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spectrumn bandC. In bandC mostof thewatervaporinformationcomesrom theslope
whichis stronglyaffectedby clouds.In bandA the cloudgeneratesn offsetratherthan
aslope.

The sensitvity to cloud contaminations increasedy simultaneousemperaturee-
trieval sincetemperaturenterghe calculationof all otherretrieval moleculesTherefore,
bandB is stronglyaffectedby the cloud. Temperaturgrofilesfor the altituderegion of
cirrus cloudsare available from numericalweatherpredictionmodels,offering the op-
portunity to identify cirrus cloud contaminatiorby comparisorof retrievedto numerical
profile. Theretrievedabsorptioroffsetscouldalsobe employedfor this purpose.

Theinfluenceof cloudsdecreas¢owardshigherfrequenciesecausehe opaqueal-
titude region of the spectramovesto highertangentaltitudes. Thereforecloudsat low
altitudesarealreadyinsideof the opaqueregion.

The presencef a cloudis a major problemfor the retrieval which cannot be com-
pensatedy the introductionof an absorptioncoeficient offset. The cloud effectsvary
with altitudeandsizedistribution (seesectionl0.7),leadingto eitheran overestimation
or underestimationn the obsened brightnessemperature.Thereforethe introduction
of an additionalabsorbeiin the absorptioncoeficient offset doesnot compensatacat-
tering effects. Thereare probablytwo mainreasondor this. Firstly, scatterings suffi-
ciently strongto make the treatmentof the cloud asan absorbeinadequate Secondly
the cloudintroducesa horizontalinhomogeneitybecauséts horizontalextentis limited.
This meanghatthecloudis — atleastpartly — missedby the antennadeamfor tangent
altitudesbelow the cloudaltitude. Hence,evenif the cloud itself could be treatedasan
absorbetherewould be aninconsisteng. Consequentlythe retrieval cancalculatesab-
sorptioncoeficient offsetswhich arebelow the true value (seesectionA.4), introducing
lessabsorptionn the presencef a cloud!

On the other hand, concerningthe possibility of retrieving cloud characteristicsit
hasto be concludedthatis not easily possibleto determinethe propertiesof the cloud
from thelimb scanmeasuremenDifferentcloudsleadto differenteffectsin theretrieved
profilesandthe effectsarerelatedto the cloud propertiesandthe altitude of the cloudin
acomplicatedandvery non-linearway. TheLimb soundinggeometryis thereforenot as
suitableasthe Nadir geometryfor cloudretrievals.

10.9 Assessmenbf irr egular crystal shape

Multiple scatteringof microwave radiationin ice cloudsconsistingof nonsphericapar
ticles is currently approximatedoy meansof Lorenz-Mietheory Thereforespherical
particleswith anequvalentradiusmustbe assumedRadiatve transferis calculatedby a
one-dimensionahodelthatoperateslongthe one-dimensiondimb path. The objectve
of thisworking packages to find outif theseapproximationsresuficientin describing
theeffectsof cirruscloudson microwave radiationemeging from theatmosphera limb
directions.

Investigationson this problemrequiremicrowave scatteringcalculationswith non-
sphericalparticlesthat have a fixed orientation. The Meteorologicalinstituteat the Uni-
versity of Bonn (MI) operatesa radiatve transfermodelthatis ableto accountfor non-
sphericaparticleshapes microvaveradiatvetransfer RecenstudiesatMI have shavn
theimportanceof the knowledgeof particleshapeon onehandandthe consideratiorof
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anistropicradiation(directionalvariation)on the otherhand.

10.9.1 Theory

The influenceof particle shapeon radiatve transferis dueto a differentscatteringand
absorptiorbehaiour. Whenconsideringheseeffectswe aredealingwith polarizedra-
diationandthereforehave to usea radiatve transferequationthattakesinto accounthat
scatteringextinction andemissionaredifferentfor all polarizationstatesandthatmixing
betweerpolarizationcomponentss possible.

