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ABSTRACT

Using high-resolutionthree-dimensionatealisationsof turbulent elds, we investigatethe
limits on achievable performanceof atmospherigphasecorrectionusing watervapourra-
diometersarisingfrom following effects:theincoherentmeasuremerdf powverfrom waterby
theradiometergin contrasto coherentletectionof the astronomicasignal);the differentta-
persof therespons@atternof theastronomicaandradiometerecevers;and,thedifferences
in the directionsof the radiometerandastronomicabeamsWe quantify the limit on perfor
manceasthefractionof atmospheriphaseuctuationsthatis nottrackedby theradiometers.
We nd that, for parameterselevantfor ALMA, the performancean high-frequeng bands
will belimited in approximatelyequalpartsby the two effects,i.e., the differencesduethe
incoherentvs coherentprocessesneasuredy the two receiers,togetherwith their differ-
enttapers,andthe angulardisplacementsf the beams For the lower frequeng bands the
angulardisplacementsf the beamsecomesghe dominantsourceof error.

1 INTRODUCTION

The ALMA projectwill use 183GHz watervapourradiometers
(WVRSs) to measurethe uctuations in atmosphericproperties
alongtheline of sightof eachof the 12m telescopen the array
Thesemeasurementby the WVRs, togetherwith ancillary data
collectedby otherinstrumentswill be usedto infer correctionsor
the phaseuctuationsin the astronomicakignalintroducedby the
atmosphere.

Thegoalof this noteis to investigaténhow thefollowing effects
limit theaccurag with which this phasecorrectionamaybedone:

(i) Thefactthatthe WVRs measurehe power of emissiorfrom
waterwhile thephaseuctuation arearesultsof excesgpathdueto
watervapourwithin the coherentastronomicabeam;

(i) Thedifferentilluminationspatternson the primaryre ector
of the WVR andastronomicabeamsand,

(i) The angularoffsets betweenthe astronomicaland WVR
beams.

In ordernot to obscurethe abore effectswe do not considerthe
effect of measuremenerror within the WVRs or the uncertain-
tiesassociatedvith converting thesemeasurement® excesspath
lengths.

This topic has beeninvestigatedbefore by Gibb & Harris
(2000).This noteextendson their work by:

(i) Using high-resolutionthree-dimensionaimulationsof tur-
bulenceto quantifythedifferencebetweenuctuationsof thephase
of theastronomicatignalandtheradiometeioutputs.

(ii) Directly computingthebeamgatherthanassuminghey are
Gaussian.

(iif) Takinginto accounthecoherennatureof theastronomical
signal.
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The ALMA Memo by Asaki et al. (2005)alsousesstatistical
realisationsof turbulenceto simulatephase uctuations, although
theiraimis to investigatephasecorrectionfor the ALMA Compact
Array. We notethatour methoddiffersin thatwe directly simulate
thethreedimensionaturbulenceandcomputethe effectonthe as-
tronomicalandWVR signalswhile they simulatetwo dimensional
screensvith varying structurefunctions.

2 METHOD

We wantto calculatehow the phaseof anastronomicals affected
by the turbulenceand how well the WVRs cantraceand predict
these uctuations. Therearethreemainstagego this:

(i) Generatindnighresolutionthreedimensionalrealisation®of
turbulent elds

(ii) Calculatingthe astronomicaland WVR beam shapesas
functionsof height

(i) Usingtheabove two itemsto generatdime seriesof phase
of theastronomicasignalandWVR measurements.

In this notewe assumehat uctuations of atmospherigrop-
ertiesaresufciently describedy only a singlevariable,q(x;y; 2),
whichrepresentthewatervapourcontent.To simplify calculations
we assumehatq describevariationaboutthemeansothathgi = 0.

We next describehow g in uencesthe propagatiorof astro-
nomicalradiationandthe whatthe WVRs measureWe male the
following assumptions:

(i) That uctuation in refractive index of the atmospheraredi-
rectly proportionalto g sothatn(x;y;z2) 1p q(x;y;2).
(i) Thatemissionat frequencieghatthe WVRs measurgrom
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Figure 1. Simulationof threedimensionaturbulenceona1025 129 129grid (i.e.,asub-sectiorof thegrid usedfor the simulationsbelow). Top: asingle
horizontalslicek = 0, wherek is the verticalindex of thegrid; Middle: sumof slices0 < k< 10; Bottom:sumof slicesO < k< 100.

eachelemenbf volumeareproportionalto q andthatthis emission
is always fully optically thin so that radiative transfereffectsare
not important. Obsered radiometerbrightnesstemperaturesnd
the eld garethenrelatedin alinearway.

