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ABSTRACT
Using high-resolutionthree-dimensionalrealisationsof turbulent �elds, we investigatethe
limits on achievable performanceof atmosphericphasecorrectionusing water-vapourra-
diometersarisingfrom following effects:theincoherentmeasurementof powerfrom waterby
theradiometers(in contrastto coherentdetectionof theastronomicalsignal);thedifferentta-
persof theresponsepatternsof theastronomicalandradiometerreceivers;and,thedifferences
in thedirectionsof theradiometerandastronomicalbeams.We quantify the limit on perfor-
manceasthefractionof atmosphericphase�uctuationsthatis not trackedby theradiometers.
We �nd that, for parametersrelevant for ALMA, the performancein high-frequency bands
will be limited in approximatelyequalpartsby the two effects,i.e., the differencesduethe
incoherentvs coherentprocessesmeasuredby the two receivers,togetherwith their differ-
ent tapers,andthe angulardisplacementsof the beams.For the lower frequency bands,the
angulardisplacementsof thebeamsbecomesthedominantsourceof error.

1 INTR ODUCTION

The ALMA project will use 183GHz water-vapour radiometers
(WVRs) to measurethe �uctuations in atmosphericproperties
alongthe line of sightof eachof the12m telescopesin thearray.
Thesemeasurementsby the WVRs, togetherwith ancillary data
collectedby otherinstruments,will beusedto infer correctionsfor
thephase�uctuations in theastronomicalsignalintroducedby the
atmosphere.

Thegoalof thisnoteis to investigatehow thefollowing effects
limit theaccuracy with which thisphasecorrectionsmaybedone:

(i) ThefactthattheWVRsmeasurethepowerof emissionfrom
waterwhile thephase�uctuation arearesultsof excesspathdueto
watervapourwithin thecoherentastronomicalbeam;

(ii) Thedifferentilluminationspatternson theprimaryre�ector
of theWVR andastronomicalbeams;and,

(iii) The angularoffsets betweenthe astronomicaland WVR
beams.

In ordernot to obscurethe above effectswe do not considerthe
effect of measurementerror within the WVRs or the uncertain-
tiesassociatedwith converting thesemeasurementsto excesspath
lengths.

This topic has been investigatedbefore by Gibb & Harris
(2000).This noteextendson theirwork by:

(i) Using high-resolutionthree-dimensionalsimulationsof tur-
bulenceto quantifythedifferencebetween�uctuationsof thephase
of theastronomicalsignalandtheradiometeroutputs.

(ii) Directly computingthebeamsratherthanassumingthey are
Gaussian.

(iii) Takinginto accountthecoherentnatureof theastronomical
signal.

TheALMA Memoby Asaki et al. (2005)alsousesstatistical
realisationsof turbulenceto simulatephase�uctuations, although
theiraim is to investigatephasecorrectionfor theALMA Compact
Array. We notethatourmethoddiffersin thatwe directly simulate
thethreedimensionalturbulenceandcomputetheeffect on theas-
tronomicalandWVR signalswhile they simulatetwo dimensional
screenswith varyingstructurefunctions.

2 METHOD

We want to calculatehow thephaseof anastronomicalis affected
by the turbulenceandhow well the WVRs can traceandpredict
these�uctuations.Therearethreemainstagesto this:

(i) Generatinghighresolution,threedimensional,realisationsof
turbulent�elds

(ii) Calculating the astronomicaland WVR beam shapesas
functionsof height

(iii) Usingtheabove two itemsto generatetime seriesof phase
of theastronomicalsignalandWVR measurements.

In this notewe assumethat �uctuationsof atmosphericprop-
ertiesaresuf�ciently describedby only a singlevariable,q(x;y;z),
whichrepresentsthewatervapourcontent.To simplify calculations
weassumethatq describesvariationaboutthemeansothathqi = 0.

We next describehow q in�uences the propagationof astro-
nomicalradiationandthewhat theWVRs measure.We make the
following assumptions:

(i) That �uctuation in refractive index of theatmospherearedi-
rectlyproportionalto q sothatn(x;y;z) � 1 µ q(x;y;z).