Polarized microwave radiati ve transfer

In microwave radiatie transferthe stateof polarizationis describedy the four compo-
nentStokesvectorl = (I,, I,, U, V). Fromthe electricfield component®f a polarized
wave E, and £, the Stokesvectorcanbedefinedas

1, E,|*

|| _ 1B, |?
(10-6) '=\|v 2Re(E, E})
v)  \eIm(E,E;)

Consideringhonsphericgparticleswith afixedorientationthevectorequatiorof radiatve
transferhasto beused:

_ extinction matrix emissiornvector
dI(z, 0, qﬁ) —_——_ —~ - <
oS HT = — 0,(%60,0)1(z,0,¢) + T,(26,¢)B(1T(2))
z
2w
(20.7) +//$ 2,0,0; 0, ) (z 8 qﬁ) sin@' do’ d¢'.
0 0 phasematrix

In this equationtheinteractionparametergor extinction, emissionandscatteringle-
pendonfrequeng, comple refractve index, size,shapeprientationof the nonspherical
particle, direction of incidenceand the direction of propagationwhich is denotedby
(6, 0).

Extinction and scatteringooth leadto mixing betweenthe polarizationcomponents.
In addition,the emissionby nonsphericaparticlesis polarized[ Tsang et al., 1985]. So
the restrictionto intensity only in microwave radiatve transfercalculations(even with
averagedbhasefunctionandextinction coeficients)will not be correct. This limitation
to intensityis alsonot sufficientwhenonly Lorenz-Mietheoryis usedto calculatethe ef-
fectsof multiple scatteringbecausenultiple scatterings known to producepolarization
effects[Liu and Smmer, 1996].

Method of comparison

Thecomparisorof resultsobtainedwith Lorenz-Mietheoryandresultsdependingn full

nonsphericascatteringheoryis difficult. Onehasto definethe equivalentensembleof
sphereghatis comparedvith theensemblef nonsphericaparticles.Therearedifferent
approacheso this taskandeachof themhasits own limitations. Defining an effective
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diameteusinganequialentprojectedareaof aparticlenegglectstheeffectof theparticle’s

volume,whichisimportantin thesinglescatteringalculation. Thefollowing calculations
usean effective radiusdefinedby equalvolumesof sphericakndnonsphericaparticles.
For all methodsthe size parametelin the caseof large aspectratios of the scattering
particleis underestimatedBecausesphereshave a minimum radiusper unit volumea

needle-or plate-like crystalwill leadto anequivalentdropsizethatis muchsmallerthan
thelargestdimensionof thenonsphericatrystal.

10.9.2 Application to off-nadir directions

The radiatve transfercodeproducegeliableresultsfor planeparallelatmosphereand
anglesbetweemadirand85° zenithangle. Closerto the horizontalthe resultsbecome
lessaccuratedue to resolutioneffects: In eachhemispherdhe anglewhich is closest
to the horizontalrepresentshe intervall up to 90° andthereforeproducespoor results,
but for all otheranglesthe resultsarereliable. A setof 16 anglesper hemispheras

choosenwith the last sevenanglescloseto the horizontal: 79, 83, 85°, 86°, 87°, 88°,

and8%. This angleselectionschemeaesultsin aincreasedesolutionalongthe tangent
direction,reducingthe stepwisdransitionbetweerupwellinganddownwelling radiation
in transparenatmospheres.

This vectorradiatve transfermodelis not ableto producecorrectresultsfor limb-
viewing geometrywhich requiressphericalgeometry Tangentirectionsin a horizontal
infinite modelwill leadto infinite optical pathlengths,resultingin infinite total optical
thickness. But the sensitvity of intensity and polarizationat anglescloseto the hor-
izontal can be studiedin orderto get an impressionof the effectsto be expectedfor
limb-sounding.

Thisassumptioms basednthefactthatalongthelimb pathbetweerthetangenpoint
andthe sensomll radiationis emeging in upwarddirectionsfrom the atmospheriplane
parallellayers. Sothe effectsobsenred closeto the horizontal,but in upward directions,
give agoodindicationabouttherelevantprocesses.