Assumption(i) aborve is likely to be goodin the conditionsunder
investigatiomalthoughthefactorof proportionalitydependslightly

onthetemperatureAssumption(ii) is dependenon thefrequeng

at which the WVRs obsere, the absolutequantity of water tem-
perature etc. In generalit will not hold, but with WVR designs
that have several channelghat sampledifferentpartsof the water
vapouremissionline (the ALMA designhasfour channelsHills

etal. 2001),it is usuallypossibleto derive an equivalentquantity
thatis linearin g.

2.1 Generatingtheturbulent eld

We wish to generatestatical realisationsof a turbulent eld
q(x;y;2), namelya eld thatobeysthe property:

r X

E
q(r9 o(r%r) > = Dy(jrj) = Dy(r) = 6:88 RO

The factor of 6.88 on the right handside is corventional so that
ro is thenthe Fried paramete Laneet al. 1992).For approaches
which usetwo-dimensionaturbulent screernthe questionarisesof
the correctexponentx in thede ning structurefunction Dg: when
thegeometryof thetelescopas muchsmallerthanthethicknesof
theturbulentlayera coefcient of x = 5=3 is appropriatenhile in
the oppositelimit x = 2=3 is moreappropriate Here we aregen-
eratingthree-dimensionalurbulenceso the expectedexponentis
X = 2=3 —the obsened steepenin®f the structurefunctionis nat-
urally reproducedn our caseby averagingover volumesof the
turbulent eld (seeFigurel).

Thealgorithmwe actuallyuseto computethe statisticalreali-
sationsof q is ageneralisationo threedimension®of thealgorithm

of Laneetal. (1992).1t hasbeendevelopedby usfor this applica-
tion andcanefciently simulate elds with morethan10° volume
elements.

Sincewewishto quantifytheeffectof differencedetweerthe
astronomicahndWVR beamstheresolutionof therealised elds
mustbe goodenoughto resole this; for theresultspresentedhere
weuselm? in all simulationsMostof thesimulations(exceptthat
shavnin Figurel) have beencarriedoutfor elds with dimensions
of theorderof 4097 257 513resolutionelements.

2.2 Refractive index and the recevved astronomical signal

This sectionsumariseshe theorywhich relates uctuationsin the
refractive index (i.e., q in our case)to the receved astronomical
signalateachantenna.

The fundamentalproperty that we useis that the signal re-
ceived may be computedasthe surfaceintegral of the productof
theincoming eld andtheantennavoltageresponseverary plane
(or ary otherin nite surface)betweerthe sourceandthe antenna.
Working in Cartesiarcoordinates x;y; zg suchthatz is the direc-
tion from the antennatoward the source,we write the incoming
wavefront asthe comple electric eld E(X;y;2) andthe antenna
voltage responsepatternas A(X;y; z). The above propertymeans

thattherecevedsignalis:
ZZ

V= dxdyA(x;y;2) E(XY; 2) (2

evaluatedover ary planez= h. Clearlythe signaldoesnotdepend
on the planeover which the integral is evaluatedandso A andE
mustvary with heightabove the telescopean sucha way thatV
doesnotchange.

When the mediumin which radiation propagatess homo-
geneous,the problem of calculatingV is easily solved using
Fourier transformsi.e., the angularresponsdunctionsis simply
the Fouriertransformof the apertureplaneresponséunction:
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Figure 2. Horizontalcutsof theamplitude(left) andphasegright) of the astronomicabeamfor eightdistancegrom the antennastartingat the apertureplane

(bottom)andincreasingn 500m stepsto 3500m (top).

Auv) = F T [Alxy;z= 0)]: 3
This makes it possibleto calculateeasily how a single antenna
will respondo asourceasa functionof its position.Alternatively,
the surfaceintegral of Equation2 may also be calculatedat the
apertureof the antenngthatis, z= 0), which is corvenientsince
A(X;y;z= 0) is easyto computeln thecaseof apointsourceanda
homogeneouatmospherethe incomingradiationatz= 0 will be
aplanewave andsotheintegral is easyto compute.

