second, when these cells rebroadcastby

backscatteringa part of the sound energy,while the antenna,now receiving, is still fixed.



Transmissionand receptiontimes are almostequalfor theAO-Sodar and exactlyequalfor the

PA2-Sodar. The radialWindspeedalong thebeamaxisvr is responsiblefor thefrequencyShift.

Inorderto sampleair volumes not toomuchapart(witheachantennaateachtimestep)andto

reduce the influenceof air temperatureon thesoundpropagationc + 2vr(REMTECH, 1985),

the „horizontal“antennasare tilted at a rathernarrowangle (Table 1), thus reducingv‚for a

given horizontalWindspeed.On theotherhand,thehorizontalwind is measuredmoreprecisely

if the inclinationof theantennasfrom theverticalis larger.as it is the case for the PA2-Sodar

(Table 1). The antennati1tis thereforetobe seenas a compromisebetweendifferentdemands.

The horizontalwind componentsare calculatedfrom the frequency shiftsof the signalsof the

tilted antennas,the vertical velocity from that of the vertical antenna (each including the

standarddeviations).In order to compensatefor the temperaturedependanceof the speedof

sound, the emission frequencies of the Sodars are automatically adjusted to temperature

changes.

The informationfrom Sodars is averagedboth in space and time. In Tables2 and3, typical

data displaysfor the A0- and the PA2-Sodars are reproduced. All in all, six quantitiesare

available for comparison: Wind direction and its standard deviation, Windspeed,vertical

velocity andits standarddeviation,andtheechointensity.



DAY MONTH YEAR HOUR MIN SBC VALl VAL2 VAL3 NSLICE

23 2 88 3 59 59 295 312 379 20

VAL RANGE ECHO S ECHO SPEED TETA S TETA W S W

0 700 80 23

0 660 95 38

1 620 96 41 552 188 -9999 -29 19

1 580 90 31 805 193 -9999 -36 27

1 540 136 37 826 190 -9999 -28 34

1 500 221 40 709 188 1 -12 37

1 460 264 22 557 185 2 -12 33

1 420 228 33 500 186 3 -21 24

1 380 227 44 341 203 4 -10 19

1 340 229 41 203 194 22 -9 14

1 300 335 47 136 182 45 -16 11

1 260 637 32 74 24 _ 36 0 19

1 220 377 52 220 41 14 1 23

1 180 208 31 211 79 16- 3 23

1 140 318 41 156 80 35 0 24

1 100 299 46 64 53 60 5 24

1 60 349 17 35 89 85 -7 19

Legend:

NSLI CE

VAL

RANGE

ECHO

S ECHO

SPEED

TETA

S TETA

SW

Numberof layers

: 1: layervaluesvalid

: O:layervaluesinvalid

Height aboveground(m)

dimensionlessvalueof theechointensity

Standarddeviationof theecho intensity

Windspeedin cm/s

Wind directionin degrees

Standarddeviationof thewind directionin degrees

Vertical velocityin cm/s

Standarddeviationof theverticalvelocity in cm/s



The exampleof Table 2 is characteristicfor night-tirnetemperatureinversions.The inversion

top is expectedto lie at theheightof the echo maximumin about260 m. Downwards and in

the inversionlayerwinds arevariable:changingvalues for thewind direction,low windspeeds

andhigh valuesof S TETA arepresentthere.Vertical velocitesinsidetheinversionare low. At

the inversiontop and above,thevaluesof someparameterschangesignificantly:wind velocity

increaseswith height,wind directionis from the south at all layers,thevaluesof S TETA are

small. Furthermore,downwardmotion dominates,values of W being negative.The standard

deviationof theverticalvelocity is, however,not changed,thevariabilityof W remainingequal

throughoutthelayer.



BL MONTH DAY YEAR HOUR MIN SBC VAL1 VAL2 VAL3

256 2 4 91 20 14 57 240 218 252

FREQI FREQ2 FRASS DOPP1 DOPP2 VAL.4 NOIS1 NOIS2 NOIS3

2045 2045 2143 -9 -29 0 20 15 18

ALT CT **2 SPEED DIR S DIR W S W S U S V

500 800 980 139 -9999 -9999 -9999 -9999 -9999

450 940 952 139 9999 10 5 9999 9999

400 1028 924 136 20 6 -9999 —9999

350 1233 925 138 0 16 6 -9999 —9999

300 1147 855 136 1 9 5 -9999 -9999

250 1144 730 129 0 —1 4 61 18

200 1150 624 118 1 -7 4 53 21

150 574 586 109 1 0 4 36 26

100 286 588 108 2 11 4 26 30

50 322 599 109 2 18 4 24 32

Legend:

BL Numberof block in thedatafile

ALT

CT**2

SPEED

DIR

S DIR

W

S W

S U

SV

Numberof valid retumsfor eachantennaduringtheaveranging

period

Operationalfrequencies

meanDoppler Shiftin Hz

Environmentalnoisefor eachbeam

Height abovegroundin meters

dimensionlessvalue of theechointensity

Windspeedin cm/s

Wind directionin degrees

Standarddeviationof thewind directionin degrees

Vertical velocity in cm/s

Standarddeviationof theverticalvelocity in cm/s

Standarddeviationof theu-componentof thehorizontalwind in

cm/s

Standarddeviationof thev-componentof thehorizontalwind in

cm/s



Table 3 shows a nighttimeprofile as measuredby a PA2 Sodar, but the echo maximum in

350m above ground is not very strong. Therefore, no strong inversion is assumed to be

present.This is supportedby otherparameters:Wind speedincreasescontinuouslywith height,

in accordancewith a slightShiftin thewind direction.The parametersW andS W show small

values, typical for a stable lapse rate. Most probably, the vertical temperatureprofile was

characterizedby a stablegradient,including small layersof inversions.

More extendedinformation,both theoreticallyandwith respectto data interpretation,can be

found e. g. in Brown and Hall Jr. (1978), Neff and Coulter (1986), and Neff (1990). Some

more literaturewill be discussedin section3.2.

3. METHODOLOGY OF THE DATA INT ERCOMPARISON

3.1 Statistical criteria

The Sodar data to be comparedhere are half-hourmeanvalues in heightintervalsof 50m,

starting50m above ground. Qualitatively, the agreementof the data is discussedbased on

meanverticalprofilesof themeasuredquantitiesandan windrosesfor thewind direction. For

a quantitativecomparison,a statisticalanalysiswas carried out. For this comparison, three

basic criteria,adoptedby Kaimal et al. (1984) and since then applied by many authors, are

used:

1.)Samplebias:

N
BläS= 1/N_21(Yi - Xi) (1)

2.) Root—mean-squaredifferenceor comparability:

N
RMSD = [1/N2 (Y, - X,)2]1’2 (2)

1:1

3.) Precisionor standarddeviationof thedifferences:

Prec : (RMSD2 - Bias2)“2 (3)

Here, N is the total number of data pairs, Xi is the i-th value of the AO-Sodar (reference

instrument)andYi thei—thvalue of thePA2-Sodar (testinstrument).
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Whereas the bias indicatesthe systematicdifferencebetweenthe datameasuredby the two

instruments,the precisiondescribesthe scatteringor the statisticallydistributeddifferenceof

sirnultaneouslymeasureddata,afterbeing correctedfor thesystematicdifference(Thomas and

Vogt, 1993). All thestatisticalparameterscan be calculatedas absoluteor relative(dividedby

themeanof X) values.

If the dataagreeperfectly,all theseparametersassumethevalue of 0. Low values of RMSD

andprecisionusuallycoincidewith a high correlationof thedata.In thecomparisonfollowing,

exceptfor thewind direction,valuesof the linearcorrelationcoefficientare also given,which

would be 1 for perfectcorrelation.The comparisonwith the literatureis conductedmainlyby

usingthesebasic criteriatogetherwith thelinearcorrelationcoefficient.

3.2 Problems and limits of the data intercomparison

Many investigators(e. g. Piringer,1994; Vogt and Thomas, 1994; Thomas and Vogt, 1993;

Chintawongvanichet al., 1989; Finkelsteinet al., 1986; Beljaars,1985) concludefrom Sodar -

tower and Sodar - Sodar intercomparisonsthatwind directionand horizontalWindspeedcan

be derived from Sodars with reasonable accuracy. This means that the analysis of the

horizontalDappler Shiftof Sodars (see chapter2) works well. This is less true for the echo

intensityof the vertical beam, for the vertical Doppler Shift, and for the derivation of the

horizontalandverticalvelocityvariances.These deficiencieswill be discussedin moredetail.

According to Vogt and Thomas (1994), limitationsof turbulencemeasurementswith a Sodar

result from volume averaging,spatial and temporal separationof samplingvolumes, and the

relativer slow propagationof the speed of sound. A thorough discussion of these basic

limitations is available from Kaimal and Gaynor (1990) and Gaynor (1994). Earlier,

Beljaars(1985) discussedextensivelytheeffectsof volume averagingon thestandarddeviation

of the vertical velocity, a,... Kaimal et al. (1984) and Finkelstein et al.(1986), showed a

tendencyof Sodars to over-estimatea... in the stablenocturnalboundarylayer and to under-

estimateit duringdaytimeconvection.These authorsfind larger scatterin the a...-dataamong

differentinstrumentsduringnighttime,while Chintawongvanichet al. (1989) and Thomas and

Vogt (1993) report on a better coincidence of Sodar- and tower-derived a... at night.

Finkelsteinet al. (1986) suggestedthat contributionsfrom sourcesotherthanthe true vertical

velocity fluctuationsoccur, suchasuncertaintiesin theDoppler trackingof thewind. Recently,

Seibert and Langer (1996) found a systematicbias in Sodar-measuredOWwhich they explain

by a lower percentageof valid retums from the regions of subsidenceas compared to the
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higherbackscattercross-sectionwithinthermalplumes,resultingin a loss in thevarianceof the

vertical velocity. Despitethesefindings,numerousinvestigators(e.g. Vogt andThomas, 1994;

Kaimal et al., 1984; Beljaars,1985; Gaynor, 1994; Piringer,1989) have shownthat awcan be

measuredsufficientlyreliablywith Sodars to allow for a useful estimationof the turbulence

stateof theboundarylayer.

From results of the InternationalSodar IntercomparisonExperiment ISIE at Boulder in

September1988 (Gaynor et al., 1990), which includedanAO-Sodar, Gaynor (1994) concluded

that the accuracyof Sodar-derivedstandarddeviationof the horizontalwind direction,ae, „is

not adequate for any useful purpose“. Similar results were derived by Thomas and

Vogt (1993). According to Neff et al. (1991), beamwander and tilt is themajorcause for the

very poor horizontal wind variance measurements.Gaynor (1994) expects irnproved a...,

measurementsfrom Sodarswithahigh—frequency,narrowbeamandfastrepetitionrate.

