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spectrumin bandC. In bandC mostof thewatervaporinformationcomesfrom theslope
which is stronglyaffectedby clouds.In bandA thecloudgeneratesanoffsetratherthan
aslope.

Thesensitivity to cloudcontaminationis increasedby simultaneoustemperaturere-
trieval sincetemperatureentersthecalculationof all otherretrieval molecules.Therefore,
bandB is stronglyaffectedby thecloud. Temperatureprofilesfor thealtituderegion of
cirrus cloudsareavailablefrom numericalweatherpredictionmodels,offering the op-
portunityto identify cirruscloudcontaminationby comparisonof retrievedto numerical
profile. Theretrievedabsorptionoffsetscouldalsobeemployedfor thispurpose.

The influenceof cloudsdecreasetowardshigherfrequenciesbecausetheopaqueal-
titude region of the spectramovesto highertangentaltitudes. Thereforecloudsat low
altitudesarealreadyinsideof theopaqueregion.

Thepresenceof a cloud is a majorproblemfor the retrieval which cannot becom-
pensatedby the introductionof an absorptioncoefficient offset. The cloud effectsvary
with altitudeandsizedistribution (seesection10.7),leadingto eitheranoverestimation
or underestimationin the observed brightnesstemperature.Thereforethe introduction
of an additionalabsorberin the absorptioncoefficient offset doesnot compensatescat-
teringeffects. Thereareprobablytwo main reasonsfor this. Firstly, scatteringis suffi-
ciently strongto make the treatmentof the cloud asan absorberinadequate.Secondly,
thecloudintroducesa horizontalinhomogeneity, becauseits horizontalextentis limited.
This meansthatthecloudis — at leastpartly— missedby theantennabeamfor tangent
altitudesbelow thecloudaltitude. Hence,even if thecloud itself couldbe treatedasan
absorbertherewould bean inconsistency. Consequently, theretrieval cancalculatesab-
sorptioncoefficient offsetswhich arebelow thetruevalue(seesectionA.4), introducing
lessabsorptionin thepresenceof a cloud!

On the otherhand,concerningthe possibility of retrieving cloud characteristics,it
hasto be concludedthat is not easilypossibleto determinethe propertiesof the cloud
from thelimb scanmeasurement.Differentcloudsleadto differenteffectsin theretrieved
profilesandtheeffectsarerelatedto thecloudpropertiesandthealtitudeof thecloudin
a complicatedandvery non-linearway. TheLimb soundinggeometryis thereforenot as
suitableastheNadirgeometryfor cloudretrievals.

10.9 Assessmentof irr egular crystal shape

Multiple scatteringof microwave radiationin ice cloudsconsistingof nonsphericalpar-
ticles is currently approximatedby meansof Lorenz-Mie theory. Thereforespherical
particleswith anequivalentradiusmustbeassumed.Radiative transferis calculatedby a
one-dimensionalmodelthatoperatesalongtheone-dimensionallimb path.Theobjective
of this workingpackageis to find out if theseapproximationsaresufficient in describing
theeffectsof cirruscloudsonmicrowaveradiationemergingfrom theatmospherein limb
directions.

Investigationson this problemrequiremicrowave scatteringcalculationswith non-
sphericalparticlesthathave a fixedorientation.TheMeteorologicalInstituteat theUni-
versityof Bonn(MI) operatesa radiative transfermodelthat is ableto accountfor non-
sphericalparticleshapesin microwaveradiativetransfer. RecentstudiesatMI haveshown
the importanceof theknowledgeof particleshapeon onehandandtheconsiderationof
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anistropicradiation(directionalvariation)on theotherhand.

10.9.1 Theory

The influenceof particleshapeon radiative transferis dueto a differentscatteringand
absorptionbehaviour. Whenconsideringtheseeffectswe aredealingwith polarizedra-
diationandthereforehave to usea radiative transferequationthattakesinto accountthat
scattering,extinctionandemissionaredifferentfor all polarizationstatesandthatmixing
betweenpolarizationcomponentsis possible.

Polarized microwaveradiati ve transfer

In microwave radiative transferthestateof polarizationis describedby thefour compo-
nentStokesvector

�������
	�������
�������
. Fromtheelectricfield componentsof a polarized

wave ��� and ��� theStokesvectorcanbedefinedas

����� �   
!
� 	� ���
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Consideringnonsphericalparticleswith afixedorientationthevectorequationof radiative
transferhasto beused:
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In this equationtheinteractionparametersfor extinction,emissionandscatteringde-
pendon frequency, complex refractive index, size,shape,orientationof thenonspherical
particle, direction of incidenceand the direction of propagation,which is denotedby� 8 ��>�� .