10.9.3 Numerical calculations
The one-dimensionalradiati ve transfer model

The calculationspresentedn this reportwere carriedout with the microwave radiatve
transfermodelMWMOD developedby C. Simmer Smmer, 1994]andrecentlyextended
to nonsphericakcatteringby H. Czekala[Czekala and Smmer, 1998],[Czekala et al.,
1998]. Themodelusesplaneparallellayersandanarbitrarysetof discretezenithangles
to describethe atmospherendthe radiationdistribution within. The radiatve transfer
equationis solvedwith the successie orderof scatteringnethod thusallowing multiple
scattering Absorptionof gasess calculatedvith Liebe'sMPM code]Liebeet al., 1993b].
Interactionparameterfor extinction,emissiorandscatteringarecalculatedvith Lorenz-
Mie theorywhenconsideringspheres.For single scatteringparameter®f nonspherical
particleswe usethe T-Matrix codefrom Mishchenk [Mishchenko et al., 1996]to calcu-
late the complex amplitudescatteringunction. From this amplitudescatteringunction
theabsorptionvector extinction matrix andscatteringohasematrix canbe computed.
Usingthis singlescatteringnodelwe arelimitatedto rotationalsymmetricellipsoids,
alsocalledspheroids.Theseparticleshave a fixed orientationwith their rotationalaxis
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alignedto thevertical. Profilesof temperatur@andwatervapourusedin our calculations
aretakenfrom a modifiedUS-standargbrofile which hasa temperaturef 225Kelvin at
thetropopause.

Investigationson sensitvity to particle shapeare carriedout undervery simplified
conditions:BetweerB and10kilometersheightanice cloudwaspositioned.Theparticle
sizedistributionis exponentialwith a maximumradiusof 200 zm. Theice watercontent
was fixed to 0.05 kg/m? and 0.3 kg/m?, respectiely. For nonsphericatalculationsthe
volume of the sphericalcrystalswas corvertedto spheroidswith a fixed aspectratio of
5, sothatthe horizontalaxisis five timeslargerthanthe verticalaxis. This shapéds used
as an approximationof ice disksthat are supposedo be foundin cirrus clouds. The
secondshapewhichis usedin this studyis a spheroidwith anaspectatio of 0.2, having
similaritieswith needle-lile crystalswith their longestaxix orientedalongthe vertical.
Thisis notmeantasarealisticscenarioput asa helpfor interpretatiorof theresults.

All calculationswvere carriedout at the threefrequencief 200, 300and500 GHz,
respectrely, giving a roughcoverageof the MASTER studyspectralbands.A full fre-
gueng resolutionrwouldbeimpossibleupto now becausef limitationsdueto computing
time.

Influence of shapeon intensity

When comparingthe clear sky case(Fig. 10.15)with the cloudy sky (Fig. 10.16)we
obtainmainly a brightnessemperaturelepressiomt all upwarddirections.Figure10.17
shaws this brightnesdemperaturelepressiorfdefinedasclearminuscloudy results)for
spherestheresultfor oblatespheroidgFig. 10.18)looks quite similar.

A closerlook atthedifferenceof sphericandnonsphericatalculationgFig. 10.19)
shavs someremarkableresults: Oblateice crystalsstill leadto a brightnessempera-
ture depressionbut a smallerone. The total intensity (comparedo sphereshat upward
directionscloseto thelimb directionis incresedshaving a decreasat nadir upward di-
rections.This effectis enhancedvith ice concentrationn the cloud,asit is expected As
a generalrule of thumb,this effect changests sign whenswitchingeitherto dowvnward
directionsor to prolatecrystalshapesnsteadof oblate(Fig. 10.20).Thedifferencegeach
valuesof 10to 20Kelvin, dependingn directionandfrequeng.

In the caseof column-like (prolate)spheroidswith vertical orientationwe obsene
the largestdifferencesn vertical direction,which is in contrastto the oblatespheroids,
which shaw strongechangesieartangenbsenation. This suggest$wo conclusionsAt
first the effectsdependon the directionin which the largestdimensionof the scattering
particleis oriented. This may alsobe of someinterestwhenice-needlesre considered
which have their largestdimensionsetto the horizontal,which is closerto reality. This
would resultin transferingthe resultsof nadir obsenations(with their large changesjo
the tangentdirectionsfor needle-lile crystals,too. Secondlywe may saythatthe large
differencesn total intensityandtheir angularvariationcanbe understoodvhenlooking
atthepolarizationeffects:

Nonsphericaparticleslead,in generalto a higherpolarizationratio. But the extinc-
tion dependserystronglyondirectionandpolarization.Sothecombinatiorof polarizing
the thermalemissionfrom the atmospherdelov andthenadaptingto the effect of po-
larizationdependenéxtinction andabsorptiorcoeficientsleadto resultsthatcannot be
obtainedwith radiative transfercalculationgestrictedo total intensity
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Clear Sky
200.00 GHz Brightness Temperature / K
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Figure10.15: Distribution of total radiationintensitywith verticalpositionanddirection
of propagatioratclearsky conditions.Zeroanglemeansadirupwarddirecton,90degree
is thehorizontaland180degreeis directly downward.