The intensityof the backscatteredsignal is simply given as an indicativenumber with no

physical backgroundto thevaluesas such. Itsheightdependanceis used to estimateinversions

andmixingheights(seechapter2 for details).Looking at thedatadisplaysof Tables 2 and3 it

becomes clear that the numbersas such differ much for the Sodars, resultinge. g. in a large

systematicbias. Because only the locations of the echo maxima in thé'vertical profile are

relevant for inversion detection, & high correlation between AO and PA2 echo values is

importantrather thanthe agreementof absolutevalues. The statisticalanalysisof the echoes

(chapter6.6) is thereforerestrictedto thecalculationof thelinearcorrelationcoefficient.

4. SITE AND MEASUREMENT PROGRAMME

As mentioned,the Sodars were positioned on the grounds of the power plant of Dümrohr,

approx. 36 km northwestof Vienna (Fig. 1). The surroundingareaiS flat,__butapprox. 15km

southeast of the location, the pre-Alpine sandstone ridge of the „Wienerwald“ rises

approxirnately300 m above the level terrain.The ridge, in its steepestpart, is orientedfrom

northeast to southwest. This ridge and some affluents to the Danube coming from the

southwestinfluencethenear-surfacewindfield, aswill be shownin chapter6.

The intercomparison between the AO-Sodar and the PA2-Sodar took place between

December23, 1992, andMarch 2, 1993. Until January25, 1993, both instrumentsoperatedat

their full acoustic powers.After this date, acoustic power had to be reducedby 12 dB (from

approx. 100dB neartheinstruments)between22:00 and 6.00 local timedueto complaintsby

neighbours. This reduction should coincide with a considerableloss in the availableheight



Fig.l: Topographicmapof Vienna and surroundingsincludingDümrohr
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range. Therefore, the period of investigation is Split into two parts, the first between

December23, 1992 and January25,1993 (henceforth called „January case“), the second

betweenJanuary26 andMarch 2, 1993 („Februarycase“).

The height range of the comparison extends up to 600m. Up to this height, more than

100 data pairs (half-hourmean values) are available.AS discussedby Piringer(1994) and

shown in chapter5, the second period was characterized by a strong reduction in data

availabilityfor theAO-Sodar. These large data lossesare due to technicalproblems.The data

comparison in chapter6 is therefore presented for the „January case“ only. The full

intercomparisonis presentedin Piringer (1995).

5. DATA AVAILABILITY

Because Duernrohr is a quiet site, it was expectedthat a relativelylargevertical data range

would be attained,the PA2-Sodar performing somewhatbetter than the AO-Sodar. For this

analysis,dataavailabilityof Windspeedfor differentheightsis comparedin detail, and results

for theotherparametersaresummarized.

The results on data availabilityare presented in Fig. 2a (daytime)and Fig. 2b (nighttime).

Height above ground is displayedalong the abscissa,the frequencyof valid data along the

ordinate. The solid lines representthe AO-Sodar, the dashedlines the PA2-Sodar. Generally

and as expected,thepercentageof valid data is higherfor the phased-arrayacoustic sounder.

During January,the datagainby the PA2-Sodar comparedto theAO-Sodar is about 20 % at

daytimeandabout10% atnight,exceptatvery high altitudes.

For echo intensity,more dataare availablefrom the PA2-Sodar only for heightsabove 350 m.

The data availablefor all the other parameters,esp. the standarddeviations,is less. At large

heights,dataavailabilityis poorfor both instruments.

The percentageof valid data at daytime(Fig. 2a) is larger during the „Januarycase“. For the

PA2—Sodar,a maximumreductionof 10% is noted during the secondperiod as comparedto

the first. This mightbe causedby differentweatherpatternsduringbothperiods:January1993

had above-normal temperatures,February1993 below-normal temperatures(resulting in

15 days with temperatureaveragesbelow 0 °C); rainfallrateswere aboutnormal duringboth

months.

The strongreductionin the dataamount for the AO-Sodar (Fig. 2a; it concems all parameters

measured) in February, however, probably cannot be explained by the lower ambient
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temperaturesduring Februaryalone.The large datalosseswere causedby technicalproblems.

Possible reasons could have been insufficienciesin the antennaheatingsystemsprohibiting

snowmeltinside the antennasor defectsof the membranesgeneratingthe acoustic power (a

failurewhich occurred frequentlybefore).Afterwards, the very reasoncannotbe determined.

By statisticalanalysisit wasshown(Piringer,1994) thatthesedatalosseshadno effecton data

quality, but the sample availablefor comparisonwas reduced very much for the „February
((case .

As can be seen from Fig. 2b, reduction of acoustic power during February resulted in

considerableheight losses, especially for the AO-Sodar. This is true for all the measured

quantities.The Software of the PA2—Sodarallows for power reduction in steps of 6 dB,

Whereasfor theAO-Sodar, acousticpowercan be reducedin stepsof 0.1; it is not exactlyclear

if a power reductionof 10% correspondsto this value. This was howeverassumed,and the

AO-Sodar was operatedat 10% power reductionat night.A reductionof 12dB for the PA2-

Sodar is equivalentto about 15 %. Comparing the nighttimecurves for the „January“ (full

acousticpower)and„February“ (powerreduction)periods(Fig. 2b), thedatalossesaremostly

large for both systems. For the PA2-Sodar, they start above 200m height and approach

approxirnately50% at 500 rn. The situation is even worse for the AO-Sodar. At 50 %

availability,the height loss for the PA2-Sodar is 250m (from 650 to 400m) due to 12dB

powerreduction,and350m (from600 to 250m) for theAO-Sodar. Vogt andThomas (1994),

for the PA2-Sodar, found only 100m reduction (from400 to 300m) at the 50 % levelwhen

acoustic power was decreasedby 12dB. The large reductions found here also affectedthe

quality of Windspeeddata (Piringer,1994). Because of the technical problems and the data

losses reducing the available data sample, the „February“ period was omitted from the

statisticaldatacomparisondiscussedin chapter6.
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6. STATISTICAL COMPARISON OF THE MEASURED QUANTITIES

6.1 Overview of experiments conducted earlier

The number of Sodar intercomparison experiments,whose results are available in the

literature,is limited. In the following, thosewhose resultswere taken to be comparedto our

own experiment,will be describedbriefly, especiallywith respect to dateand location, Sodar

typesinvolved, andquantitiesavailable.

Beljaars(1985) reportedaboutseveralfield studiesnecessaryfrom the decisionto buy a three

dimensionalRemtechSodar in 1980 to finallypurchasea RemtechSodarwithspectralanalysis

in February1983. In this last version, the spectral distributionof the signal is calculatedby

meansof the Fourier transformationto determinethe Doppler Shiftas this is handledby the

AO-Sodar and described in section2 of this report. For this FFT Sodar, comparisonswere

done in April and May 1983 during the COAST experiment,where the measurementswere

comparedto an anemometerat a towerat a heightof 70 m, giving horizonatalWindspeedand

wind directionand the standarddeviationof the latter.Additionally, in thesummerof 1983, a

comparisonwith datafrom theCabauwmeteorologicaltowerwas undertaken,whentheSodar

was equippedwith a new antennafoam. This time, the comparison comprised, besides the

formerparametersat levels40, 80, 120and200m with respect to theMo"nin-Obukhovlength

as a stabilityparameter,also OWand a comparison of the scatteringintensityCT with the

surfaceheatflux, bothwithoutstatistics.

InSeptember1982, a three-weekfield experimentwas conductedat theBoulder Atmospheric

Observatory(BAG), where four Doppler Sodar manufacturershad been invited to have their

measurementscompared to those of theBAO 300m meteorologicaltower. The resultswere

first published in a BAO report (Kaimal et al., 1984) and later on, mostly identical, but

somewhat shortened, in an internationaljournal (Finkelstein et al., 1986). Gaynor and

Kristensen(1986) used part of these data for their comparison of secondmomentsderived

from monostaticDappler Sodar winds to thoseof the tower sonic anemometers.The Sodars

involved in this field experirnentwere a three-axismonostaticsystemby AeroVironment, the

RemtechAO-Sodar, a colocated monostatic/bistaticsystemby Radian Corporation, and the

Xontech three-axis bistatic system. The averaging period for the intercomparisonwas

20minutes.The threecomparisonlevelswere 100, 200 and300m. The comparisoncomprised

horizontalWindspeedandwind directionanda...values.
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Chintawongvanichet al. (1989) report on anotherfield test programwhich took place at the

BAO observatoryduring 15 - 20 September1986 to testand evaluatethe remotesensorsthat

would be deployed in supporting the US. army programs and missions. The instruments

involved in theprogramweretwoRemtechthree-axismonostaticsystems,oneprovidedby the

US Army Atmospheric Sciences Laboratory (ASL), th other by the US. Army Dugway

Proving Ground (Dugway). The ASL suppliedalso a laser Doppler Lidar. The ASL Sodar’s

horizontalwind sensingantennastilted18°. The operatingfrequencycenteredat 1600 Hz, and

it was set to operatein the range50 tö 525 m. The correspondingdatafor the Dugway Sodar

were 15,5°, 2400 Hz, and50 to 325m. Comparisons an horizontal Windspeed and wind

direction, ae and a..„ all except 06 also split into day- and nighttime,were provided. The

averagingperiodwas again20minutes;heightlevelswere 100, 200 and300m.

Gaynor (1994) investigatedthe accuracy of Sodar wind variance measurements,using data

gainedat the BAO observatoryduring the InternationalSodar IntercomparisonExperiment

ISIE from September6 to 22, 1988 (Gaynor et al., 1990). Three commercial Sodars were

compared with the BAO sonic anemometersand with each other: again the three-axis

monostaticsystemsof AeroVironment and Remtechwere used, togetherwith the three-beam

phased-arraySodar from Xontech. Data averagingtimewas20 minutes.Heights aboveground

usedwere50, 150and200m.

The Institutefor Meteorology and ClimateResearchat theUniversityof Karlsruhe, Germany,

gaineda lot of experiencein comparingSodars of differenttypeswith instrumentationat their

meteorologicaltower at the „KemforschungszentrumKarlsruhe“. Thomas and Vogt (1990)

reporton a comparisonof a Remtechthree-axismonostaticSodar with tower data.The Sodar

was aperated for almost one year, from October 1, 1984 to September5, 1985. Half-hour

meanvalues from 20 levels between40 and420m AGL were sampled.Horizontal Windspeed

andwind directionwere compared to the_towercup anemometersandwind vanes at40, 60,

80, 100, 160 and 200 rn AGL. The standarddeviation a.pof the angle of elevationcpof the

wind vector and awnot availablefrom tower measurementsbut approximatedusing a.„were

compared at40, 100 and 160m AGL. Thomas and Vogt (1993) add results of direct

measurementsof de(windvane)and()W(vectorvane)at the tower to be compardto theSodar

using the same long period as above and awdata gained by a sonic anemometerat 100m

heightduring June 1 and July 31, 1990. This time they used the statisticalcriteria given in

section3.1 of this report.
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Vogt and Thomas (1994) tested the Remtech PA2-Sodar by intercomparisonwith the

Karlsruhe towerdata.Besidesthe reportpresentedhere,thispaperby Vogt andThomas is the

only comparisonavailableup to now known to the authorwherea PA2-Sodar was involved.