(ii) Thatemissionat frequenciesthat theWVRs measurefrom
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Figure 1. Simulationof threedimensionalturbulenceona1025� 129� 129grid (i.e.,asub-sectionof thegrid usedfor thesimulationsbelow). Top:a single
horizontalslicek = 0, wherek is thevertical index of thegrid; Middle: sumof slices0 < k < 10; Bottom:sumof slices0 < k < 100.

eachelementof volumeareproportionalto q andthatthisemission
is always fully optically thin so that radiative transfereffectsare
not important.Observed radiometerbrightnesstemperaturesand
the�eld q arethenrelatedin a linearway.

Assumption(i) above is likely to be goodin the conditionsunder
investigationalthoughthefactorof proportionalitydependsslightly
on thetemperature.Assumption(ii) is dependenton thefrequency
at which the WVRs observe, the absolutequantityof water, tem-
perature,etc. In generalit will not hold, but with WVR designs
thathave several channelsthat sampledifferentpartsof thewater
vapouremissionline (the ALMA designhasfour channels,Hills
et al. 2001),it is usuallypossibleto derive an equivalentquantity
thatis linearin q.

2.1 Generating the turb ulent �eld

We wish to generatestatical realisationsof a turbulent �eld
q(x;y;z), namelya �eld thatobeys theproperty:

D�
q(r0) � q(r0+ r)

� 2
E

= Dq(jr j) = Dq(r) = 6:88
�

r
r0

� x

: (1)

The factor of 6.88 on the right handside is conventionalso that
r0 is thenthe Fried parameter(Laneet al. 1992).For approaches
which usetwo-dimensionalturbulentscreenthequestionarisesof
thecorrectexponentx in thede�ning structurefunctionDq: when
thegeometryof thetelescopeis muchsmallerthanthethicknessof
theturbulent layera coef�cient of x = 5=3 is appropriatewhile in
the oppositelimit x = 2=3 is moreappropriate.Herewe aregen-
eratingthree-dimensionalturbulenceso the expectedexponentis
x = 2=3 – theobservedsteepeningof thestructurefunctionis nat-
urally reproducedin our caseby averagingover volumesof the
turbulent�eld (seeFigure1).

Thealgorithmwe actuallyuseto computethestatisticalreali-
sationsof q is ageneralisationto threedimensionsof thealgorithm

of Laneet al. (1992).It hasbeendevelopedby usfor this applica-
tion andcanef�ciently simulate�elds with morethan109 volume
elements.

Sincewewishto quantifytheeffectof differencesbetweenthe
astronomicalandWVR beams,theresolutionof therealised�elds
mustbegoodenoughto resolve this; for theresultspresentedhere
weuse1m3 in all simulations.Mostof thesimulations(exceptthat
shown in Figure1) havebeencarriedout for �elds with dimensions
of theorderof 4097� 257� 513 resolutionelements.

2.2 Refractive index and the received astronomical signal

This sectionsumarisesthe theorywhich relates�uctuations in the
refractive index (i.e., q in our case)to the received astronomical
signalat eachantenna.

The fundamentalpropertythat we useis that the signal re-
ceived may be computedasthe surfaceintegral of the productof
theincoming�eld andtheantennavoltageresponseoverany plane
(or any otherin�nite surface)betweenthesourceandtheantenna.
Working in Cartesiancoordinatesf x;y;zg suchthat z is thedirec-
tion from the antennatoward the source,we write the incoming
wavefront as the complex electric �eld E(x;y;z) and the antenna
voltageresponsepatternas A(x;y;z). The above propertymeans
thatthereceivedsignalis:

V =
Z Z

dxdyA(x;y;z) E(x;y;z) (2)

evaluatedover any planez= h. Clearlythesignaldoesnot depend
on the planeover which the integral is evaluatedandso A andE
must vary with heightabove the telescopein sucha way that V
doesnot change.

When the medium in which radiation propagatesis homo-
geneous,the problem of calculating V is easily solved using
Fourier transforms,i.e., the angularresponsefunctionsis simply
theFouriertransformof theapertureplaneresponsefunction:
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Figure 2. Horizontalcutsof theamplitude(left) andphase(right) of theastronomicalbeamfor eightdistancesfrom theantennastartingat theapertureplane
(bottom)andincreasingin 500m stepsto 3500m (top).

