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Multiple-scatteringmicrowaveradiative transfer

Abstract

A multiplescatteringradiative transfermodelfor microwaveradiancedataassimilationin globalnumerical
weatherpredictionmodelsis presented.The model is part of the RTTOV softwarepackageandincludes
forward,tangent-linear, adjointandJacobianmodels.Themodelis basedon theEddingtonapproximation
to radiative transferwhich producesmeanerrorsof lessthan0.5 K at the targetedmicrowave frequencies
between10and200GHz. Thesimplifiedtreatmentof subgrid-scalecloudcovermayproducebiasedmodel
calculationsthat show a maximumat 0.5 cloudcover andmay reachseveraldegreesK. Theseerrorsmay
be correctedwith a simplebias-correction.Linearity testsindicatethat, given a screeningprocedurethat
excludessituationsin which the model respondsnon-linearlyto input perturbations,channelsnear50.3,
19.35,22.235andnear183.31GHzmaybeusedin globalradiancedataassimilation.

1 Introduction

In recentyears,thepotentialassimilationof informationfrom cloudsandprecipitationhasarisenfrom increased
spatialresolutionof globalnumericalweatherprediction(NWP)modelsandbettermoistphysicalparametriza-
tions thatproducehydrometeordistributionsthroughlarge-scalecondensationandconvection. Thechoiceof
observationaldatadependsuponthescaleof theapplicationandtheobservationalupdatecycle aswell asthe
sensitivity of theobservationsto themoistphysicalprocessmodels.For smallerscalesandrapidmodelcycling
within shorterassimilationwindows geostationaryobservationsmay be favourableeven thoughtheavailable
visible/infraredobservationshave little sensitivity to atmosphericlayersbelow cloud top. Basedon adjoint
sensitivity studies,Greenwald et al. (2004)couldshow thatevennarrow sensitivity profilesof visible/infrared
radiancesto cloudopticalpropertyperturbationsoffer somepotentialfor constrainingcloudprediction(seealso
Vukićević et al. 2004).For largerscalemodellingsystemswith longerassimilationwindows (say6-12hours),
microwave observationsfrom low orbitingsatellitesmaybefavourablebecausethey containmoreinformation
on lower cloudandprecipitationlayers(e.g.Chevallier et al. 2002).

Apart from the moist physicalparametrizations,modellingof the radiative transferis part of theobservation
operatorthat is requiredfor methodsof this type.Themodelmustbeaccurateandcomputationallyefficient at
thesametime. Sincetheexplicit treatmentof multiplescatteringin modelsthatresolve theangulardependence
of radiationpropagationis too time consuming,only approximative methodsareapplicable.Greenwald et al.
(2002)developedsucha radiative transfermodelfor the modellingof visible/infraredradiancesasobserved
from theGeostationaryOperationalEnvironmentalSatellite(GOES)systemin cloudyconditions.While the
probability distribution of simulatedradiancesmatchedobservationsratherwell, significantdeviationswere
produceddependingon cloud evolution stage. Thesedeviationsare the combinedeffect of shortcomingsin
cloudandradiative transfermodelling.This alsoindicatesa potentialfor cloudyradianceassimilationif these
deviationsarenotexcessive andobservationandmodellingerrorsareproperlyaccountedfor in thedataassim-
ilation system.

Centimetreandmillimetre wavelengthspenetratemostcloudsandexhibit sensitivity to liquid andfrozenpre-
cipitation. Dependingon thechoiceof frequenciesandradiationpolarization,cloud andprecipitationprofile
propertiesmaybeinferredin mostmeteorologicalsituations.Microwaveobservationsthereforeoffer thelargest
potentialfor constrainingmodelanalysesin thepresenceof diabaticprocesses.Sincethe1970’s, Eddington’s
secondapproximationto radiative transferhasbeenappliedto microwaveradiative transfermodellingin clouds
andprecipitation(e.g. WeinmanandDavies 1978)for one-dimensionalandthree-dimensionalproblems. In
mostapplicationsandfor frequenciesbelow 200GHz, themodellingerrorswerefound to bewell below the
signalvariability from surfaceemissivity aswell ascloud andprecipitationcontributions(Kummerow 1993,
Smithet al. 2002). Thesestudiesalsorecommendthe inclusionof theso-called’delta-scaling’of theoptical
parametersthataccountsfor thehighly asymmetricphasefunctionin thepresenceof stronglyscatteringatmo-
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spheres(Josephet al. 1976).Radiative transfermodellingerrorsbelow 1 K wereobtainedfor varioussurface
typesandobservationangles(Smithet al. 2002).