The intercomparisontook place between October4 and 19,1990. The Sodar operated at

20 levels from 60 to 440m AGL with a level distanceof 20m. Horizontal Windspeedandwind

directionwere comparedat80, 100, 160 and 200mAGL, de at 100 and 160m, at the tower

measuredby wind vanesandvectorvanes.Mean valuesof 10minuteswereused.

In all of the field programsmentionedabove, a Remtech Sodar was involved; thus, some

comparative data are available, especially for the three-axismonostatic Sodar and for the

parametershorizontalWindspeedandwind directionaswell as the standarddeviationsae and

a....The comparisonpresentedin thenextchaptersis themostcomprehensivewith respectto a

PA2-Sodar available in the literature. Furthermore, because it is a direct Sodar-Sodar

comparison, it extendsto larger heights than any other study. Finally, it comprises all the

quantitieswhich canbe comparedbetweenanA0- anda PA2-Sodar.

6.2 Wind direction

In Figs. 3a - f, the windroses of the Sodars from 100 to 600m (at 100m intervals) are

displayed.The solid linesrepresenttheAO-Sodar, thedashedlines the PA2-Sodar. The radius

correspondsto thepercentageof all data(valuesaregivenalongthenorthemaxis).Moreover,

thenumberN of datapairsavailableis given.

The main wind directionsin eastemAustria are from thewest and the south-east.The wind

field at Duernrohr is supposed to be influenced by the surrounding topography (Fig. 1).

Because of the orientationof the Wienerwaldridge from northeastto southwest,the south-

easterlywinds in theVienna basin- characteristicfor anticyclonicconditions- are supposedto

be deflected to more easterlyor northeasterlydirectionsbelow crest height in the area of

investigation.Local near—surfacesouthwesterlywinds, the outflow of southwest- northeast

oriented affluentsto the Danube river, should Shiftto the west - which is the dominantwind

directionin thearea- asheightincreases.

From Fig. 3, the distribution of wind directions with height larger confirms the above

assumptions.Wind directionWSW is thepredominantdirectionfor theAO-Sodar at all heights

up to 500 rn,but decreasinglyso with height,while westerlyairflow increasesuntil, at 600m,

the frequencyof WSW winds andW winds is equal. The PA2-Sodar measuresmore westerly

directionsat all levels.WSW dominatesuntil 300m, is equalto West at 400m, andW winds
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a)100m;N=795 b)200m;N=815

c)300m;N=737 d)400m;N =615

f)600m;N=275

Fig. 3: Windroses atDümrohr

Solid: AO-Sodar

Dashed: PA2-Sodar
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exceedWSW winds above this level. The proposed Shift from south-westerlyto westerly

windswith height is thus somewhatretardedfor the AO-Sodar compared to the PA2-Sodar.

This retardationcannot be explained,but considering crest heightsalong the south-westerly

affluentsto theDanubebeingonly 100to 150m above level terrain,thewind Shiftdetectedby

thePA2-Sodar seemsto betterrepresentreality.

The proposed tuming of easterlywinds to southeasterlyones with height is described in a

similarmannerby thetwo Sodars. From belowcrestheightup to 300m aboveground, among

all easterlywinds, thosefrom thepureeastaremostcommon for both Sodars.However, at the

100m level, the frequencyof winds from the eastis 50 % larger for the PA2-Sodar compared

to the AO-Sodar. Above this level, the discrepanciesare much smaller. Above 400m, well

above crest heightof the Wienerwald,ESE becomes the predominantwind directionamong

easterly winds; thus, the proposed deflection of south—easterlymain flows due to the

topographyis well confirmedby themeasurements.

In Fig. 4, wind direction differencesbetween the Sodars, depending on Windspeed, are

displayed.As would be expected,the differencesof wind directionsdecreasewith increasing

Windspeed.Similar resultshavealsobeenreportedby Vogt andThomas (1994).

The resultsof thestatisticalanalysisfor thewind directionaredisplayedin Table 4, for daytime

(6:00 to 22:00 local time) and nighttime(22:00 to 6:00 local time). The calculationof the

statisticalpropertiesof thewind directionwas done such that the smallerof the two possible

wind directiondifferenceswas taken,thusrestrictingthemaximumdifferenceto 180°.

Table 4: Wind directioncomparisonbetweenAO-Sodar andPA2-Sodar

a)daytime

Height (m) 100 200 300 400 500 600

N 528 539 480 397 273 144

Bias (deg) 6,0 5,6 6,6 6,2 6,1 11,6

RMSD (deg) 27,7 25,4 15,7 15,6 14,9 34,5

Precision(deg) 27,1 24,8 14,3 14,3 13,6 32,5
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b)nighttime

Height (m) 100 200 300 400 500 600

N 267 276 257 218 185 131

Bias (deg) 8,2 6,7 2,9 5,0 4,4 2,8

RMSD (deg) 28,1 21,0 20,5 16,6 22,2 21,6

Precision (deg) 26,9 1939 20,3 15,8 21,7 21,4

The resultsof Table 4 canbe interpretedas follows:

- The agreementof the wind directiondata of both Sodars is generallygood. The statistical

propertiesare warst at the lowest, and during daytime,at the uppermostlevel. The

comparably bad performanceat the first level is probably due to the PA2-Sodars

inabilityto resolvebackscatteredsignals from theseheightscorrectly;thiswill also be

discussedwhencomparingtheWindspeeddata.

- The bias ranges from about3 to about 11degrees. It is alwayspositive,resultingfrom the

slightShiftto the right for westerlywinds for theAO-Sodar as comparedto the PA2-

Sodar, which can be seen from Figs. 3. At night, there is a tendencyof the bias to

decreasewith height.Beljaars(1985), from the Cabauwfield experiment,found biases

comparable to the Duernrohr data. Finkelstein et al. (1986) found mostly negative

biases, tuming positiveat 300 rn, of the same rangeas in this report for the Remtech

AO-Sodar and the other Sodars. They slightly decreasedwith heightand, at 100 and

200m, were smaller at night than during daytime. Also from Chintawongvanichet

al. (1989),biasesstartednegativeat 100m and turnedpositiveat300m, but nighttime

biaseswerelargerthanthoseat daytime,especiallyat200 and300m. Positivebiasesin

the same range, decreasing between 80 and 200m, were found by Vogt and

Thomas (1994).

- RMSD andprecisionshowvaluesbetweenbelow 15° and35°; theirvaluesare rathersimilar

due to the low bias. They decreasewith height as long as meanwindspeedsincrease

(chapter6.2); thehighertheWindspeed,themore conformarethewind directions.The

values are comparableto those reported in the literature.A decreaseof RMSD and

precision with height was also found by Vogt and Thomas (1994), Whereas no
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systematic height dependance could be deduced from the experiments of

Beljaars(1985) and Finkelstein et al. (1986). Contrary to the findings here,

Chintawongvanichet al. (1989) reported an increase in RMSD and preCisionwith

heightespeciallyatdaytimeandtwiceashigh valuesduringdaytimecomparedto night.

They attributedthebettervalues duringnighttimeto the absenceof convection,which

is not importantherebecausethedatawere collectedduringmid-winter.

6.3 Windspeed

The mean vertical profiles of Windspeedare shown in Fig. 5. The agreementof the data is

good except at thefirst layer (50 m height).The discrepanciesthereare probably due to the

fact that the softwarereleaseof the PA2-Sodar availableduring this experimentcould not

evaluatecorrectly thebackscatteredsignal at this level. From testsand experimentsconducted

later and also from Vogt and Thomas (1994), the minimumheight for the PA2-Sodar to

receive correctdatashouldbe chosentobe 60 111.

AS can be seen from Fig. 5, thereare only minor deviationsin meanwindspeedsbetweenthe

Sodars, except above 550 rn at daytime. Day-night - differencesincreaseabove 200m, the

higherwindspeedsexperiencedat night. The reverse]of the daytimemaximumat lower levels

to the minimum at higher levels of the PBL, as observedhere, is a characteristicand well-

known featureof verticalWindspeedprofiles (see e. g. Arya, 1988). This can be explainedby

good vertical mixingconditionsduringdaytimecausingverticalexchangeof momentum,heat,

andmoisture;verticalchangesof physicalquantitiesundersuchconditionsare small.Contrary

to daytimeconditions,the vertical exchangeat night is mostly small, esp. when temperature

inversionsoccur. This includesvertical changeof momentum,which is prohibitedin case of

inversions and gives rise to highervelocities above inversionsat night compared to daytime.

This phenomenoncanevenproduceso-called“low—leveljets“.

In Fig. 6, relativeWindspeeddifferences(ordinate)at 200m above groundbetweenPA2- and

AO-Sodar are presenteddependingon theWindspeed,measuredby the PA2-Sodar (abscissa).

Data pairs showingmore than 100% differenceare omittedfrom the comparison.Windspeed

differences decreasewith increasingWindspeed, as expected.Between windspeedsof 5 to

12m/s,highervaluesarerecordedby theAO-Sodar. The resultdisplayedin Fig. 6 is somewhat

disappointing, compared to the dependance of PA2-Sodar and Karlsruhe tower data

differencesan Windspeed,publishedby Vogt and Thomas (1994). In themean, the sometimes
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large singleWindspeeddifferencesas displayedin Fig. 6 apparentlycancel eachother, as seen

from thegoodagreementof meanwindspeedsin Fig. 5.

In Table 5, the statisticalresultsfor the Windspeedcomparisonare shown. In contrastto the

wind direction,meanvalues, relativebias andprecision, and the correlationcoefficientR can

alsobe calculated.

Table 5: WindspeedcomparisonbetweenAO-SodarandPA2-Sodar

a)daytime

Height (m) 100 200 300 400 500 600

N 528 539 480 397 273 144

AO mean(m/s) 6,54 7,69 8,46 8,80 8,86 8,90

PA2 mean(m/s) 6,42 7,70 8,29 8,61 8,76 8,35

Bias (m/s) -0,12 0,01 -0,17 -0,19 -0,10 -0,55

Rel. Bias (%) 2 0,1 2 2 1 6

RMSD (m/s) 1,42 1,76 1,44 1,50 1,94 2,53

Precision(m/s) 1,42 1,76 1,43 1,49 1,93 2,47

Rel. Prec. (%) 22 23 17 17 22 28

R 0,94 0,92 0,94 0,92 0,87 0,76
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b)nighttime

Height (m) 100 200 300 400 500 600

N 267 276 257 218 185 131

A0 mean(m/s) 6,33 7,91 8,70 9,33 9,38 10,01

PA2 mean(m/s) 6,04 7,89 8,59 9,09 9,41 9,99

Bias (m/s) -0,29 -0,02 -0,11 -0,24 0,03 -0,02

Rel. Bias (%) 5 0,3 1 3 0,3 0,2

RMSD (m/s) 1,56 1,59 1,33 1,41 2,13 2,56

Precision(m/s) 1,53 1,59 1,33 1,39 2,13 2,56

Rel. Prec. (%) 24 20 15 15 23 26

R 0,93 0,93 0,95 0,93 0,83 0,77

The interpretationof theresultsof Table 5 is asfollows:

- Generally, the agreementof theWindspeeddata is very good, except for the last two levels

displayed.The bias is mostly smalland does not showany systematicdependancewith

height; day-night—differences are also absent. The sign of the bias is frequently

negative,meaningthatthePA2—Sodaris measuringlowerwindspeedsin themean.The

relative bias is, however, nowhere exceeding 6 %. According to Vogt and

Thomas (1994), the signal-to-noiseratio of the PA2—Sodaris increased due to the

irnprovedantennadiagram, and it is thereforeable to better measuresmall Doppler

shiftsassociatedwith low windspeedsthantheAO-Sodar. This resultsin a tendencyto

overestimatewindspeedsby theAO-Sodar.