Extinctionandscatteringboth leadto mixing betweenthe polarizationcomponents.
In addition,theemissionby nonsphericalparticlesis polarized[Tsang et al., 1985]. So
the restrictionto intensityonly in microwave radiative transfercalculations(even with
averagedphasefunctionsandextinction coefficients)will not becorrect. This limitation
to intensityis alsonotsufficientwhenonly Lorenz-Mietheoryis usedto calculatetheef-
fectsof multiplescattering,becausemultiplescatteringis known to producepolarization
effects[Liu and Simmer, 1996].

Method of comparison

Thecomparisonof resultsobtainedwith Lorenz-Mietheoryandresultsdependingonfull
nonsphericalscatteringtheoryis difficult. Onehasto definetheequivalentensembleof
spheresthatis comparedwith theensembleof nonsphericalparticles.Therearedifferent
approachesto this taskandeachof themhasits own limitations. Defining an effective
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diameterusinganequivalentprojectedareaof aparticleneglectstheeffectof theparticle’s
volume,whichis importantin thesinglescatteringcalculation.Thefollowingcalculations
useaneffective radiusdefinedby equalvolumesof sphericalandnonsphericalparticles.
For all methodsthe size parameterin the caseof large aspectratios of the scattering
particle is underestimated:Becausesphereshave a minimum radiusper unit volumea
needle-or plate-likecrystalwill leadto anequivalentdropsizethatis muchsmallerthan
thelargestdimensionof thenonsphericalcrystal.

10.9.2 Application to off-nadir dir ections

The radiative transfercodeproducesreliableresultsfor planeparallelatmospheresand
anglesbetweennadirand85\ zenithangle. Closerto the horizontalthe resultsbecome
lessaccuratedue to resolutioneffects: In eachhemispherethe anglewhich is closest
to the horizontalrepresentsthe intervall up to 90\ andthereforeproducespoor results,
but for all other anglesthe resultsare reliable. A set of 16 anglesper hemisphereis
choosenwith the last sevenanglescloseto thehorizontal: 79\ , 83\ , 85\ , 86\ , 87\ , 88\ ,
and89\ . This angleselectionschemeresultsin a increasedresolutionalongthe tangent
direction,reducingthestepwisetransitionbetweenupwellinganddownwellingradiation
in transparentatmospheres.

This vectorradiative transfermodel is not ableto producecorrectresultsfor limb-
viewing geometry, which requiressphericalgeometry. Tangentdirectionsin a horizontal
infinite modelwill leadto infinite optical pathlengths,resultingin infinite total optical
thickness. But the sensitivity of intensity and polarizationat anglescloseto the hor-
izontal can be studiedin order to get an impressionof the effects to be expectedfor
limb-sounding.

Thisassumptionis basedonthefactthatalongthelimb pathbetweenthetangentpoint
andthesensorall radiationis emerging in upwarddirectionsfrom theatmosphericplane
parallellayers.Sotheeffectsobservedcloseto thehorizontal,but in upwarddirections,
giveagoodindicationabouttherelevantprocesses.

10.9.3 Numerical calculations

The one-dimensionalradiati ve transfer model

The calculationspresentedin this reportwerecarriedout with the microwave radiative
transfermodelMWMOD developedby C. Simmer[Simmer, 1994]andrecentlyextended
to nonsphericalscatteringby H. Czekala[Czekala and Simmer, 1998],[Czekala et al.,
1998]. Themodelusesplaneparallellayersandanarbitrarysetof discretezenithangles
to describethe atmosphereandthe radiationdistribution within. The radiative transfer
equationis solvedwith thesuccessiveorderof scatteringmethod,thusallowing multiple
scattering.Absorptionof gasesiscalculatedwith Liebe’sMPM code[Liebe et al., 1993b].
Interactionparametersfor extinction,emissionandscatteringarecalculatedwith Lorenz-
Mie theorywhenconsideringspheres.For singlescatteringparametersof nonspherical
particleswe usetheT-Matrix codefrom Mishchenko [Mishchenko et al., 1996]to calcu-
late thecomplex amplitudescatteringfunction. Fromthis amplitudescatteringfunction
theabsorptionvector, extinctionmatrixandscatteringphasematrixcanbecomputed.