Influence of shapeon polarization

As pointedout somelines beforethe effect of nonsphericaice cloudson polarizationis
remarkable. The variableof interestis the polarizationdifference which is definedas
(Iv - Ih)

Figure10.21shows the PD for oblatespheroids.In caseof spheregshe PD is close
to zero, so we obtaina dominanteffect of particle shapeandorientationin this signal.
Sincesimultaneouslyneasurements both, verticalandhorizontalpolarization,arenot
afeatureof the MASTER instrumentthediscussiorof thistopicis treatedshortly A de-
tailedlook on polarizationeffectscanbefoundin Czekala [1998]. The mainpointwhich
shouldbereportedchereis thefactthatnonsphericashapes¢ead(in contrasto spheresjo
high amountqup to 20 Kelvin) of polarizationdifference whichwill be positive or neg-
ative, dependingon shapeandorientation. This polarizationsignaturestronglydepends
on thedirectionof obserationandleadsto a complex modelingscenariovhich cannot
be calculatedwvith simplemodelsgeometries.

10.9.4 Conclusions

Althoughthegeometryof our modelis notableto calculatereallimb-soundinggeometry
we shovedthattherearelarge error sourcesvhenradiative transferis doneby applying
Lorenz-Mietheoryto cirrus clouds. The effect of particle shapeon both, intensityand
polarizationjs very comple. Thevariationof intensitywith directionneedgo besolved
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Oblate Spheroid Cloud
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Figure10.16: Distribution of total radiationintensitywith vertical positionanddirection
of propagationThis plot is for nonsphericafoblate)particlesandIWC of 0.05 kg/m?.

with amodelthatusesmorethanonly onedimensiomanda sphericakcoordinatesystem.

Furthermoret is essentiathatthe stateof polarizationshouldnot be neglectedduring
the calculations,evenif only the total intensityis of interest. In orderto simulatethe
effectsof scatteringextinctionandemissiorcorrectly themodelshouldbeableto handle
nonsphericlearticleswith a fixed orientation. This is of greatimportancebecausehe
final resultwill beverysensitveto theseparticleorientationgogethemith thedirectional
distribution of intensity closeto the scatteringvolume andthe polarizationstateof this
intensity

The nonsphericathapesisedin this studyare extremeexamplesandthereforepro-
ducestrongeffects. Thesesimplificationsenableusto studythe basicprocesses non-
sphericalmicrowave scatteringbut therearemorepossibleparticleshapego be investi-
gated. Othershapesnay leadto differentscatteringsignatures A particleof interestis
thepolycrystalintroducedoy A. Macke [Macke et al., 1996],whichis agoodapproxima-
tion to a meancirrus particlein the visible region. Unfortunately the microwave single
scatteringoehaiour of suchshapesannot be calculatedwith today’s single scattering
models.
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Brightness Temperature Depression (Clear Sky - Cloud of Spheres)
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Figure10.17: Brightnessemperatur@epressiorfclearminuscloud) for sphericalparti-
cles.
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Brightness Temperature Depression (Clear Sky - Oblate Spheroid Cloud)
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Figure10.18:Brightnesgemperaturéepressioliclearminuscloud)for oblatespheroids.
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Difference (Oblate Shape - Spherical Shape)
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Figure 10.19: Differencebetweentotal intensity resultsobtainedwith oblatespheroids
andspheres.
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Difference (Prolate Spheroids - Spheres)
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Figure 10.20: Differencebetweertotal intensityresultsobtainedwith prolatespheroids
andspheres.
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Figure10.21:Polarizationdifferenceresultsobtainedwith oblatespheroids.
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10.10 Summary and conclusions

Lastbut notleasta summaryof the chaptershallbe given. Thefirst partcontainedare-
view basedn climatologicalcloudstatisticsof SAGEII andISCCPwith respecto cloud
coverage cloud altitudesaswell ascloud verticaland horizontalextent. The published
dataallows an estimationof the abundanceof cirrus clouds. Accordingto SAGEII cli-
matologythe alundanceof sulvisualcloudsis around20% at mid-latitudesandaround
45% in thetropics. The alundanceof optically thick cirrus cloudsis around15% at its
maximumin thetropics.