A(u;v) = F T [A(x;y;z= 0)] : (3)

This makes it possibleto calculateeasily how a single antenna
will respondto a sourceasa functionof its position.Alternatively,
the surface integral of Equation2 may also be calculatedat the
apertureof the antenna(that is, z = 0), which is convenientsince
A(x;y;z= 0) is easyto compute.In thecaseof apointsourceanda
homogeneousatmosphere,the incomingradiationat z = 0 will be
a planewave andsotheintegral is easyto compute.

We note two straightforward points.First, when calculating
the surfaceintegral at z = 0 an apertureof �nite sizewill still of
coursehave a �nite angularresponse.This canbe appreciatedby
consideringanincomingplanewaveatanangleu from thevertical:
this will causea rangeof phasesacrossany �nite-sized apertures
leadingto adecreasein the�nal complex sumwhencalculatingV.

Second,althoughconventionallythe integral of Equation(2)
is doneat z= 0 or z= ¥ , it maybedoneat any z. If the incoming
wavesareplanarandthemediumthroughwhich they propagateis
homogeneous,they canbetrivially computedatany z. Similarly, if
themediumof propagationishomogeneous,theantennavoltagere-
sponseA(x;y;z) maybequiteeasilyapproximatelycomputedfrom
theaperture-planeresponseA(x;y;z= 0) usingtheFresnelintegral.

Thegeneralcaseof propagationthroughan in-homogeneous
medium is more complicated.If smallestscalestructurein the
mediumis at the lengthscalesof aboutD andthe wavelengthof
radiationis l thendiffractiondueto themediumbecomesimpor-
tant a distanceapproximatelyD2=l into the medium.In the case

of thepresentstudyD � 1m sincethe resolutionof our statistical
realisationsof turbulenceis 1 meterandl � 1mm so diffraction
dueto inhomogeneitiesmaybecomesigni�cant at around1km.

Sincethe thicknessesof turbulent layerswe considerin this
noteareall smallerthenthis length,wecanapplythefollowing ap-
proximation.We�atten theturbulentlayerin therequireddirection
(thatis, takinginto accounttheoffset thebeams)andconsiderthat
it asa thin screen.Thatis, wecompute:

q0(x;y;q;x ) =
Z

dr q(rx(z); ry(z);z) = (4)
Z

dzq(x+ zsin(q) sin(x);y+ zsin(q) cos(x);z); (5)

wheretheanglesq andx de�ne theoffsetof thebeamwith respect
to the vertical suchthat x = 0 is an offset in the directionof the
baselineandx = p=2 is anoffsetin thewindwarddirection.

It is this computationof q0 from q which producesthecorrect
steepeningof thestructurefunctionwithoutsupplyingtheexponent
x but ratherjust thephysicalthicknessof theturbulent layerin the
atmosphere.

The integral of Equation 2 is then very conveniently per-
formedat theheightof theturbulentlayerwithout theneedto com-
putethediffractiondueto atmospheric�uctuations. If we arecon-
sideringa singlesourceexactly on the antennaaxis thenwe can
assumeE(x;y;z= h) = 1 andthus:

V[q0] =
Z Z

dxdy� A(x;y;z= h) � eiCwq0(x;y) (6)
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whereCw is theconversionfactorbetweenphaseandwatercontent.
Theargumentof V[q0]=V[0] is thephaseshift introducedby atmo-
sphericturbulenceq andthemagnitudeof V[q0]=V[0] corresponds
to thedecreaseamplitudeof receivedsignaldueto theturbulence,
i.e., `radio-seeing'.