- Windspeed biases reported in the literature are of comparable range as in Table 5.

Beljaars(1985) found the largest values under very stable conditions and in

200m AGL, but theydid not exceed-0,5m/s.Sodarmeanvaluesweregenerallylower

than mast values. Finkelstein et al. (1986) reported a slight underestirnationof

Windspeedat 100m andmostly a slightoverestimationat200 and300m by all Sodars

compared to the BAO tower. Chintawongvanich et al. (1989) also found an
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overestimationof Windspeedby the Sodars exceptat 100m for the ASL Sodar. The

over—estimationincreasedwith height and was larger for the Dugway Sodar thanfor

the ASL Sodar. Thomas and Vogt (1993) reported about the A0-Sodar under-

estirnatingWindspeedduring unstablesituationsandover-estirnatingit during all other

cases; over-estimation increased with height. The PA2-Sodar (Vogt and

Thomas, 1994) under-estimatedWindspeedatall levels, increasingwithheight.

- RMSD andprecisionincreasefrom about 1,5m/sat 100m to about2,5 m/sat 600m. There

is also no day-night- difference.Due to the small bias, thesequantitiesdo not differ

much.The relativeprecision shows a minimumat300 and400m. At lower levels,the

larger scatter could be due to topographicaleffects,Whereasat higher levels, beam

separationmightbe a reason.RMSD andprecisionare somewhathigherthanreported

by Vogt and Thomas (1994), Thomas and Vogt (1993), Chintawongvanich et

al. (1989) or Finkelsteinet al. (1986).The most probablereasonfor thatare thehigher

windvelocitiesexperiencedhere,esp.atelevatedlevels. Beljaars(1985) reportedabout

an increasein the RMSD with height from below 1m/sat 40 m to almost 2 m/sat

200111.An increasewith height,but lesspronounced,was also found by Finkelsteinet

al. (1986) and Chintawongvanichet al. (1989), the latterreportingon lower valuesat

night. An increase of the precision with height resulted from the AO-Sodar

investigationsof Thomas and Vogt (1993) for unstablesituations,but a decreasefor

stablecases. Vogt and Thomas (1994), for the PA2-Sodar, found a slight increasein

RMSD with height,but no heightdependancefor theprecision.

- Up to 400m height, the linear correlation coefficientis above0,9 and thus comparableto

findingsin theliterature.Values of R aredecreasingwheretheabsoluteerror increases;

at 600m, the explainedvarianceis only about50%.Contraryto theseresultsshowing

no day-night- differences,Thomas andVogt (1993) foundworse cdrrelationsto occur

underconvectiveconditionsin theirsummertimecomparison.
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6.4 Vertical velocity

The meanverticalprofilesof theverticalvelocity areshownin Fig. 7. The differencesbetween

the two Sodars are large. The AO—Sodar,near the surface,shows large negativemeanvalues.

Above 100m, the values are nearer to zero, but still mostly negative, experiencinglarger

downdraftsat night.Contrary to thesefindings,thePA2-Sodar’s meanvaluesneargroundare

slightlypositiveandaredecreasingwith heightduringdaytime.Also contraryto theAO-Sodar,

themeanvaluesare smalleror more negativeduringdaytime:from 150m upwards, they are

negativeandmostly parallel to the A0-Sodars daytimevalues. At night, the vertical velocity

measuredby thePA2-Sodar is mostly nearzero in themean.There is no parallelismto theA0-

Sodar at night,which shows large differencesin the mean values from layer to layer. The

vertical profilesof the PA2-Sodar are more steadyand especiallyat night show meanvalues

nearzero, aswould be expected;the negativevaluesduringdaytimemight reflect the absence

of convectiveconditionsin winter.Thus, thePA2 valuesseemtobemore reliable.

Resultsof thestatisticalanalysisaregiven in Table 6.
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a)daytime

Height (rn) 100 200 300 400 500 600

N 536 550 487 402 283 155

A0 mean(cm/s) -2,90 -0,66 -0,22 -1,85 -1,75 —3,03

PA2 mean(cm/s) 0,74 -1,42 —1,67 -2,97 -4,22 -5,65

Bias (cm/s) 3,64 -0,76 -1,45 -1,12 -2,47 -2,62

Rel. Bias (%) 126 115 659 61 141 86

RMSD (cm/s) 18,65 18,71 18,25 18,02 20,53 22,74

Precision(cm/s) 18,29 18,70 18,20 17,98 20,38 22,59

Rel. Prec. (%) 631 2833 8272 972 1165 746

R 0,25 0,45 0,52 0,67 0,66 0,77

b)nighttime

Height (m) 100 200 300 400 500 600

N 270 283 261 220 190 140

A0 mean(cm/s) -2,50 -1,84 —2,17 -2,49 -4,58 -3,59

PA2 mean(cm/s) 2,17 -0,24 —0,37 -0,13 -0,44 0,53

Bias (cm/s) 4,67 1,60 1,80 2,36 4,14 4,12

Rel. Bias (%) 187 87 83 95 90 115

RMSD (cm/s) 19,33 21,12 23,92 23,58 22,24 21,35

Precision(cm/s) 18,75 21,06 23,85 23,46 21,85 20,95

Rel. Prec. (%) 750 1145 1099 942 477 584

R 0,26 0,45 0,49 0,50 0,57 0,68
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A comparisonlike thatshownin Table 6 is not availablein the literature.Instead,Thomas and

Vogt (1993) and Finkelsteinet al. (1986) investigatedthe spectra of the vertical Windspeed

deduced from instantaneousmeasurementsand compared them to those derived by sonic

anemometers.From theseinvestigations,thepoor performanceof Sodars to detectthevertical

Windspeedbecomesclearandis explainedby theSodar’s inabilityto cover thewhole spectrum

comparedto a sonic anemometerdue to the lowersamplingrateandthepoor confidencelevel

of Sodars at higher frequencies.The implicationsfor a.„will be discussedin the next chapter.

With thisrespect,thebad resultsof Table 6 arenotsurprisingandcanbe explainedasfollows:

- At daytime,thebias is oftennegativeexceptat thefirst level, indicatingthetest instrumentto

measurelower vertical velocities in themean.At night, there is a systematicpositive

bias,which probablyresultsfrom w values too negativeof theAO-Sodar. Instead,the

PA2-Sodar shows plausiblenear-zero mean values. The relative bias most often is

around100%,showingthelargesystematicdifferencein thedata.

- The scatterin thedatais extremelylarge.During daytime,it increasessomewhatwithheight,

but there is no clear height-dependanceat night. The relativeprecisionfluctuatesfrom

level to level atdaytimeandslightly decreaseswith heightatnight.

- The correlation coefficient increaseswith height.This is in agreementwith Finkelsteinet

al. (1986), who state that in the convective boundary layer, uncertaintiesin the

observedspectraand themeasuredvariancesdecreasewith height.In the investigation

presentedherethis trendis also shownfor thenighttimedata.

6.5 The standard deviation of the vertical velocity

The resultsof the comparisonof the standarddeviationsof the verticalvelocity aware more

unfavourablethan expected.This is mainly due to the surprisineg low values of the PA2-

Sodar. During experimentswith PA2-Sodars carried out later, especiallyduring a measuring

campaignin Vienna in the summerof 1994, usinga new softwarerelease,the a...valueswere

again as high as expected.Reasons for the low values of the PA2-Sodar at Dümrohr, which

are alsopoorly correlatedto thoseof theAO-Sodar,could notbe found in retrospect.
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The meanvertical profilesof a...,are displayedin Fig. 8. At all levels, the values of the PA2-

Sodar are lower thanthoseof theA0-Sodar. Additionally, also changesof oWwith heightare

different:Whereasthemeanprofilesof theAO-Sodar show maxirnaat 250m duringdaytime

and 200m during nightcharacterizingthe levels of highestthermalor mechanicalturbulence,

the PA2-Sodar does not show thesemaxima.To the contrary, the PA2 profiles even show

minima at theseheights.The low day-night- differencesare also somewhatunexpected,but

probably attributableto thewintertimeconditionswith low convectiveactivityduringdaytime

and a limitedamountof inversionsat flightdue to frequentfog. The higherdaytimevaluesare

theonly common featureof theprofiles.

Beljaars (1985) publisheda comparisonof single profiles of a...measuredwith theAO-Sodar

on the one hand and calculatedfrom w-measurementsof sonic anemometersat the Cabauw

tower on the other. He examinedconvective and stablecases and found both agreementand

disagreement.During stableconditions,aWwas under—estimatedby theAO-Sodar.

The statisticalanalysisis shownin Table 7.

Table 7: dwcomparisonbetweenAO-SodarandPA2-Sodar

a)daytime

Height (m) 100 200 300 400 500 600

N _ 544 543 485 397 271 148

A0 mean(cm/s) 23,93 26,48 26,75 25,69 24,41 24,30

PA2 mean(cm/s) 15,83 14,21 14,38 15,10 16,25 17,73

Bias (cm/5) -8,10 -12,27 -12,37 -10,59 -8,16 -6,57

Rel. Bias (%) 34 46 46 41 33 27

RMSD (cm/s) 15,65 16,90 16,79 15,77 15,42 15,91

Precision (cm/s) 13,39 11,63 11,34 11,69 13,08 14,50

Rel. Prec. (%) 56 44 42 46 54 60

R 0,61 0,67 0,69 0,67 0,60 0,56



b) nighttime

Height (rn) 100 200 300 400 500 600

N 281 284 258 212 186 138

A0 mean(cm/s) 19,92 23,97 23,49 24,79 23,62 24,10

PA2 mean(cm/s) 12,27 11,66 11,11 11,61 14,07 14,54

Bias (cm/s) —7,65 -12,31 -12,38 -13,18 -9,55 -9,56

Rel. Bias (%) 38 51 53 53 40 40

RMSD (cm/s) 15,66 17,73 16,61 17,52 15,51 18,55

Precision(cm/s) 13,66 12,76 10,75 11,54 12,22 15,90

Rel. Prec. (%) 69 53 46 47 52 66

R 0,43 0,46 0,55 0,53 0,51 0,27

A lot of literatureon oWcomparisonsexists. This makes it easier to interpretthe results of

Table 7:

- The bias is systematicallynegativeby -6 to -13 cm/s,meaningthatthemeanoWvaluesof the

PA2-Sodar are lower by thesevalues.Absolute and relativebiasesare highestat mean

heights. The results are slightlyworse at night. Finkelsteinet al. (1986), from their

comparisons of differentSodars and the Boulder Atmospheric Observatory (BAD)

tower, conclude that Sodars over-estimateda..., esp. at night; the A0-Sodar and the

AeroVironment Sodar under-estimated a.„ during daytime at" 100 and 200m.