We note two straightforvard points. First, when calculating
the surfaceintegral at z= 0 an apertureof nite sizewill still of
coursehave a nite angularresponseThis canbe appreciatedy
consideringanincomingplanewave atanangleu from thevertical:
this will causea rangeof phasesacrossary nite-sized apertures
leadingto adecreasén the nal complex sumwhencalculatingV.

Second althoughconventionally the integral of Equation(2)
isdoneatz= O orz= ¥, it maybedoneatary z If theincoming
wavesareplanarandthe mediumthroughwhich they propagates
homogeneoughey canbetrivially computedatary z Similarly, if
themediumof propagationis homogeneousheantennavoltagere-
sponséA(x;y; 2 maybequite easilyapproximatelycomputedrom
theaperture-planeesponsé\(x;y; z= 0) usingtheFresneintegral.

The generalcaseof propagatiorthroughanin-homogeneous
medium is more complicated.If smallestscale structurein the
mediumis at the length scalesof aboutD and the wavelengthof
radiationis | thendiffractiondueto the mediumbecomesmpor
tant a distanceapproximatelyD?=/ into the medium.In the case
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of the presentstudyD  1m sincethe resolutionof our statistical
realisationsof turbulenceis 1 meterand/  1mm so diffraction
dueto inhomogeneitiesnay becomesigni cant ataroundlkm.

Sincethe thicknesse®f turbulent layerswe considerin this
noteareall smallerthenthis length,we canapplythefollowing ap-
proximationWe atten theturbulentlayerin therequireddirection
(thatis, takinginto accountheoffsetthe beams)yandconsiderthat
it asathin screenThatis, we compute:

4

dra(rx(2);ry(2);2) = (4)

(6)

qAxyq;x) =
z
dzq(x+ zsin(q) sin(x);y+ zsin(q) cogx);2);

wheretheanglesqg andx de ne theoffsetof thebeamwith respect
to the vertical suchthat x = 0 is an offsetin the direction of the
baselineandx = p=2 is anoffsetin thewindwarddirection.

It is this computatiorof g°from q which produceshe correct
steepenin@f thestructurefunctionwithoutsupplyingtheexponent
X but ratherjust the physicalthicknessof theturbulentlayerin the
atmosphere.

The integral of Equation?2 is then very conveniently per
formedattheheightof theturbulentlayerwithouttheneedto com-
putethediffractiondueto atmosphericuctuations. If we arecon-
sideringa single sourceexactly on the antennaaxis thenwe can
assumeE(x;y;z= h) = 1 andthus:

ZZ

Vg9 = dxdy A(xy,z= h) gSa(xy) ©)
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whereC,y is theconversionfactorbetweerphaseandwatercontent.
Theamgumentof V[q4=V[0] is the phaseshift introducedby atmo-
sphericturbulenceq andthe magnitudeof V[g9=V[0] corresponds
to thedecreasamplitudeof receved signaldueto theturbulence,
i.e., radio-seeing'.

2.3 The signal measured by the WVRs

Computingthe signalreceved by the WVRs is relatively simple
becausehe emissionfrom the watermoleculeswill not be coher
entandbecausave have assumedhatradiationis propagatingn
a perfectly optically thin way. The signalreceved by the WVRs,
WI[q], couldthereforebe computecby integratingthe watervapour
distribution g weighted by the antennapowerresponsepattern
P(xy;2) = jAXY, z)jz. For consisteng with Equation(6), we how-
everalsocalculatehepowerrecevedby theradiometergrom ™ at-
tened'watervapourdistribution g%
ZZ

Wid=  dxdy P(xy,z= h) a¥xy): @)

2.4 Computing the antennaresponsepatterns

We assumeéhattheastronomicabeamhasa-12dB edgetaperand
thatthe WVR beamhas-18dB edgetaper Both beamsare mod-
elled as Gaussiarnwith the blockageby the secondarymirror (but
notthesupports}akeninto accouniwe alsoof coursetake into ac-
countthetruncationof beamsby the sizeof the primaryre ector).
The antennaresponseat an altitude h is computedusing Fresnel
integrals,which we approximateby addingquadraticphaseso the
aperture-planeeld distributionandusingthestraightforvard Fast-
FourierTransform(FFT).

Fortheastronomicabeamboththephaseandtheamplitudeof
theantennaesponsearecalculatedandthey areshavn asfunctions
of altitudein Figure2. For theWVR beamonly thepowerresponse
is relevantandit is shown in Figure3.