2.3 The signal measuredby the WVRs

Computingthe signal received by the WVRs is relatively simple
becausetheemissionfrom thewatermoleculeswill not becoher-
entandbecausewe have assumedthat radiationis propagatingin
a perfectlyoptically thin way. The signalreceived by the WVRs,
W[q], couldthereforebecomputedby integratingthewater-vapour
distribution q weighted by the antennapower-responsepattern
P(x;y;z) = jA(x;y;z)j2. For consistency with Equation(6),wehow-
everalsocalculatethepowerreceivedby theradiometersfrom `�at-
tened'water-vapourdistributionq0:

W[q0] =
Z Z

dxdy� P(x;y;z= h) � q0(x;y): (7)

2.4 Computing the antennaresponsepatterns

Weassumethattheastronomicalbeamhasa-12dB edgetaperand
that the WVR beamhas-18dB edgetaper. Both beamsaremod-
elled asGaussianwith the blockageby the secondarymirror (but
not thesupports)takeninto account(wealsoof coursetake into ac-
countthetruncationof beamsby thesizeof theprimaryre�ector).
The antennaresponseat an altitude h is computedusingFresnel
integrals,whichwe approximateby addingquadraticphasesto the
aperture-plane�eld distributionandusingthestraightforwardFast-
FourierTransform(FFT).

For theastronomicalbeamboththephaseandtheamplitudeof
theantennaresponsearecalculatedandthey areshown asfunctions
of altitudein Figure2.For theWVR beamonly thepowerresponse
is relevantandit is shown in Figure3.

2.5 Time seriesof phaseand WVR measurements

Thegeometrywhich we useto generatethesimulatedtime series
is as follows. We assumethat the two antennasare observingat
thezenithandareseparatedby a distanceb in they directionand
calculatethe differencesbetweenthe received phases(of the as-
tronomicalsignal),which we will write f , and powers from the
WVRs,whichwedenotebyW. In orderto generatethetimeseries
we sequentiallytranslatethis baselinein the x-direction.We will
assumethatthesamplingis doneat 1s sothedistancetranslatedis
simply v=1s wherev is thewind-speed,i.e., thespeedwith which
anapparentlyfrozenphasescreenis moving acrossthe telescope.
Thegeometryis shown in Figures4 and5. Whentheantennasare
not observingtoward the zenith,the quantitiesh andw shouldbe
scaledby the secantof the zenithangleto accountfor the longer
apparentdistanceto the turbulent layer and the greaterapparent
thicknessof theturbulentlayerrespectively.

This procedureproducesastronomicalphasedifferencesf i
andwatervapourdifferencesWi . We assumethatthebestestimate
of phasesfrom watervapourmeasurements,̂f , is thebest-�t lin-
earscaling,i.e., f̂ i = cWi , wherec is a constant.The error in our
estimateof phase�uctuation is f � f̂ and we de�ne the overall
fractionalerroras:
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Figure 3. Horizontal cuts of the power responseof the water-vapour ra-
diometerbeamfor thesameeightdistancesasshown in Figure2.

(ds )2 =

D�
f � f̂

� 2
E

�


f � f̂

� 2



f 2

�
� hf i 2 : (8)

In orderto reducetheeffectof statisticalvariancewhencomputing
ds we generateten statisticalrealisationsof Kolmogorov turbu-
lenceandquoteds asthe meanof the valuescomputesfor each
turbulencerealisation.

3 RESULTS

For the resultspresentedin this sectionthe following parameter
rangeswereconsidered.

Turbulent layer thicknesses(w) in the rangefrom 1 to 500m
have beenused.The smallestvaluesw are unlikely to be physi-
cally relevantbut we includethemfor comparisonwith thin-screen
approximations.Theresultsfor differentthicknessesareshown by
differentline styles.

Simulationshave beenmadefor threeheightsof theturbulent
layer: h = 250m, h = 750m andh = 1250m. Measurementsus-
ing two sitetestinginterferometersat theChajnatorsiteby Robson
et al. (2001)indicatethatmostof turbulenceis below 500m while
Beaupuitset al. (2005)show with radiometricteststhat the turbu-
lent layer is likely to be aroundh � 700m. Hence,the rangeof
heightswe have usedin oursimulationsbracketsthelikely heights
of theturbulentlayerat theALMA site.