Chintawongvanichet al. (1989),on the contrary, found largernegativebiasesduring

daytime ranging up to —24cm/s and smaller negative biases at night for their

comparisonof two differentUS army Sodars and the BAO tower,meaningan overall

under-estirnationof a...by theSodars.A slight systematicunder-estimationof owby the

A0-Sodar comparedto theBAO towerwas also found by Gaynor (1994). Thomas and

Vogt (1993), too, found a systematicunder-estimationof oWby the A0-Sodar by as

much as 70% under convectiveconditions at low levels; the relativebias decreased
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with height and increasingstability.Their results were better at night, according to

Chintawongvanichetal. (1989),butin contrastto Finkelsteinetal. (1986).

- The values of the RMSD are generallybetween15 and 18cm/s,showing a tendencyto

higher values at night. Finkelsteinet al. (1986) and Gaynor (1994) found similar or

slightlyhighervaluesnot dependingon height.Finkelsteinet al. (1986) did not observe

systematicday-nightdifferences.Chintawongvanichet al. (1989) found highervalues

during daytimethanat night;RMSDS were higher betweenthe Sodars and the BAO

tower (up to 36 cm/s)thanamongSodars (only up to 13cm/s).The comparisonof the

A0-Sodar and measurementsfrom the Cabauw tower gave RMSDS between12 and

23 cm/s(Beljaars,1985) withoutanysystematicheightdependance.

—The precision is lowest at mean levels, relative values ranging from 42 to 60 % during

daytimeand46 to 69 %atnight.Gaynor’s (1994) valuesof theprecisionincreasewith

height from 20 to 40 cm/s,both for the comparison with the BAO tower and among

Sodars. Thomas and Vogt (1993) found values up to 37cm/s (70%) for neutral

stabilityand low heights.The valuesirnprovedwith increasingstabilityand increasing

height,giving only 7 cm/s(around15%)for stablestratificationandhigherlevels.Due

to Chintawongvanichet al. (1989),the scatterwas larger duringdaytimeand between

Sodars and tower and increasedwith height,but was low at night (only7 to 10cm/s).

The relativeprecisiondid not show any systematicdependanceon heightor daytime.

Values between20 and50%were found. Again contrary to thesefindings,Finkelstein

et al. (1986) found two to three times larger relative precisionsat night, implyinga

largerscatterin thenight—timemeasurementsof a...

- The valuesof the correlationcoefficientare0,7 at a maximum;theyarewarst at high levels.

They arepartlybelow thoseof theotherauthors.Thomas andVogt—(1993)reportedan

increasewith increasingstabilityand increasing height from about 0,5 at 40m and

unstable conditions to above 0,7 for neutral to stable stratification at 160m.

Chintawongvanichetal. (1989) do notfind any systematicheightdependance,butmost

of thevalueswereabove0,8.
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6.6 The standard deviation of the wind direction

The mean vertical profiles of the standarddeviationof the wind direction oe are shown in

Fig. 9. For both instruments,oe decreaseswith heightup to 350m; above, oe values remain

more or lessconstant.In theheightrangeof decreasingmeanvalues, thePA2-Sodar measures

lower oe, above, the values are comparableto those of the A0-Sodar. At all levels, PA2-

Sodar’s 06is largerduringdaytimethanatnight.This is to be expected,becausefluctuationsin

thewind directionare supposedto be-largerduring daytimeconvectionthanduringnighttime

stable stratification.However, the day-night- differencesare not very large. The A0-Sodar

does not show higher daytimemeanvalues at all levels; between250 and 400 rn, the higher

meansarecalculatedfor nighttimeconditions.

Whereasthe mean oe profiles betweenthe Sodars are more similar thanthe owprofiles, the

statisticalanalysisdeliversresultsevenmoreunfavourable.These aresummarizedin Table 8.

Table 8: 06comparisonbetweenAO-SodarandPA2-Sodar

a)daytime

.Height (rn) 100 200 300 400 __500 600

N 449 448 364 245 123 54

A0 mean(deg) 9,49 7,33 4,53 3,45 4,08 3,93

PA2 mean(deg) 6,76 4,39 3,64 3,45 3,62 4,59

Bias (deg) -2,73 -2,94 -0,89 0,00 -0,46 0,66

Rel. Bias (%) 29 40 20 0 11 17

RMSD (deg) 10,14 8,80 5,57 4,48 4,12 5,85

Precision(deg) 9,76 8,29 5,50 4,48 4,10 5,81

Rel. Prec. (%) 103 113 121 130 101 148

R 0,49 0,54 0,56 0,17 0,20 -0,06



b)nighttime

Height (m) 100 200 300 400 500 600

N 228 241 209 149 109 62

A0 mean(deg) 8,57 6,31 5,01 3,92 3,02 3,15

PA2 mean(deg) 5,65 3,41 3,22 3,07 2,97 2,52

Bias (deg) 9,92 9,90 4,79 -0,85 ‘ 9,05 -0,63

Rel. Bias (%) 34 46 36 22 2 20

RMSD (deg) 9,21 8,70 5,40 3,48 4,12 4,59

Precision(deg) 8,73 8,20 5,09 3,38 4,12 4,55

Rel. Prec. (%) 102 130 102 86 136 144

R 0,49 0,48 0,59 0,62 0,32 0,10

The resultsof Table 8 canbe interpretedand comparedto thosein the literatureas follows:

- In general,thebias is mostlynegativeand decreaseswith height,whichmeansthatthe PA2-

Sodarmeasuresthesmallervalues.At lower levels,therelativebiasrangesup to 40%;

very low valuesarecalculatedathigherlevels.This behaviouroccursbothatday andat

night.Decreasingmeanvaluesof dowith heighthave also been found by Thomas and

Vogt (1993). They also found decreasingvalueswith increasinghorizontalWindspeed.

A systematicover-estimationcompared to tower values was reported by Vogt and

Thomas(1994) for the PA2-Sodar and by Chintawongvanich et‘al. (1989) for the

Dugway Sodar, Whereasthe ASL Sodar under-estimatedoe systematically.Over-

estimationswere also found by Beljaars(1985) and by Gaynor et al. (1990), esp. for

theAerovironmentandREMTECH A0-Sodars. Thomas andVogt (1993), on theother

hand, found a small systematicunder-estimationof oe by the A0-Sodar compared to

Karlsruhetower datathatdeclinedwith increasingWindspeed,but was independantof

height.

—There is also a decreasefor RMSD and precisionwith height. For the precision, this is in

agreementwith Thomas and Vogt (1993), who also found a decreasewith increasing
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Windspeed.Chintawongvanichet al. (1989) found an increasewith height, from about

8°at 100m to about15°at 300m. Their relativeprecisionsshowedvaluesaround100

to 120%, comparableto those presentedin Table 8. They attributedthis very large

scatterto spatialand temporal separationsof the acoustic beams, like other authors.

RMSDS andprecisionsreportedby Vogt andThomas (1994) wereabove 10° for light

winds and decreased with increasing Windspeed, but did not show any height

dependance.

- The maximumvalue for the linear correlationcoefficientis about0,6. It is slightly betterat

night than during daytime. At heights above 400m, the correlation vanishes. This

correspondsto therangeof smallbiases.From the otherstatisticalparametersone has

to conclude thatthe smallbiasesoccur by chanceand thatthe similarmeanvalues are

composed by irregular fluctuations of small singular values. Beljaars(1985) found

correlationcoefficientsfrom 0,6 to 0,8 for his comparisonswith the Cabauw tower.

Vogt and Thomas (1994), in their two weeks intercomparisonbetweenthe PA2-Sodar

and the Karlsruhe meteorological tower, found no height dependance, but a

dependanceon the horizontal Windspeed:for light winds, values about0,5 occur,

increasingto 0,8 for high windspeeds.On the contrary,Thomas and Vogt (1993), for

their long-timecomparisonwith the A0-Sodar, found no dependanceon Windspeed,

but a strong increase of R with height (from0,42 at 60m to 0,7 at 200m).

Chintawongvanichet al. (1989) found also values between0,4 and0,7, but no height

dependance.

6.7 Echo intensity

Somehintsfor theinterpretationof vertical profilesof the echointensityhavebeengivenwhen

explainingTables 2 and3. Peaksin theverticalprofilesareof specialinterest,becausetheyare

associatedWith layers of enhancedconvection at daytime(spiky echoeson facsirnilecharts)

and inversionsat night (layerechoes). It is interestingto investigatewhetherthesepeaks also

occur in themeanverticalprofilesdiscussedhere.

For thePA2-Sodar, a quantityCT2is given in thedatadisplayfor the echo, and the values are

much higher(but not to the square) than those for the A0-Sodar. A systematicpositive bias

when compared to the test instrumentis thereforeinevitable.The statisticalintercomparison

following the discussionof themeanvertical profiles is thereforerestrictedto the correlation

coefficient,which is supposedto be high when both instrumentsare able to detect the same
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layer-specificphenomena.It should be pointed out, however, thatCT° of REMTECH is not

identicalto theCT2of thetheory(e.g. Neff andCoulter, 1986).

The meanverticalprofiles of the echo intensityare shown in Fig. 10. The values of the A0-

Sodar havebeenmultipliedby the factor of 10 to make the structureof the vertical profile

visible. The structuresof the vertical profiles are rathersimilar. Starting at the ground, the

values increasewith height and show a maximumat 100 to 150m for the A0-Sodar, for the

PA2-Sodar verymarkedat200m. Above, thevaluesdecreasewithheight,againmuch sharper

for the PA2-Sodar. From tethersonde measurementscarried out at Dümrohr before,

temperatureinversionsaremainly restrictedtoa layerof about100to 150m, correspondingto

themeanechoprofilesof the Sodars at night.On the otherhand,themaximumof convective

activity is restrictedto the lowest 200m of the atmosphere,especiallyin winter; this would

also corre3pondto theSodar echoprofiles.

The very strong damping of echo values above the fourth level for the PA2-Sodar was,

however,alsoobservedduringa comparativeexperimentof four PA2-Sodars at a militarysite

in NorthernAustria duringApril 1994 (see also Chapter8). The four Sodars were positioned

inside an area of only a few kilometers radius in undulatingterrain, with maximum level

differencesnot exceeding80m. The first Sodar level was 60 rn above ground, level distance

was 40m. Independantof the absoluteheightsof the sites, mean echo values showed only

small variationsup to the fourth level, but decreasedrapidly above.The samebehaviourwas

observedif datawere split into day- or night-time.Possibly, this inherentdampingoverliesor

even dominatesthevertical course of the echo intensityresultingfrom purelymeteorological

processes. Nevertheless,a rather good, meteorologicallyplausible agreementbetween the

verticalechoprofilescanbe derivedfrom thestatisticalanalysispresentedin Table 9.