2.5 Time seriesof phaseand WVR measuements

The geometrywhich we useto generatehe simulatedtime series
is asfollows. We assumethat the two antennasare observingat
the zenithandare separatedby a distanceb in they directionand
calculatethe differencesbetweenthe receved phasegqof the as-
tronomicalsignal), which we will write f, and powers from the
WVRs, whichwe denoteby W. In orderto generatehetime series
we sequentiallytranslatethis baselinein the x-direction. We will
assumehatthe samplingis doneat 1s sothedistancearanslateds
simply v=1s wherev is the wind-speedi.e., the speedwith which
an apparenthfrozenphasescreens moving acrosshe telescope.
The geometryis shavn in Figures4 and5. Whenthe antennasre
not observingtoward the zenith, the quantitiesh andw shouldbe
scaledby the secantof the zenithangleto accountfor the longer
apparentdistanceto the turbulent layer and the greaterapparent
thicknesof theturbulentlayerrespectiely.

This procedureproducesastronomicalphasedifferencesf;
andwatervapourdifferencedM . We assumehatthe bestestimate
of phasesrom watervapourmeasurementd, , is the best- t lin-
earscaling,i.e., fi = oW, wherec is a constant.The errorin our

estimateof phase uctuation is f f andwe de ne the overall
fractionalerroras:

10log(Pwr)

w0 | SHEE U

30 20 10 0 10 20 30
r(m)

Figure 3. Horizontal cuts of the power responseof the watervapourra-
diometerheamfor the sameeightdistancegsshavn in Figure?2.

D E
fF2 f f

f2  nfi2

2
(ds)?=

®)

In orderto reducethe effect of statisticalvariancewhencomputing
ds we generateten statisticalrealisationsof Kolmogoras turbu-
lenceandquoteds asthe meanof the valuescomputesor each
turbulencerealisation.

3 RESULTS

For the resultspresentedn this sectionthe following parameter
rangesvereconsidered.

Turbulentlayerthicknessegw) in the rangefrom 1 to 500m
have beenused.The smallestvaluesw are unlikely to be physi-
cally relevantbut we includethemfor comparisorwith thin-screen
approximationsTheresultsfor differentthicknessesreshavn by
differentline styles.

Simulationshave beenmadefor threeheightsof theturbulent
layer: h = 250m, h= 750m andh = 1250m. Measurementsis-
ing two sitetestinginterferometerst the Chajnatorsiteby Robson
etal. (2001)indicatethatmostof turbulenceis belov 500m while
Beaupuitset al. (2005)shav with radiometricteststhatthe turbu-
lent layer is likely to be aroundh ~ 700m. Hence,the rangeof
heightswe have usedin our simulationsbracletsthelikely heights
of theturbulentlayeratthe ALMA site.

Threevaluesof length of the baselinebetweenthe antennas
have beenused:b = 64m, b= 128m andb = 256m. We have
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Figure 5. lllustration of the geometryof the turbulentlayer andthe astro-
nomicalandWVR beams.
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5

not consideredonger baselinesecausét would be considerably
more comple to carry out simulationsof both the sufcient size
to accommodatehesebaselinesand the sufcient resolutionto

resohe the effects of the differencesbetweenastronomicaland

WVR beamsFurthermorethe relative size of errordueto beam-
mismatchis lesssigni cant atlongerbaselines.

All simulationgpresentedherehave beencarriedoutunderthe
assumptiorthat astronomicabbservingis being carriedout | =
1mm. We have of courseassumedhatthe radiometersareobserv-
ing closeto watervapourline they aremeasuringi.e., 183GHz.

It hasbeenassumedhatthe displacemenbetweerthe astro-
nomicalandthe WVR beamsis in the direction perpendiculato
wind. We notethatif the displacements in the direction of the
wind it may, in principle, be possibleto reducethe error duethis
displacementy shiftingthe WVR measurementa time. Thiscan
notbedonein the presengeometry

The rangeof displacementingles(dq) considereds from
zeroupto 30arc-minutesThedisplacementsf astronomicafrom
theWVR beamdn the presentlesignof ALMA 12-mantennand
front-endsareshavn in Table1 andthey rangefrom 3.58t0 9.13
arc-minutesHence,the rangeof displacementgsonsideredn the
gure is larger than the maximumthat will occurin the caseof
ALMA, but. It is neverthelesplottedto bettershav thetrendsand
alsoasanaid for thoseconsideringlesignsof similar antennas.