Threevaluesof lengthof the baselinebetweenthe antennas
have beenused:b = 64m, b = 128m and b = 256m. We have
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Figure 4. Illustrationof simulationof timeseriesof �uctuations

Astronomicalbeam

WVR Beam

h = 750m

w = 500m

z-direction

Turbulentlayer

Figure 5. Illustrationof thegeometryof the turbulent layerandtheastro-
nomicalandWVR beams.

not consideredlongerbaselinesbecauseit would be considerably
morecomplex to carry out simulationsof both the suf�cient size
to accommodatethesebaselinesand the suf�cient resolutionto
resolve the effects of the differencesbetweenastronomicaland
WVR beams.Furthermore,the relative sizeof errordueto beam-
mismatchis lesssigni�cant at longerbaselines.

All simulationspresentedherehavebeencarriedoutunderthe
assumptionthat astronomicalobservingis beingcarriedout l =
1mm. We have of courseassumedthattheradiometersareobserv-
ing closeto watervapourline they aremeasuring,i.e.,183GHz.

It hasbeenassumedthat thedisplacementbetweentheastro-
nomicalandthe WVR beamsis in the directionperpendicularto
wind. We note that if the displacementis in the direction of the
wind it may, in principle,be possibleto reducethe error duethis
displacementby shifting theWVR measurementsin time.Thiscan
notbedonein thepresentgeometry.

The rangeof displacementangles(dq) consideredis from
zeroupto 30arc-minutes.Thedisplacementsof astronomicalfrom
theWVR beamsin thepresentdesignof ALMA 12-mantennaand
front-endsareshown in Table1 andthey rangefrom 3.58to 9.13
arc-minutes.Hence,the rangeof displacementsconsideredin the
�gure is larger than the maximumthat will occur in the caseof
ALMA, but. It is neverthelessplottedto bettershow thetrendsand
alsoasanaid for thoseconsideringdesignsof similarantennas.

A sampleof thesimulatedphase�uctuationsin theastronom-
ical signal,thesimulatesignalreceivedby theradiometersandthe
differencefor thewhenthebeamsareperfectlycoincidentis shown
in Figure6. Figure7 shows how the root-mean-squareof �uctua-
tionsvarieswith thebaselinelengthfor anumberof baselinethick-
nesses.

Thekey resultsareshown in Figures8 and9. Thebothshow
fractionalerror in �uctuations asseenby the astronomicalsignal
andtheradiometersasthefunctionof beamdisplacement.Figure8
shows this variationthreeheightsof theturbulent layerwhile Fig-
ure9 shows thevariationfor threebaselinelengths.

The �nal result is shown in Figure10, which illustratesthe
effect of the tapersof the astronomicalandradiometerbeamsby
repeatingthesimulationfor radiometerswith -5dB and-30dB ta-
pers.Becausethe radiometermeasuresincoherentradiationfrom
water, the -5dB tapercorrespondsclosely to the -12dB taperof
theastronomicalreceivers.As a result,it canbeseenthat thedis-
crepancy betweenphase�uctuationsandradiometeroutputsis very
small for smallbeamdisplacements.With a -30dBedgetaper, the
radiometerbeamin thenear�eld is a rathernarrow cyclinderand
thereforesamplesthe wateronly closeto the centreof the astro-
nomicalbeam.Theresultingdiscrepancy betweenmeasurementby
theradiometerandthephase�uctuation of theastronomicalsignal
is shown in thebottomplot of Figure10.

4 DISCUSSIONAND CONCLUSIONS

Dueto designconstraints,thewatervapourradiometersfor ALMA
will not samplepartsof the atmospherewhich aregeometrically
exactly the sameasthosecausingthe �uctuations in the phaseof
thereceivedastronomicalsignal.Thiseffectalonewill causesome
error in estimatesderived from the WVR measurementsthat are
usedto correctfor theatmosphericphase�uctuation,andtheresults
shown in theprevioussectionquantifythesizeof theseerrors.

The speci�cation for atmosphericphasecorrection for the
ALMA projectrequirethattheresidual(i.e.,aftercorrection)root-
mean-square�uctuationsareequalto or lessthan10� m(1+ c

1mm)
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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 baseline,a 500m thick turbulencelayeranda wind speedof 6ms� 1. TheastronomicalandWVR beamshapes
usedwereasshown in Figures2 and3 andthebeamswereassumedto beexactlyaligned.

per antennaplus two per-centof �uctuation on any onebaseline.
Herec is the precipitablewatervapourcolumn.As the error due
to geometricmismatchdiscussedhereis proportionalto themag-
nitudeof the�uctuations, it shouldideally beaccountedfor in the
proportionalpartof theerrorbudget.