Usingthissinglescatteringmodelwearelimitatedto rotationalsymmetricellipsoids,
alsocalledspheroids.Theseparticleshave a fixedorientationwith their rotationalaxis
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alignedto thevertical. Profilesof temperatureandwatervapourusedin our calculations
aretakenfrom a modifiedUS-standardprofile which hasa temperatureof 225Kelvin at
thetropopause.

Investigationson sensitivity to particleshapearecarriedout undervery simplified
conditions:Between9 and10kilometersheightanicecloudwaspositioned.Theparticle
sizedistribution is exponentialwith amaximumradiusof 200 ] m. Theicewatercontent
wasfixed to ^=_ ^�` kg/ma and ^=_ b kg/ma , respectively. For nonsphericalcalculationsthe
volumeof the sphericalcrystalswasconvertedto spheroidswith a fixed aspectratio of
5, sothatthehorizontalaxisis five timeslargerthantheverticalaxis. This shapeis used
as an approximationof ice disks that are supposedto be found in cirrus clouds. The
secondshapewhich is usedin this studyis a spheroidwith anaspectratio of ^=_dc , having
similaritieswith needle-like crystalswith their longestaxix orientedalongthe vertical.
This is notmeantasa realisticscenario,but asa helpfor interpretationof theresults.

All calculationswerecarriedout at the threefrequenciesof 200,300and500GHz,
respectively, giving a roughcoverageof theMASTER studyspectralbands.A full fre-
quency resolutionwouldbeimpossibleupto now becauseof limitationsdueto computing
time.

Influenceof shapeon intensity

When comparingthe clear sky case(Fig. 10.15)with the cloudy sky (Fig. 10.16)we
obtainmainlya brightnesstemperaturedepressionat all upwarddirections.Figure10.17
shows this brightnesstemperaturedepression(definedasclearminuscloudyresults)for
spheres,theresultfor oblatespheroids(Fig. 10.18)looksquitesimilar.

A closerlook at thedifferenceof sphericalandnonsphericalcalculations(Fig. 10.19)
shows someremarkableresults: Oblateice crystalsstill lead to a brightnesstempera-
turedepression,but a smallerone. The total intensity(comparedto spheres)at upward
directionscloseto thelimb directionis incresed,showing a decreaseat nadirupwarddi-
rections.Thiseffect is enhancedwith iceconcentrationin thecloud,asit is expected.As
a generalrule of thumb,this effect changesits signwhenswitchingeitherto downward
directionsor to prolatecrystalshapesinsteadof oblate(Fig.10.20).Thedifferencesreach
valuesof 10 to 20Kelvin, dependingondirectionandfrequency.

In the caseof column-like (prolate)spheroidswith vertical orientationwe observe
the largestdifferencesin verticaldirection,which is in contrastto the oblatespheroids,
whichshow strongechangesneartangentobservation.Thissuggeststwo conclusions:At
first theeffectsdependon thedirectionin which the largestdimensionof thescattering
particleis oriented.This may alsobeof someinterestwhenice-needlesareconsidered
which have their largestdimensionsetto thehorizontal,which is closerto reality. This
would resultin transferingtheresultsof nadirobservations(with their largechanges)to
the tangentdirectionsfor needle-like crystals,too. Secondlywe may saythat the large
differencesin total intensityandtheir angularvariationcanbeunderstoodwhenlooking
at thepolarizationeffects:

Nonsphericalparticleslead,in general,to a higherpolarizationratio. But theextinc-
tiondependsverystronglyondirectionandpolarization.Sothecombinationof polarizing
the thermalemissionfrom the atmospherebelow andthenadaptingto the effect of po-
larizationdependentextinction andabsorptioncoefficientsleadto resultsthatcannot be
obtainedwith radiative transfercalculationsrestrictedto total intensity.
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Figure10.15:Distributionof total radiationintensitywith verticalpositionanddirection
of propagationatclearsky conditions.Zeroanglemeansnadirupwarddirecton,90degree
is thehorizontaland180degreeis directlydownward.