At ECMWF, themodellingof SpecialSensorMicrowave/ Imager(SSM/I)brightnesstemperatures(TB’s)from
global modelfields hasbeentested(Chevallier andBauer2003)andencouragedthe utilization of radiances
in a one-dimensionalvariationalretrieval (1D-Var) of temperatureandhumidity in precipitation(Moreauet
al. 2003). The resultsindicatedthat the assimilationof rain affectedmicrowave radiancesis feasibleand
mayconstrainNWP analysesin otherwisedatavoid areas.Furtherdevelopmentshave leadto theoperational
implementationof acombined1D+4D-Varassimilationmethodof SSM/I radiancesin cloudsandprecipitation
atECMWF (Baueret al. 2006a,b).

Thesuccessfulimplementationof theDelta-Eddingtonmodelin thedataassimilationsystemat ECMWF has
leadto its inclusionin the’Radiative Transfermodelfor TIROSOperationalVerticalSounder’(RTTOV; Eyre
1991,Saundersetal. 2005)sinceRTTOV version8. SinceRTTOV aimsatapplicationsin NumericalWeather
Prediction(NWP), the code is designedfor optimal computationalefficiency and by making available the
forward, tangent-linear, adjointandk-versionsof thecode. Thek-versionrefersto thecodethat canbeused
for calculatingthemodelJacobianmatricesthatcontainthepartialderivativesof TB’s dueto perturbationsin
inputparameters.

Thispapershortlyintroducesthetechnicalimplementationof theDelta-Eddingtonapproximationandpresents
extensive testingof forward and tangent-linearmodel versions. All resultswere producedfor passive mi-
crowave channelsavailable from the SpecialSensorMicrowave ImagerSounder(SSMIS;e.g. Swadley and
Chandler1992).This instrumentwaslaunchedonOctober15,2003,onboardtheF-16platformof theDefense
MeteorologicalSatelliteProgram(DMSP) maintainedby the US Navy. The SSMISwaschosenbecauseit
comprisestheobservationalcapabilitiesof a microwave imagerwith channelsthatarelocatedin spectralwin-
dows with thoseof a temperatureandhumidity sounder. Table1 summarizesthebasicchannelspecifications.
Mostchannelshaveeithersingleor dualpolarizationwhile thosedenotedwith ’rc’ have right-handcircularpo-
larizations.Thesearesimulatedastheaveragebetweenvertically andhorizontallypolarizedTB’s in RTTOV.
Channels19-24arenew channelsthatprovide temperaturesoundingsof themesosphereandthatareof little
importancefor radiative transferapplicationsto troposphericcloudsandprecipitation.

Section2 briefly introducessomemodeldefinitions,the appendixoutlinesthe model implementation,while
Section3 presentsthe modelevaluation. The paperconcludeswith an outlook on future developmentsand
perspectivesof radiancedataassimilationin NWP. Theentiremodelcodeis availableto theNWP community
throughtheNWP SatelliteApplicationFacility (NWP-SAF)(find underwww.metoffice.gov.uk). TheRTTOV
modelthataccountsfor multiple scatteringat microwave frequenciesis denotedRTTOV-SCATT hereafter.

2 Model

In dataassimilation,the generalforward and inverseproblemsare formulatedusing simulatedobservation
vectory (hereTB’s) andstatevectorx. For RTTOV-SCATT, x containsprofilesof pressure(p), temperature
(T), specifichumidity (q), cloud liquid water(wL) andice (wI ) mixing ratios,rain (wR) andsnow (wS) fluxes,
fractionalcloudcover (C) aswell asa numberof surfacevariablesrequiredfor surfaceemissionandreflection
calculations.Theinput andoutputparametersaresummarizedin Table2. Theforwardmodelis:

y � H � x ��� ε (1)

with H being the (non-linear)radiative transfermodeland ε being the modelling error. In variationaldata
assimilation,alsothetangent-linear, H:

δy � Hδx (2)
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Table1: BasicSSMISchannelcharacteristics(’v’: vertical polarization,’h’: horizontalpolarization,’rc’: right circular
polarization.).