A sampleof thesimulatedphaseuctuationsin theastronom-
ical signal,the simulatesignalreceved by theradiometersandthe
differenceor thewhenthebeamsareperfectlycoincidentis shavn
in Figure6. Figure7 shavs how the root-mean-squaref uctua-
tionsvarieswith thebaselindengthfor anumberof baselinghick-
nesses.

Thekey resultsareshavn in Figures8 and9. The both shav
fractionalerrorin uctuations as seenby the astronomicakignal
andtheradiometerasthefunctionof beamdisplacementrigure8
shaws this variationthreeheightsof the turbulentlayerwhile Fig-
ure9 shaws thevariationfor threebaselindengths.

The nal resultis shavn in Figure 10, which illustratesthe
effect of the tapersof the astronomicabind radiometetbeamsby
repeatinghe simulationfor radiometerawith -5dB and-30dB ta-
pers.Becausehe radiometermeasuresncoherentradiationfrom
water the -5dB tapercorrespondslosely to the -12dB taperof
the astronomicatecevers.As aresult,it canbe seenthatthe dis-
crepang betweerphaseuctuationsandradiometeoutputss very
smallfor smallbeamdisplacementswith a-30dB edgetaper the
radiometetbeamin the near eld is a rathernarrav cyclinderand
thereforesampleshe wateronly closeto the centreof the astro-
nomicalbeam Theresultingdiscrepang betweermeasuremerity
theradiometeandthe phaseuctuation of theastronomicatignal
is shavn in the bottomplot of Figure10.

4 DISCUSSIONAND CONCLUSIONS

Dueto designconstraintsthewatervapourradiometergor ALMA
will not samplepartsof the atmospheravhich are geometrically
exactly the sameasthosecausingthe uctuations in the phaseof
therecevedastronomicasignal.This effectalonewill causesome
error in estimatederived from the WVR measurementthat are
usedo correctfor theatmospheriphaseuctuation, andtheresults
shavn in the previous sectionquantify the sizeof theseerrors.
The speci cation for atmosphericphasecorrectionfor the
ALMA projectrequirethattheresidual(i.e., aftercorrection)root-

H [
mean-squaraictuationsareequalto or lessthan10 m(1l+ g
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Figure 6. Simulatedphase uctuations (bottom panel)and the error in phase uctuations inferred from the simulatedradiometerdata (top panel). The
simulationwascarriedout for a 128m long baselinea 500m thick turbulencelayer andawind speedof 6ms 1. The astronomicakndWVR beamshapes
usedwereasshavn in Figures2 and3 andthe beamsavereassumedo be exactly aligned.

per antennagplus two percentof uctuation on ary onebaseline.
Herec is the precipitablewater vapourcolumn. As the error due
to geometricmismatchdiscussedereis proportionalto the mag-
nitudeof the uctuations, it shouldideally be accountedor in the
proportionalpartof the errorbudget.

Measurementsf un-correcteéitmospherically-induceghase
uctuationsatthe ALMA site(reviewedby Evansetal. 2003)shav

thatin goodnighttime conditions the uctuationsona300m long
baselinearearoundl00 m, while in poorday-timeconditionsthey
may be ashigh as900 m. Extrapolatingfrom Figure 7, this cor
respondson a 128m baselineto approximately60 and 600 m.
Henceunder good night time conditionsa proportionalerror in
phasecorrectionof aroundwo-percenwill still besmallcompared
to the speci cationfor the additive error (minimum10 m peran-
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Figure 7. Root-mean-squaref phaseuctuations of thereceved signalas
functionof baselindengthfor four thicknessesf the turbulentlayer:thin-
screer(solidline), 10m, 100m and500m (dot-dash-doline).

tennaor 14 m perbaseline) Underconditionswhenuncorrected
uctuations are strong, a proportionalerror of two-percent,will
howvever be comparableo the additive error Although the mag-
nitude of uncorrecteductuations increasen long baselinesas
discussedelaw, the relative importanceof the errorsstudiedin
this memodecreases.