Measurementsof un-correctedatmospherically-inducedphase
�uctuationsattheALMA site(reviewedby Evansetal.2003)show

thatin goodnight timeconditions,the�uctuationsona300m long
baselinearearound100� m, while in poorday-timeconditionsthey
may be ashigh as900� m. Extrapolatingfrom Figure7, this cor-
respondson a 128m baselineto approximately60 and 600� m.
Henceunder good night time conditionsa proportionalerror in
phasecorrectionof aroundtwo-percentwill still besmallcompared
to thespeci�cationfor theadditive error(minimum10� m peran-
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Figure 7. Root-mean-squareof phase�uctuationsof thereceivedsignalas
functionof baselinelengthfor four thicknessesof theturbulent layer:thin-
screen(solid line), 10m, 100m and500m (dot-dash-dotline).

tennaor 14� m perbaseline).Underconditionswhenuncorrected
�uctuations are strong,a proportionalerror of two-percent,will
however be comparableto the additive error. Although the mag-
nitudeof uncorrected�uctuations increaseson long baselines,as
discussedbelow, the relative importanceof the errorsstudiedin
this memodecreases.

Thetypicalcaseweconsiderin thisnoteis abaselinebetween
antennasof length128m anda turbulent layer which at a height
750m (this caseis shown in Figures8, 9 and 10). The physical
thicknessof the turbulencelayer at Chajnatoris likely to be be-
tween100 and 500m, i.e., betweenthe bottom two lines in the
plots of the previous section.As canbe seenfrom the plots, the
fractionalerror dueto thegeometricmismatchis in the rangebe-
tweenoneandtwo per-centwhenthebeamsareexactlyalignedand
theincreasewith angleof mis-alignmentbecomessigni�cant when
thedisplacementis about5 arc-minutes.Thereforein thecasethe
ALMA, thegeometricmismatchis of theorderof theproportional
part of the error budgetandin order to meetthe speci�cationsit
will benecessaryto minimiseothereffectswhich introduceerrors
thatareprimarily proportionalto themagnitudeof �uctuations.

Thedifferencesbetweenthe threeplots in Figure8 show the
signi�cance of the heightof the turbulent layer. If the WVR and
astronomicalbeamsareexactly alignedtheheightis only of small
importance(arisingdueto diffractionof thebeams).As expected,
the error dueto misalignmentincreaseswith increasingheightof
the turbulent layer: if the layer is at 1250m thenthe fractionaler-
ror dueto mis-alignmentbecomessigni�cant at anmis-alignment
angleof around2.5arc-minutes.

Thethreeplotsin Figure9 show how thecalculatedlimits on
performancevary with the lengthof the baselinebetweenthe an-
tennas.They show thatat longerbaselinestheeffect of geometric
mismatchbecomesrelatively lesssigni�cant. The �nal Figure10
illustratesthe signi�canceof the taperof the radiometerbeam.It
is easierto minimisethe spillover of the radiometerswith a large
taper, but asis illustratedin this �gure, this is at a costof limita-
tionson theaccuracy with which the�uctuationscanbemeasured.
The -18dB maximumtaperspeci�ed by ALMA is a compromise
betweenthesetrade-offs. Thetop panelof Figure10 shows that if
thetaperwereaslow as-5dB, this would make theerrorwith ex-
actly alignedbeamsinsigni�cant. On theotherhand,a largetaper
of -30dB would signi�cantly increasethe error dueto geometric
mis-match.
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Figure8. Fractionalerrorin estimatedphase�uctuationsasfunctionof the
beamoffset.Bottomplot is for aturbulentlayerataheightof 250m,middle
for heightof 750m andtop for heightof 1250m. For eachlayerheight,the
errorfor four layerthicknesshave beencalculated:thin-screen(solid line),
10m thick layer (dashedline), 100m thick layer (dottedline) and500m
thick layer(dash-dot-dashline).