Table 9: Echo comparisonbetweenA0-Sodar andPA2-Sodar

a)daytime

Height (rn) 100 200 300 400 500 600

N 548 573 524 468 395 248

A0 mean(deg) 338 293 202 145 118 111

PA2 mean(deg) 4283 5395 2287 1402 977 738

R 0,86 0,80 0,78 0,75 0,61 . 0,53
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b)nighttime

Height (m) 100 200 300 400 500 600

N 271 284 269 226 202 165

AO mean(deg) 338 281 160 111 93 86

PA2 mean(deg) 3730 4777 1800 1040 671 526

R 0,88 0,80 0,71 0,71 0,54 0,65

No such statisticalcomparisons exist in the literature.A preliminaryinterpretationof the

resultsof Table 9 would be asfollows:

- The meanvaluesof the PA2-Sodar are smallerat night at all levels. The values of the A0-

Sodardecreasemor rapidly atnight.

- The linearcorrelationcoefficientdecreaseswith heightand does not show remarkableday-

night- differences.Up to 400m, thevaluesare relativelyhigh(above0,7) meaningthat

convectiveactivity and inversions are resolved similarlyby the Sodars. Upwards, the

correlationgets worse. The decreaseof correlationwith heightis probably due to the

decreaseof signal-to-noiseratio.

7. TWO METEOROLOGICAL CASE STUDIES

In the following, a possible dependanceof the comparison of Sodar data on the weather

situationwill be investigated.Two 48 hour periodshavebeen chosen:December25/26, 1992

was characterized by a high pressure system with continental air over Austria;

January15/16, 1993 was dominatedby westwindsandmaritimeair. Another criterionwas a

high Sodardatacoverage,whichmadeit impossibleto select„ideal“weatherconditions.Itwill

be shown,however,thatweatherhas no or only a limitedinfluenceon the quality of the data

comparison. More interesting than that is the additional information gained by Sodars

comparedtoroutinesurface-basedobservations.

The weathersituationshave beenchosen by looking throughthe dailyweatherreportsof the

Central Institutefor Meteorology and Geodynamics. The course of the weather will be

describedusing this kind of materialonly. The data will be presentedas time-heightcross-

sections,thestatisticalanalysiswill be carriedout analogousto chapter6, but no splittinginto
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layers will be undertakendue to the shortness of the comparison periods. The standard

deviationof thewind directionoe is omittedfrom the analysisbecauseof its poor performance

(seechapter6.6).

7.1 The anticyclonic situation of December 25/26, 1992

The 1000 hPa centreof theanticyclonewas situatedeastof Austria on both days, wandering

slowly southwardsfrom Polandto theCarpathianmountainsduringthis period.At 500 hPa, it

was ratherweak, centerednorth of "Austria. Caused by this pressuredistribution, easterly

currents dominated near ground, north-easterlyones above 1500 m. A summary of the

meteorologicalconditionsobservedby routinemeasurementsis given in Table 10.

Table 10:Summaryof meteorologicalconditionson December25/26, 1992, Vienna

Parameter Mean Range

Air pressure(hPa) 1041,5 1040 to 1045

Air temperature(°C) -4‚8 -8 t0 -2

Wind direction(deg) 20 to 110

Windspeed(m/s) 3,9 H 2 to 7

Inversions Height range (m) Temperature increase (°C)

26. 12., 1:00LST 500 to 1500 +7

26. 12., 13:00 LST 500 to 1000 +6

Except local fog on thefirstmorning,skieswereclear, andtherewasno precipitation.

Vector plots of the A0-Sodar and the PA2-Sodar are presented in Figs. 11a and 11b,

respectively.They show the maintenanceof the easterlycurrent throughoutthe period and

only minor differencesbetweenthe Sodars. As an example,the speedminimanear ground at

the beginning and near the end of period detected by the A0—Sodarare less pronounced

looking atthePA2 data.The heightcoverageis slightly betterfor thePA2—Sodar.Both Sodars

detectthe tuming of thewind with heightfrom easterlyor north-easterlydirectionsto south-

easterlyonesfor mostof the time.The strongestShiftoccurs abovecrestheight,thatis around

300m. The statisticalanalysis(Table 11 at the end of this chapter)confirmsagain the good

performanceof Sodarhorizontalwind measurements.
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Time-height cross-sections of the vertical velocity are shown in Figs. 12a and 12b. For most

of the time, the PA2-Sodar measures smaller vertical velocities. They are generally weak,

except on December 25 during the second half of the day, when above 250 m until 20:00 LST

strong downward movements, afterwards until midnight, strong upward movements occur.

The PA2-Sodar’s negative values are smaller, but the positive values are as large as those of

the AO-Sodar. Strong vertical motions are detected in a similar way by both instruments. The

maximum of negative vertical speed coincides With a maximum in the horizontal Windspeed

(Figs. 11a, 11b). These strong motiori$ are not easy to interpret, because there are no routine

observations available to verify them. The midnight radiosounding in Vienna on December 25

shows warming between 1000 rn and 2500m by 5 °C compared to the sounding 12 hours

before, possibly the only hint of frontal processes occuring during this time. The statistical

analysis (Table 11) shows a large positive bias, which is much higher than observed for the

whole period (Table 6). The RMSD is higher than in Table 6, the absolute precision in the

range of values presented there, but the relative precision is much smaller. The value of the

linear correlation coefficient of 0,79, too, demonstrates the rather good quality of this dataset

of vertical velocities.

A comparison of the standard deviations of the vertical velocity of both Sodars can be taken

from Figs. 13a and 13b. As for the vertical speed, the main structures are revealed by both

Sodars in a similar way. This is true for the maxima at lower levels, created by weak

convection at noon on both days, and for the maximum at higher levels around 18:00 LST on

December 25 in connection with the high horizontal windspeeds. The values for the AO-Sodar

are generally higher. For the rest of the period, both instruments measure low oWvalues. The

statistical results (Table 11) are comparable to those of Table 7. Again it has to be kept in mind

that, during experiments conducted later, PA2 oWvalues were in the expected higher range.

Time-height cross-sections of the echo intensity are shown in Figs. 14a and 14b. As explained

in chapter 6.7 (Fig. 10), the PA2-Sodar shows a strong damping of echo values above the

fourth level, which superposes other reasons for enhanced retums, like temperature inversions.

The strong gradient at this height can also be seen from Fig. 14b, which is missing for the A0-

Sodar (Fig. 14a). This is why the turbulence structure near ground is detected more clearly by

the PA2-Sodar (e. g. the convective activity at noon on December 25), phenomena occurring

at higher levels by the A0—Sodar (e. g. probable advection of warm air in the evening of

December 25 by an increase of echo values with height). From the statistical analysis of

Table 11, a rather low correspondance of echo values in this case follows.



Quantity Speed Direction Vert. speed Sigma w Echo

N 420 420 437 422 437

AO Mean 6,37 -10,7 26,1 107

PA2 Mean 6,06 9,3 15,5 1423

Bias -0,31 __5,0 20,0 -10,6

Rel. Bias (%) 5 187 41

RMSD 1,31 12,9 26,6 16,7

Precision 1,27 11,9 17,6 12,9

Rel. Prec. (%) 20 165 49

R 0,87 0,79 0,58 0,49
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Table 12: Summary of meteorological conditions on Jan. 15/16, 1993, Vienna

Parameter Mean Range

Air pressure (hPa) 1033 1030 to 1038

Air temperature (°C) 6,7 0 to 13

Wind direction (deg) 30 to 60, 240 to 300

Windspeed (m/s) " 3,7 2 to 7

Inversions Height range (m) Temperature increase (°C)

16. 1., 1:00 LST Ground to 1000 +9

Vector plots for this period are shown in Figs. 15a (AO-Sodar) and 15b (PA2-Sodar). Again,

the agreement is remarkable. The westerly current is interrupted between the morning and the

late evening on January 15. The change from south-westerly to south-easterly directions

occurred suddenly at all levels. From the data of the PA2-Sodar, however, one gets the

impression that above approx. 600 m, the westwind was never really interrupted except for a

very short period of southerly flow on the evening of January 15. The discrepancy to the A0-

Sodar is partly due to the lower height range of the latter, but at noon on January 15, a

remarkable difference in wind directions between the Sodars at around 700 m occurred, the

A0-Sodar measuring south—easterly winds, the PA2-Sodar north-westerly ones (not really

sirnultaneously, because PA2 did not reach that height at 12:00 LST; but south-easterly winds

at that time would not fit into the picture for the PA2-Sodar). But all the other features, the

speed minimum at low levels in the afternoon and evening on January 15, the gradual Shift in

directions from southeast over south, southwest to west above 200 rn and the strong westerlies

on January 16 (With a Shift from southwest to west with height most of the time) were

observed by both systems. The good agreement is also revealed in the statistical results

presented in Table 13 at the end of this chapter. The quantities for speed and direction are in

the expected range.

The time-height cross-sections of the vertical velocity are shown in Fig. 16a and 16b for the

A0—Sodar and the PA2-Sodar, respectively. They show plenty of details without much

agreement. On January 15, vertical speeds are relatively weak. Positive and negative values are

observed by the A0-Sodar, whereas the PA2-Sodar mostly measures weak negative velocities.

On January 16, the vertical exchange is larger. After midnight, downward motions dominate,
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the larger values observed by the A0-Sodar. Before noon, upward motions are measured, again

more pronounced for the A0-Sodar. In the evening, however, large negative values lower than

-60 cm/s are observed by the PA2-Sodar, corresponding to only -40 cm/s in a small area by the

AO-Sodar. The statistical results presented in Table 13 show only a relatively small negative

bias, but a lower correlation than in Table 11; RMSD and precision again confirm the large

scatter in the data.

The comparison of the standard deviation of the vertical velocity o., is given in Figs. 17a

and 17b. In general, high windspeeds are connected with high ow values and vice-versa; this is

more pronounced for the AO-Sodar. Especially during the early morning wind minimum on

January 15, ow values are also low; relatively low values are also observed at low levels in the

evening hours on January 15. For both Sodars, the oWmaximum occurs at noon on January 15.

Only the A0-Sodar shows an expected increase in ow values parallel to the increase in

Windspeed after midnight on January 16. In the course of January 16, however, oWvalues for

both Sodars are changing irregularly, despite a rather homogeneous windfield (Figs. 15a, 15b).

The observed parallelism of the increase of ow and Windspeed after midnight on January 16 led

to an investigation of the possible dependance of ow on Windspeed statistically. Results are

shown in Fig. 18. The agreement for the whole period is however rather'weak; for the PA2-

Sodar not shown here, it is non-existent. The statistical results presented in Table 13 are even

slightly worse than those from Table 11. Once again it has to be remembered that ow

performed much better for the PA2-Sodars during the following measuring campaigns.