The resultsof a numberof field campaignswith respecto the microphysicalprop-
ertiesof differenttypesof cirrus cloudswere summarized.This allowed to identify a
representate setof typical cirruscloudsto be usedfor theretrieval simulations.

Thestate-of-the-annultiple-scatteringadiatve transfemodelSHDOM wasadapted
to the presentFE radiatve transfermodelto allow realisticsimulationsof the effect of
cloudsfor the MASTER spectrafrangeandmeasuremergeometryto be performed.The
newly developedmodelis consistentvith the IFE standardorwardmodelin theclearsky
case.

Theradiatve transferin thepresencef cloudswasvalidatedin up-lookinggeometry
againstheMWMOD multiple-scatteringnodelof the Universityof Bonnandagainsthe
BEAM modelof the University of Berne. The agreementwith MWMOD is very good,
but BEAM vyields slightly lower brightnesgemperaturesThis can be attributedto the
factthattheBEAM modeldoesnotincludescatteringpnly waterextinction.

Broadbandalculationsn thelimb-soundinggeometrywith the cloudradiatve trans-
fer model shoved that brightnesstemperaturegan be raisedor loweredby the cirrus
cloud,dependingncloudaltitudeandsizedistribution. Evenatthesamealtitude,bright-
nesgemperaturesanberaisedby onecloudandloweredby another Themostimportant
parameterso characterizeghe cloud are ice masscontentand medianmassequialent
spheregadius.Theshapeparametery is relatively unimportant.

Thecloudradiatve modelbasecbn SHDOMwasusedto generatesynthetioneasure-
mentsfor the setof testcases.Thesewerethenusedto performretrievals. Theretrieval
wasaffectedby all cloudswith amedianmassequialentsphereadiuslargerthan40m.
BandA is lessaffectedby clouds,retrieved profilesarewithin the givena priori errors
whereadandC shavs muchstrongerdeviationsfrom thetrue profile. Thisis duebothto
thedifferentfrequeng regionsandto thedifferentpropertiesof thewatervaporspectrum
in thetwo bands.

The sensitvity to cloud contaminations increasedy simultaneousemperaturee-
trieval sincetemperaturentersthe calculationof all otherretrieval molecules.Thetem-
peraturatself is stronglyaffectedby thecloud. (Sincetemperature®or thealtituderegion
of cirruscloudsareavailablefrom numericalweathempredictionmodels temperature—
aswell asabsorptioroffsets— could be usedfor basicclouddetectione.g.,settingof a
cloudflag.)

It wasinvestigatedvhetherthe retrieval of an absorptioncoeficient offsetcancom-
pensatehe effect of cirrus clouds,but this is not the case.Thereare probablytwo main
reasondor this. Firstly, scatterings sufficiently strongto make thetreatmenbf thecloud
asan absorbeinadequate.Secondly the cloud introducesa horizontalinhomogeneity
thatcannotbeignored.

Concerninghe possibility of retrieving cloud characteristicsit hasto be concluded
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thatit is not easilypossibleto determinethe propertiesof the cloud from the limb scan
measurementThe bestonecando is to detectthe presencef a cloud from abnormal
valuesof theabsorptioroffsetandthetemperaturegrofile.

The developedcloud radiatve transfermodelis limited to sphericalparticles. An
assessmertf the influenceof particle shapeon the modeledbrightnesstemperatures
was performedby Ml Bonn. The resultis that the effect of particle shapecannot be
neglected.Thisremainghelargestuncertaintyin theradiatve transfemodelwith clouds.
Neverthelessthe developedmodelis suitablefor a first assessmertf the cirrus cloud
impact.

Themostimportantconclusionsvith respecto the MASTER measuremerdapabili-
tiesare:

1. Cirruscloudalundances around20% at mid-latitudespbut upto 45% in thetrop-
ics,accordingo SAGEII climatology

2. Cloudscanraiseor lowerthelimb radiancesandthereis no easyrule of thumbfor
the effect of cloudsonthe measurement.

3. Theretrieval of oneor moreabsorptiorcoeficient offset profilescannot compen-
satethecloudeffect.

4. Clouddetection(settingof a cloudflag) shouldbe possiblefrom the measurement
in mostcases.

5. Retrieval of cloud propertiesis not very promising, the nadir geometryis better
suitedfor cloudsensing.
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