Within thecontext of ALMA theseresultsmaybesummarised
asfollows. It hasbeenpossibleto minimisethe effect of the dis-
placementof the radiometerand astronomicalbeamsby placing
thehighestfrequency receiver bandsclosestto thepick-off mirror
of theradiometer. Thesedisplacementsareshown in Table1.

Becauseof this, for the highestfrequency bands,the angu-
lar displacementof theastronomicalandWVR beamscontributes
aboutthe sameto the phasecorrectionerror budgetas the other
effectsstudiedin this memo,namelytheerrordueto the incoher-
entnatureof thewater-vapourradiometermeasurementasopposed
to thecoherentdetectionof theastronomicalsignalandthediffer-
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Figure 9. Fractionalerror in estimatedphase�uctuations as function of
beamoffset, as in Figure8, but showing the signi�cance of the baseline
length.The turbulent layer is assumedto be centredat a heightof 750m
anderrorshavebeencalculatedfor four thicknesses:thin-screen(solidline),
10m (dashedline),100m (dottedline) and500m (dash-dot-dashline).The
threepanelsshow theresultsfor threebaselinelengths(top to bottom):64,
128and256m.

entedgetapersof the two receivers.(In practiceof courseeffects
notconsideredin thisnote,suchastheradiometermeasurementer-
ror andtheuncertaintyin atmosphericmodelling,will alsobe im-
portant.)Unlesstheturbulenceis concentratedat very low heights
in the atmosphere,the larger angulardisplacementof the lower-
frequency receiverswill placefurthersigni�cant limits on thepos-
sibleperformanceof theradiometers,asshown in Figure8.
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Figure 10. Fractionalerror as function of beamoffset for threetapersof
theWVR beam.Themiddleplot is has-18dBtaperaspreviously; top plot
is for -5dB taper;bottomplot is for -30 dB taper. Baselinelengthis 128m
heightof turbulentlayer750m asbefore.

ACKNOWLEDGEMENTS

We wish to thank Darrel Emersonfor a careful readingof the
manuscriptandhelpful comments.

REFERENCES

AsakiA., SaitoM., KawabeR.,Morita K., TamuraY., Vila-Vilaro
B., 2005,ALMA MemoSeries535,SimulationSeriesof aPhase
CalibrationSchemewith WaterVaporRadiometersfor theAta-
camaCompactArray. TheALMA Project

BeaupuitsJ. P. P., Rivera R. C., Nyman L.- 	A., 2005, ALMA
MemoSeries542,HeightandVelocity of theTurbulenceLayer

2007ALMA Memo573



9

Band Frequency range dq
(GHz) (arc-minutes)

1 31.3-45 9.13
2 67-90 9.13
3 84-116 6.77
4 125-163 7.05
5 163-211 8.77
6 211-275 8.77
7 275-373 3.58
8 385-500 3.58
9 602-720 3.58
10 787-950 3.58

Table 1. Displacementbetweenbeamsof astronomicalALMA receivers
andthebeamof thewater-vapourradiometer.

at ChajnantorEstimatedFromRadiometricMeasurements.The
ALMA Project

EvansN., Richer J. S., SakamotoS., Wilson C., MardonesD.,
RadfordS.,Cull S.,LucasR., 2003,ALMA MemoSeries471,
SitePropertiesandStringency. TheALMA Project

Gibb A. G., Harris A. I., 2000,ALMA Memo Series330, The
overlap of the astronomicaland WVR beams.The ALMA
Project

Hills R. E., GibsonH., RicherJ.S.,SmithH., Belitsky V., Booth
R., UrbainD., 2001,ALMA MemoSeries352,DesignandDe-
velopmentof 183GHzWaterVapourRadiometers.TheALMA
Project

LaneR.G.,GlindemannA., DaintyJ.C.,1992,Wavesin Random
Media,2, 209

RobsonY., Hills R. E., RicherJ. S., DelgadoG., NymanL.- 	A.,
OtarolaA., RadfordS.,2001,ALMA MemoSeries345,Phase
Fluctuationat the ALMA Site andthe Height of the Turbulent
Layer. TheALMA Project

2007ALMA Memo573