From Figs. 19a and 1%, the period under discussion is characterized by high values of the

echo intensity for both instruments. These high values have no apparent foundation in the

observed weather conditions. This time, the structure revealed by thetime-height cross-

sections is more similar than during the period observed previously (chapter 7.1). The high

values near ground at the beginning of the observng period are probably in connection with an

inversion: windspeeds were low in the morning, skies were clear. During the radiosounding in

Vienna on January 15, 1:00 LST, however, no inversion was present. The high values around

noon on January 15 are not easy to interpret because skies were cloudy, thus inhibiting strong

convection; mechanical turbulence caused by windshear (Figs. 15a and 15b) might offer an

explanation. During the night to January 16, the values are again high, especially during the

phase of high windspeeds. Before the Windspeed increase a strong inversion was discovered

during the radiosounding in Vienna (Table 12). Possibly the high values are again caused by
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mechanical turbulence. The high values at the beginning of the night to January 17 could be

caused by an inversion associated with decreasing wind5peeds. Because of missing data there is

no proof by the midnight Viennese radiosounding. From Table 13, the correlation coefficient

Quantity Speed Direction Vert. speed Sigma w Echo

N 816 816 830 839 876

A0 Mean 8,91 -0,4 23,8 271

PA2 Mean 8,79 -1,8 11,7 3584

Bias -0,12 3,8 -1,4 -12,1

Rel. Bias (%) 4 350 51

RMSD 1,51 21,5 14,7 16,8

Precision 1,50 21,1 14,6 11,5

Rel. Prec. (%) 17 3650 48

R 0,93 0,64 0,44 0,77

8. SUMMARY AND CONCLUSIONS

Results of an intercomparison between two different Remtech Sodars, the three-axis

monostatic Sodar AO and the phased-array Sodar PA2, were presented. The experiment was

undertaken at the grounds of the power plant Duernrohr (48°19’ N, 15°55 ’ E), Austria,

between December 23, 1992 and March 2, 1993. It was conducted because after several years

of experience with the A0—Sodar, four PA2-Sodars had been purchased from the Remtech

company in 1992, and it was of great interest to test the compatibility of the two systems prior

to the further use of the PA2-Sodars. Partly during the experiment, partly afterwards in the

course of the statistical evaluation of the data it turned out that the intercomparison revealed a

momentary picture, because on the one hand the performance of the A0—Sodar was steadily

declining most probably due to defective membranes generating the acoustic power, and the

PA2-Sodar, on the other hand, whose software still being in a stage of development at this
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time, showed software defects resulting in too low estimates of ow and in a too strong damping

of the vertical profile of the echo intensity above the fourth level.

Nevertheless, the comparison presented was the most comprehensive one and the only one

after that of Vogt and Thomas (1994) so far undertaken with a PA2-Sodar. 'The Duernrohr

experiment comprised all comparable data up to heights of 600 m. The results of the statistical

investigation were compared to those available in the literature. In all of these comparisons,

conducted at Cabauw, The Netherlands (Beljaars, 1985), Boulder, Colorado (e. g. Finkelstein

et al., 1986; Chintawongvanich et al., 1989), and Karlsruhe, Germany (Thomas and

Vogt, 1993; Vogt and Thomas, 1994), at least one Remtech Sodar of three-axis monostatic

configuration except for Vogt and Thomas (1994), who used the PA2-Sodar, was involved.

Comparative data exist for the horizontal Windspeed and wind direction as well as for o., and

Ge.

The Duernrohr comparison included data availability (chapter 5), a statistical (chapter 6) and a

meteorological (chapter 7) evaluation of the Sodar data. In general, data availability was

slightly better for the PA2-Sodar. The measurement period was divided into two sections.

During the first until January 25, both systems Operated at their full acoustic powers. After that

date until the end of the measurements, power was reduced at night due to complaints by

neighbours. This second period coincided with large data losses for the A0-Sodar, independant

of acoustic power reduction (Figs. 2). With reduced acoustic power, data losses for the PA2-

Sodar were larger than reported by Vogt and Thomas (1994). The'statistical comparison was

therefore restricted to the first period with full acoustic power.

The statistical results for wind direction and Windspeed agree well with those of other

investigators (Chapters 6.2 and 6.3). These are the quantities which Sodars measure most

correctly. However, the height dependance of the statistical quantities as well as the sign of the

bias differ among different experiments. For the standard deviations, the agreement is less. For

oe, this is explained primarily by the spatial and temporal separation of the sampling volumes of

the tilted bearns for a given layer (e. g. Chintawongvanich et al., 1989). For G.., the main

reason is that Sodars are not capable of detecting the whole spectrum of vertical velocity;

instead, at least under convective condititons, they are more sensitive to strong updrafts

covering less time and volume than the weak downdrafts (Seibert and Langer, 1996). Some

other publications deal with these problems (e. g. Gaynor, 1994; Neff and Gaynor, 1991;
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Kaimal and Gaynor, 1990). Moreover, there is a lot of uncertainty if Sodars over- or under-

estimate oe and G.., (see Chapters 6.5 and 6.6 for details).

The vertical velocity and the echo intensity had not been treated statistically in the same

manner as here by other investigators. The scatter in the vertical velocity data was extremely

large. The mean values of the vertical velocity were nearer to zero for the PA2-Sodar (Fig. 7),

especially at night. Thus, the PA2-Sodar values of the vertical velocity seemed to be more

reliable. The echo intensity is not the_same for the two systems compared. In the PA2-Sodar

output, it is called CT2, which is not the CT2 of the theory (e. g. Neff and Coulter, 1986).

Because the PA2-Sodar echo values were much larger than those of the AO-Sodar and thus a

large systematic positive bias had to be expected, the echo comparison was restricted to the

correlation coefficient (Chapter 6.7). It decreased with height and did not show remarkable

day—nightdifferences.

The Sodar perforrnances were furthermore investigated for two two-day meteorological

episodes, an anticyclonic one during December 25/26 and a westerly current during

January 15/16 (Chapter 7). Among all the meteorological parameters, air temperature showed

the most significant differences between the two periods (T ables 10, 12). The aim of this

investigation was to see if different meteorological conditions affected the Sodar

intercomparison. Data availability during the second period doubled compared to the first

(T ables 11, 13). The statistics for Windspeed were equally good for both periods, the wind

direction data, surprisingly, showed more scatter during the westerly flow despite higher

windspeeds. The statistics for the vertical velocity were somewhat better than for the whole

dataset analyzed in Chapter 6.4. During the anticyclonic period, a large systematic positive bias

occurred, when the A0-Sodar measured large negative values. o., statistics was worse during

westerly airflow, while the correlation of the echo intensities was much better. During the

second period, especially the PA2-Sodar measured very high echo intensities. To summarize,

the performance of the parameters investigated did not show a unique tendency with respect to

the two different weather regimes; therefore it was concluded that these weather regimes did

not systematically affect the performance of the Sodars.

After the end of the Sodar intercomparison period described in this report, the PA2-Sodars

were used a lot at different places for testing and later on for scientific purposes. As a next

step, it was decided to test all the four instruments together at the extended facilities of the

Vienna International Airport. The test, conducted in the summer of 1993, however failed

because of many hard- and software defects, which led the Remtech company to check the
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Sodars in the following autumn and winter and finally retuming more reliable systems. In

April 1994, the test was repeated successfully - except of the large damping of the echo

intensities described in Chapter 6.7 - at a military site in Northern Austria. In the summers

of 1994 and 1995, the PA2-Sodars were used for field experiments in the Vienna area (Piringer

et al., 1995; Piringer et al., 1996). In the 1994 experiment, the vertical structure of the

boundary layer during ozone episodes was analyzed; in 1995, convective situations were

examined, partly making use of small averaging times down to two minutes. Results were

discussed at international conference'3 (Piringer, 1996a and b), papers to appear in scientific

journals are in preparation. Although Remtech provides us with a new update of their Sodar

software approximately once a year, up to now the main inherent problems of Sodar operation,

addressed in this report, concerning echo intensity, vertical speed, and the standard deviations,

have not been solved satisfactorily.
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in Mitteleuropa.Wien1979,20 S., 9 Abb.

ldimadatendes Glocknergebietes,IV. Teil: Tabellender Stun-
denwerteder Mndgeschwindigkeitund der Wind-
richtung 1973-1976(Fusch, Wallaé:k-Haus,Guttal,
Glocknerhaus,Margaritze, Fuscher—Lacke).Wien
1979,94 Tab.

CHALUPA, K.: Ergebnisseder Registrierungder Immissionvon
Stickoxiden‚Ozon undSchwefeloxidin Wren- Ho-
he Warte, 1978. Wien 1980, 58 S., 30 Tab.,
15Abb.

CHALUPA, K.: Ergebnisseder Registrierungder lmmission von
Stickoxiden‚Ozon undSchwefeloxidin Wien - Ho-
he Warte, 1979. Wien 1980, 65 S., 32 Tab.,
20Abb.

RAGEWE, G.: Methoden zur Berechnung großräumigen
Niederschlages.Wien1980,47 S., 1Tab., 2 Abb.

Klimadatendes Glocknergebietes,V. Teil: Tabellender Stun-
denwerte der Lufttemperaturund der Relativen
Luftfeuchte, 1977—1979(Wallack-Haus, Hechter-
Süd, Hochtor-Nord,Fuscher—Lacke).Wien 1980,
135Tab.

BRÜCKL, E., G. GANGL, W. SEIBERL undChr. GNAM: Seis-
mische Eisdickenmessungenauf dem Ober—und
Untersukbachkees in den Sommern der Jahre
1973und 1974.Wien1980,23 S., 2 Tab.

ldimadatendes Glocknergebietes,IV. Teil: Tabellender Stun-
denwerte der Lufttemperaturund der Relativen
Luftfeuchte,1977-1979(Fusch, Piffkaralm,Guttal,
Seppenbauer,Margan'tze,Glocknerhaus,Schnee-
tälchen, Obere Grasheide, Polsterpflanzenstufe).
Wien 1981,110Tab.
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CHALUPA, K: Ergebnisseder Registrierungder Schwefeloxid-
lmmission in Wien - Stephansplatz, 1975-1979.
Wien 1981,50S., 13Tab.,21 Abb.

LAUSCHER, F.: Säkulare Schwankungender Dezennienmittel
und extremeJahreswerteder Temperaturin allen
Erdteilen.Wien1981,42 S., 8 Tab.

CHALUPA, K: Ergebnisseder Registrierungder Schwefeloxid-
lmmissionin Wren-HoheWarteundin Wien - Ste-
phansplatz, 1980.Wien 1981, 46 S., 24 Tab., 13
Abb.

MELICHAR, P.: Ergebnisse der vergleichendengeomagneti-
schen Absolutmessungenan den Observatorien
Tihany- Ungarnund Wien - Kobenzl. Wien 1981,
35 S.