Influenceof shapeon polarization

As pointedout somelinesbeforetheeffect of nonsphericalice cloudson polarizationis
remarkable.The variableof interestis the polarizationdifference,which is definedase�f
gih3f�j�k

.
Figure10.21shows the PD for oblatespheroids.In caseof spheresthe PD is close

to zero,so we obtaina dominanteffect of particleshapeandorientationin this signal.
Sincesimultaneouslymeasurementsin both,verticalandhorizontalpolarization,arenot
a featureof theMASTERinstrument,thediscussionof this topic is treatedshortly. A de-
tailedlook onpolarizationeffectscanbefoundin Czekala [1998]. Themainpointwhich
shouldbereportedhereis thefactthatnonsphericalshapeslead(in contrastto spheres)to
high amounts(up to 20 Kelvin) of polarizationdifference,which will bepositiveor neg-
ative, dependingon shapeandorientation.This polarizationsignaturestronglydepends
on thedirectionof observationandleadsto a complex modelingscenariowhich cannot
becalculatedwith simplemodelsgeometries.

10.9.4 Conclusions

Althoughthegeometryof ourmodelis notableto calculatereallimb-soundinggeometry
we showedthat therearelargeerrorsourceswhenradiative transferis doneby applying
Lorenz-Mietheoryto cirrus clouds. The effect of particleshapeon both, intensityand
polarization,is verycomplex. Thevariationof intensitywith directionneedsto besolved
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Figure10.16:Distributionof total radiationintensitywith verticalpositionanddirection
of propagation.Thisplot is for nonspherical(oblate)particlesandIWC of l=m l�n kg/mo .
with amodelthatusesmorethanonly onedimensionandasphericalcoordinatesystem.

Furthermoreit is essentialthatthestateof polarizationshouldnotbeneglectedduring
the calculations,even if only the total intensity is of interest. In order to simulatethe
effectsof scattering,extinctionandemissioncorrectly, themodelshouldbeableto handle
nonsphericleparticleswith a fixed orientation. This is of greatimportancebecausethe
final resultwill beverysensitiveto theseparticleorientationstogetherwith thedirectional
distribution of intensitycloseto the scatteringvolumeandthe polarizationstateof this
intensity.

Thenonsphericalshapesusedin this studyareextremeexamplesandthereforepro-
ducestrongeffects. Thesesimplificationsenableusto studythebasicprocessesin non-
sphericalmicrowave scattering,but therearemorepossibleparticleshapesto beinvesti-
gated.Othershapesmay leadto differentscatteringsignatures.A particleof interestis
thepolycrystalintroducedby A. Macke[Macke et al., 1996],whichis agoodapproxima-
tion to a meancirrusparticlein thevisible region. Unfortunately, themicrowave single
scatteringbehaviour of suchshapescannot becalculatedwith today’s singlescattering
models.
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Figure10.17:Brightnesstemperaturedepression(clearminuscloud)for sphericalparti-
cles.
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Figure10.18:Brightnesstemperaturedepression(clearminuscloud)for oblatespheroids.

474



  1.2

  2.5

  3.8

  5.0

  6.2

  7.5
  8.8

 10.0

 11.3
 12.5

 13.8  15.0
 16.3 17.5
 18.8
 20.0

75 80 85
Theta / degree

   

8

9

10

11

H
ei

gh
t /

 k
m

 

 

 

 

 

 -6.2
 -7.5

 -8.8
-10.0

-10.0

 -8.8

 -7.5

 -6.2

 -5.0

 -3.8

 -2.5

 -1.2   0.0
-11.3

-12.5
-13.8

90 95 100 105
Theta / degree

    

 

 

 

 

8

9

10

11

H
ei

gh
t /

 k
m

 200.00 GHz  Brightness Temperature / K

Difference (Oblate Shape - Spherical Shape)

downward radiationupward radiation

Figure10.19: Differencebetweentotal intensityresultsobtainedwith oblatespheroids
andspheres.
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Figure10.20: Differencebetweentotal intensityresultsobtainedwith prolatespheroids
andspheres.
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Figure10.21:Polarizationdifferenceresultsobtainedwith oblatespheroids.
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10.10 Summary and conclusions

Lastbut not leasta summaryof thechaptershallbegiven. Thefirst partcontaineda re-
view basedonclimatologicalcloudstatisticsof SAGEII andISCCPwith respectto cloud
coverage,cloudaltitudesaswell ascloudverticalandhorizontalextent. Thepublished
dataallows anestimationof theabundanceof cirrusclouds. Accordingto SAGEII cli-
matologytheabundanceof subvisualcloudsis around20% at mid-latitudesandaround
45% in the tropics. Theabundanceof optically thick cirruscloudsis around15% at its
maximumin thetropics.