Thetypical casewe considelin thisnoteis abaselinebetween
antenna®of length 128m and a turbulent layer which at a height
750m (this caseis shavn in Figures8, 9 and 10). The physical
thicknessof the turbulencelayer at Chajnatoris likely to be be-
tween 100 and 500m, i.e., betweenthe bottom two lines in the
plots of the previous section.As canbe seenfrom the plots, the
fractionalerror dueto the geometricmismatchis in the rangebe-
tweenoneandtwo percentwhenthebeamsareexactly alignedand
theincreasavith angleof mis-alignmenbecomesigni cant when
the displacemenis about5 arc-minutesThereforein the casethe
ALMA, thegeometriamismatchis of the orderof the proportional
part of the error budgetandin orderto meetthe speci cationsit
will be necessaryo minimiseothereffectswhich introduceerrors
thatareprimarily proportionalto the magnitudeof uctuations.

The differencedbetweenthe threeplotsin Figure8 shav the
signi cance of the heightof the turbulent layer. If the WVR and
astronomicabeamsare exactly alignedthe heightis only of small
importance(arisingdueto diffraction of the beams) As expected,
the error due to misalignmentincreasewith increasingheightof
theturbulentlayer:if the layeris at 1250m thenthe fractionaler-
ror dueto mis-alignmentecomessigni cant at an mis-alignment
angleof around2.5arc-minutes.

Thethreeplotsin Figure9 shov how the calculatedimits on
performancerary with the lengthof the baselinebetweenthe an-
tennasThey shav thatat longerbaselineghe effect of geometric
mismatchbecomegelatively lesssigni cant. The nal Figure10
illustratesthe signi cance of the taperof the radiometerbeam.lt
is easierto minimisethe spillover of the radiometerswith a large
taper but asis illustratedin this gure, thisis at a costof limita-

tionsontheaccurag with whichthe uctuationscanbemeasured.

The -18dB maximumtaperspeci ed by ALMA is a compromise
betweerthesetrade-ofs. Thetop panelof Figure10 shaws thatif
thetaperwereaslow as-5dB, this would make the errorwith ex-
actly alignedbeamsnsigni cant. On the otherhand,a large taper
of -30dB would signi cantly increasethe error dueto geometric
mis-match.
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Figure 8. Fractionalerrorin estimate¢phaseuctuationsasfunctionof the
beamoffset.Bottomplotis for aturbulentlayerataheightof 250m, middle
for heightof 750m andtop for heightof 1250m. For eachlayerheight,the
errorfor four layerthicknesshave beencalculatedthin-screer(solid line),
10m thick layer (dashedine), 100m thick layer (dottedline) and 500m
thick layer (dash-dot-daskhne).

Within thecontet of ALMA theseresultsmaybesummarised
asfollows. It hasbeenpossibleto minimise the effect of the dis-
placemeniof the radiometerand astronomicabeamsby placing
the highestfrequeng recever bandsclosestto the pick-off mirror
of theradiometerThesedisplacementareshavn in Tablel.

Becauseof this, for the highestfrequeng bands,the angu-
lar displacemenof the astronomicabnd WVR beamscontritutes
aboutthe sameto the phasecorrectionerror budgetas the other
effectsstudiedin this memo,namelythe errordueto theincoher
entnatureof thewatervapourradiometemeasuremerasopposed
to the coherentetectionof the astronomicakignalandthe differ-
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Figure 9. Fractionalerror in estimatedphase uctuations as function of

beamoffset, asin Figure 8, but shaving the signi cance of the baseline
length. The turbulent layer is assumedo be centredat a heightof 750m

anderrorshave beencalculatedor four thicknesseshin-screergsolidline),

10m (dashedine), 100m (dottedline) and500m (dash-dot-daskhne). The

threepanelsshav theresultsfor threebaselindengths(top to bottom):64,

128and256m.

entedgetapersof the two recevers. (In practiceof courseeffects
notconsideredn this note,suchastheradiometemeasuremerdr-
ror andthe uncertaintyin atmospherienodelling,will alsobeim-
portant.)Unlessthe turbulenceis concentrateat very low heights
in the atmospherethe larger angulardisplacemenbf the lower
frequeng receverswill placefurthersigni cant limits onthe pos-
sible performancef theradiometersasshavn in Figure8.
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Figure 10. Fractionalerror as function of beamoffset for threetapersof
the WVR beam.The middle plot is has-18dBtaperaspreviously; top plot
is for -5dB taper;bottomplot is for -30 dB taper Baselinelengthis 128m
heightof turbulentlayer 750m asbefore.
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