BRÜCKL, E. und K. ARIC: Die Ergebnisse der seismischen
Gletschermessungenam Hornkees in den leerta-
lerAlpen imJahre 1975.Wien 1981,20 S., 5 Tab.,
5 Abb.,1 Karte

Klimadatendes Glocknergebietes,VII.Teil: Tabellender Stun-
denwerteder Mndgeschwindigkeitund der "find-
richtung 1977-1979 (Fusch, Fuscher Lacke, Wal-
lack-Haus,Guttal).Wien1982,82 Tab.

STEINHAUSER, F.: Verteilungder Häufigkeitender Wrndrich-
tungenund der Wrndstärkenin Österreichzu ver-
schiedenenTages- und Jahreszeiten.Wien 1982,
140S., 131Tab.,4 Kartenbeilagen

ooeescr-r, H. und F. NEUWIRTH:Wind in Niederösterreich,
insbesondereim WrenerBecken und im Donautal.
Wien1982,212S., 183Abb.

ldimadaten des Glocknergebietes, VIII. Teil: Tabellen der
Stundenwerteder Globalstrahlung1975—1980(Fu-
scher-LackeundWallack-Haus).Wien 1983,39 S.

WEBER, F. und R. WÜSTRICH: Ergebnisse der refraktions-
seismischenMessungenam Hochkönigsgletscher.
Wien1983,50 S., 3 Tab.,7 Abb., 11 Beilagen

ldimadatendes Glocknergebietes,IX. Teil:Tabellender Nieder-
schlagsmeßergebnisse1974-1980.48 S., 41 Tab.

KAISER, A.: Inversionenin der bodennahenAtmosphäre über
Klagenfurt.Wien1984,79 S., 13Tab.,22 Abb.

LAUSCHER, F.: Ozonbeobachtungenin Wien von 1853-1981.
ZusammenhängezwischenOzon und Wetterlagen.
Wien1984,29 S., 13Tab.3 Abb.

Klimadaten von Österreich Mittelwerte 1971—1980.Teil |
(Vorarlberg)undTeil II(Tirol).71 S.

DRIMMEL, J.: Seismische Intensitätsskala 1985 (SIS-85).
Vorschlag einer Neufassung der lntensitätsskala
MSK-64.28 S., 8 Tab.,2 Abb.

Mimadaten von Österreich Mittelwerte 1971-1980. Teil III
(Salzburg)undTeil IV(Oberösterreich).107S.

LAUSCHER, F.: KlimatologischeSynoptik Österreichs mittels
der ostalpinenWetterldassifikation.Wien 1985, 65
S., 32Tab.,5 Abb.
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ZYCH, D.: Messungen der erdmagnetischenVertikalintensr'tät
und Suszeptibilitätsuntersuchungendurch die
OMV-AG als Beitragzur Kohlenwasserstoffexplora-
tion in Österreich.Wien 1985, 14 S., 2 Tab., 2
Abb.,3 Kartenbeilagen

HOJESKY, H.: LangjährigeRadiosonden-undHöhenwindmes-
sungenüberWien 1952-1984.Wien 1985,219 S.,
64Tab.,13Abb.

Resultsof theAustrianInvestigationsin the InternationalLithos-
phereProgramfrom 1981-1985.Wien 1986,79 S.,
4 Tab.,28Abb.

ECKEL, O. und H. DOBESCH: Mittelwerteder Wassertempe-
raturvon TraunseeundMillstätterSee nach mehr-
jährigen Registrierungenin verschiedenenTiefen.
Wien1986,87S., 74 Tab.

KOLB, H.,G. MAHRINGER, P. SEIBERT, W. SOBITSCHKA, P.
STEINHAUSER undV. ZWATZ-MEISE: Diskussion
meteorologischerAspekte der radioaktivenBela-
stung in Österreich durch den Reaktorunfall in
Tschernobyl.Wien 1986,63 S., 4 Tab.,20 Abb.

ARIC, K., E. BRÜCKL: Ergebnisseder seismischenEisdicken-
messungen im Gebiet der Stubaier Alpen
(Daunkogelferner),der Venedigergruppe(Schlafen-
kees und Untersukbachkees) und der Silvretta-
gruppe (Vermunt-Gletscher).Wien 1987, 18 S., 4
Tab.,10Abb.,4 Kartenbeilagen

CHALUPA, K: Ergebnisseder Registrierungder Schwefeloxid-
lmmissionin Wien—Hohe Warteundin Wien—Ste-
phansplatz, 1981.Wien 1987, 67 S., 41 Tab., 11
Abb.

CHALUPA, K: Ergebnisseder Registrierungder Schwefeloxid-
Immissionin Wien—Hohe Warteundin Wien- Ste-
phansplatz,19824985.Wien 1987,76 S., 27 Tab.,
15Abb.

ARIC, K et al: Structureof the Lithospherein theEastern Alps
Derived from P-residual Analysis. Wien 1988, 35
S.,3 Tab., 17Abb.

CHALUPA, K: Ergebnisseder Registn'erungder Schwefeloxid-
lmmissionin Men -Hohe Warteundin Wien—Ste-
phansplaü 1986-1987sowie eine Übersicht der
20jähn'genReihe 1968-1987.Wien 1988,80 S., 38
Tab.,20 Abb.
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Jahresbericht1973.Verhandlungender GeologischenBundes-
anstalt.Jahrgang1974,H.4, S. A138—A148

Jahresbericht1974.Zentralanstaltfür MeteorologieundGeody-
namik,Wien 1975,21 S., 5 Abb.

Jahresbericht1975.Zentralanstaltfür MeteorologieundGeody-
namik,Wien 1976,74 S., 14Abb.

WALACH, G.: GeophysikalischeArbeitenim Gebiet des Nord-
spoms der ZentralalpenI:MagnetischeTraverse 1
(Neunkirchen-Hochwechsel-PöllauerBucht). Zen-
tralanstaltfür Meteorologieund Geodynamik, 22
S., 5 Abb.,4 Beilagen

Jahresben‘cht1976.Zentralanstattfür MeteorologieundGeody-
namik,Wien 1977,101S., 21Abb.

Jahresbericht1977,Teil 1. Zentralanstaltfür Meteorologieund
Geodynamik,Wien 1978,54 S., 9 Abb.

Jahresbericht1977,Teil 2. Zentralanstaltfür Meteorologieund
Geodynamik,Wien 1979,60 S., 19Abb.

Tagungsberichtüberdas 1.AlpengravimetrieKolloquium-Wien
1977.Herausgeber:P. STEINHAUSER, Zentralen-
stattfür MeteorologieundGeodynamik,Wien 1980,
129S., 35 Abb. -

GÖTZE‚ H. J., 0. ROSENBACH und P. STEINHAUSER: Die
Bestimmungder mittlerenGeländehöhenim Hoch-
gebirge für die topographische Reduktion von
Schweremessungen.Zentralanstaltfür Meteorolo-
gie und Geodynamik,Wien 1980,16 S., 2 Tab., 5
Abb.

ROSENBACH, O., P. STEINHAUSER, W. EHRISMANN, H. J.
GÖTZE, O. LE'I'I'AU, D. RUESS und W.
SCHÖLER: Tabellen der mittlerenGeländehöhen
der Ostalpen und ihrer Umgebung für Raster-
elementeAge:0.75'. Ai: 1.25'. 1. Lieferung.Zen-
tralanstaltfür MeteorologieundGeodynamik, Wien
1982,23 S., 20 Tab. -

Tagungsberichtüber das 2. InternationaleAlpengravimetrie
Kolloquium — Wien 1980. Herausgeber: B.
MEURERS und P. STEINHAUSER, Zentralanstalt
für MeteorologieundGeodynamik,Wien 1983, 168
S., 85Abb.

Tagungsberichtüber das 3. InternationaleAlpengravimetrie
Kolloquium - Leoben 1983. Herausgeber: B.
MEURERS, P. STEINHAUSER und G. WALACH,
Zentralanstaltfür Meteorologieund Geodynamik,
Wren1985,222 S.

Tagungsberichtüber das 4. InternationaleAlpengravimetrie
Kolloquium — Wien 1986. Herausgeber: B.
MEURERS und P. STEINHAUSER, Zentralanstalt
für MeteorologieundGeodynamik,Wien 1988,200
S., 77 Abb.
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TagungsberichtEURASAP, Wien, 14,-16.Nov. 1988,Evaluation
of AtmosphericDispersion Models Applied to the
Release from Chernobyl.Wien 1989,20 Beiträge,
198S.,100 Abb., 17Tab.

Tagungsberichtüber das 5. InternationaleAlpengravimetrie
Kolloquium - Graz 1989. Herausgeber: H.
LICHTENEGGER, P. STEINHAUSER und H.
SÜNKEL, Wien 1989,256s., 100Abb.,17Tab.

Schwerpunktprojekt S47-GEO: Präalpidische Kruste in
Österreich,Erster Bericht.Herausgeber:V. HÖCK
und P. STEINHAUSER, Wien 1990, 15 Beiträge,
257S., 104Abb.,17Tab.,23 Fotos

LANZINGER, A. et al: Alpex—Atlas.FWF-Projekt P6302 GEO,
Wien1991,234 S., 23 Abb.,2 Tab.,200 Karten

BÖHM, R.: Lufttemperaturschwankungenin Österreich seit
1775.Wien 1992,95 S.,34Abb., 24 Tab.

MEURERS, B.: Untersuchungenzur Bestimmungund Analyse
des Schwerefeldesim Hochgebirgeam Beispiel der
Ostalpen.Wien 1992,146S., 72Abb.,9 Tab.

AUER, l.: Niederschlagsschwankungenin Österreichseit Beginn
der instrumentellen Beobachtungen durch die
Zentralanstalt für Meteorologie-und Geodynamik.
Wien 1993, 73 S., 18 Abb., 5 Tab.,
6 Farbkarten

STOHL, A, H. KROMP-KOLB: Analyse der Ozonsituationim
Großraum Wien. Wien 1994, 135 S., 73 Abb.,
8Tab.

Tagungsberichtüber das 6. InternationaleAlpengravimetrie-
Kolloquium, Leoben 1993. Herausgeber: P.
STEINHAUSER und G. WALACH, Wien 1993,
2518.‚ 146 Abb. [Korrektur der irrtümlichen
NummerierungHeft8/Publ.353]

ZWATZ—MEISE‚ V.: Contributions to Satellite and Radar
Meteorologyin Central Europe.Wien 1994,169 S.,
25 Farbabb.‚42 SW-Abb.‚ 13Tab.-

LENHARDT W. A: Induzierte Seismizität unter besonderer
Berücksichtigungdes tiefenBerghaus.Wien 1995,
91 S., 53 Abb. __

AUER, l., R. BÖHM, N. HAMMER T, W. SCHONER,
WIESlNGER W., WINIWARTERW.: Glaziologische
Untersuchungenim Sonnblickgebiet:Forschungs-
programmWartenkees.Wien 1995,143S., 59 SW-
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PIRINGER, M.: Results of the Sodar Intercomparison
Experimentat Dümrohr,Austria Wien 1996,73 S.,
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