The resultsof a numberof field campaignswith respectto the microphysicalprop-
ertiesof different typesof cirrus cloudsweresummarized.This allowed to identify a
representativesetof typical cirruscloudsto beusedfor theretrieval simulations.

Thestate-of-the-artmultiple-scatteringradiativetransfermodelSHDOMwasadapted
to thepresentIFE radiative transfermodelto allow realisticsimulationsof theeffect of
cloudsfor theMASTERspectralrangeandmeasurementgeometryto beperformed.The
newly developedmodelis consistentwith theIFE standardforwardmodelin theclearsky
case.

Theradiative transferin thepresenceof cloudswasvalidatedin up-lookinggeometry
againsttheMWMOD multiple-scatteringmodelof theUniversityof Bonnandagainstthe
BEAM modelof theUniversityof Berne. Theagreementwith MWMOD is very good,
but BEAM yields slightly lower brightnesstemperatures.This canbe attributedto the
factthattheBEAM modeldoesnot includescattering,only waterextinction.

Broadbandcalculationsin thelimb-soundinggeometrywith thecloudradiativetrans-
fer model showed that brightnesstemperaturescan be raisedor loweredby the cirrus
cloud,dependingoncloudaltitudeandsizedistribution.Evenatthesamealtitude,bright-
nesstemperaturescanberaisedby onecloudandloweredby another. Themostimportant
parametersto characterizethe cloud are ice masscontentandmedianmassequivalent
sphereradius.Theshapeparameterp is relatively unimportant.

ThecloudradiativemodelbasedonSHDOMwasusedto generatesyntheticmeasure-
mentsfor thesetof testcases.Thesewerethenusedto performretrievals. Theretrieval
wasaffectedby all cloudswith amedianmassequivalentsphereradiuslargerthan40 q m.
BandA is lessaffectedby clouds,retrievedprofilesarewithin the givena priori errors
whereasbandC showsmuchstrongerdeviationsfrom thetrueprofile. This is duebothto
thedifferentfrequency regionsandto thedifferentpropertiesof thewatervaporspectrum
in thetwo bands.

Thesensitivity to cloudcontaminationis increasedby simultaneoustemperaturere-
trieval sincetemperatureentersthecalculationof all otherretrieval molecules.Thetem-
peratureitself is stronglyaffectedby thecloud.(Sincetemperaturesfor thealtituderegion
of cirruscloudsareavailablefrom numericalweatherpredictionmodels,temperature—
aswell asabsorptionoffsets— couldbeusedfor basicclouddetection,e.g.,settingof a
cloudflag.)

It wasinvestigatedwhethertheretrieval of anabsorptioncoefficient offsetcancom-
pensatetheeffect of cirrusclouds,but this is not thecase.Thereareprobablytwo main
reasonsfor this. Firstly, scatteringis sufficiently strongto makethetreatmentof thecloud
asan absorberinadequate.Secondly, the cloud introducesa horizontalinhomogeneity
thatcannotbeignored.

Concerningthe possibilityof retrieving cloudcharacteristics,it hasto beconcluded
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that it is not easilypossibleto determinethepropertiesof thecloud from the limb scan
measurement.The bestonecando is to detectthe presenceof a cloud from abnormal
valuesof theabsorptionoffsetandthetemperatureprofile.

The developedcloud radiative transfermodel is limited to sphericalparticles. An
assessmentof the influenceof particle shapeon the modeledbrightnesstemperatures
wasperformedby MI Bonn. The result is that the effect of particleshapecannot be
neglected.Thisremainsthelargestuncertaintyin theradiativetransfermodelwith clouds.
Nevertheless,the developedmodel is suitablefor a first assessmentof the cirrus cloud
impact.

Themostimportantconclusionswith respectto theMASTERmeasurementcapabili-
tiesare:

1. Cirruscloudabundanceis around20% atmid-latitudes,but up to 45% in thetrop-
ics,accordingto SAGEII climatology.

2. Cloudscanraiseor lower thelimb radiancesandthereis noeasyrule of thumbfor
theeffectof cloudson themeasurement.

3. Theretrieval of oneor moreabsorptioncoefficient offsetprofilescannot compen-
satethecloudeffect.

4. Clouddetection(settingof a cloudflag) shouldbepossiblefrom themeasurement
in mostcases.

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