ChannelNumber Centre� 1st � 2ndsidebandfrequency [GHz] Polarization ∆TBC atC=0.5[K]
1 50.3 v 1.03
2 52.8 v 0.03
3 53.596 v 0.04
4 54.4 v 0.04
5 55.5 v 0.01
6 57.29 rc 0.01
7 59.4 rc 0.01
8 150.0� 1.25 h 1.25
9 183.31� 6.6 h 0.03
10 183.31� 3.0 h 0.04
11 183.31� 1.0 h 0.05
12 19.35 h 2.17
13 19.35 v 1.20
14 22.235 v 1.11
15 37.0 h 5.16
16 37.0 v 2.61
17 91.655 v 1.65
18 91.655 h 4.77
19 63.283� 0.285 rc 0.09
20 60.792� 0.358 rc 0.13
21 60.792� 0.358� 0.002 rc 0.09
22 60.792� 0.358� 0.006 rc 0.01
23 60.792� 0.358� 0.016 rc 0.01
24 60.792� 0.358� 0.05 rc 0.01

andtheadjoint,HT, operatorsarerequiredfor theminimizationof thecost-functionwhosegradientquantifies
the proximity to the optimumsolution(for formal detailsrefer to ,e.g.,Ide et al. 1997). The tangent-linear
modelproducestheperturbationof y at statex for givenperturbationsin x, namelyδx. Thek-modelproduces
theJacobianmatrix that is thederivativesof all elementsof y to perturbationsof all elementsof x. Here,it is
calculatedastheperturbationin x thatproducesa1 K perturbationin y. Theadjointmodelis usedto compute
the transposeof the Jacobianmatrix. This Jacobianmatrix is usuallyusedto producethe gradientof a cost
functionwith respectto a statevectorgiven thesensitivity of the observationsto changesin thestatevector.
Adjoint modelsarevery efficient computationaltools(they avoid theneedfor perturbationmethodsandheavy
storageburdenin Jacobiancalculations)usedin optimizationproblemswith large statevectorsanda crucial
ingredientin mostoperationalvariationaldataassimilationsystems.

All testshave beenperformedwith amodelprofiledatasetthatwasproducedby theECMWF 1D+4D-Var rain
assimilationsystem(Baueretal. 2006a).Thedatasetconsistsof 8,290profilesthatarelocatedin tropicalareas
onDecember31,2004,andthatwereusedin the00UTC ECMWFanalysis.Theprofilesarerepresentative for
a horizontalresolutionof about40 km. A tropicaldatasetwaschosento ensurethepresenceof deepclouds
andintenseprecipitationsothatmultiple scatteringis maximized.Figure1 shows mean(solid lines)andmean
plus/minusonestandarddeviation (shadedareas)of T, q, wL, wI , wR, wS andC, respectively. Thedistributions
cover a significantrangeof variability. They-axesrefer to modellevels thatareadjustedaccordingto surface
pressure(at model level 60), for examplelevels 20, 30, 40, 50 and60 correspondto 40, 215, 560, 900 and
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Figure 1: Mean(solid line) andmean+1 standard deviation of T (a), q (b), wR (c), wS (d), wL (e),wI (f) andC (g) asa
functionof modellevel,ML, for testdataset.
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Table 2: RTTOV-SCATT input parameters (Parameters with both modellevel (ML) and RTTOV-level (RT) dimensions
areusedin bothRTTOV-SCATTandclear-sky RTTOV routines,respectively. Negativepresetsurfaceemissivitiesactivate
FASTEM-2sea-surfaceemissivitymodel(DeblondeandEnglish2001)).

Parameter Unit Dimension
Pressure hPa RT/ML
Temperature K RT/ML
Specifichumidity ppmv RT/ML
Cloudcover ML
Cloudliquid watermixing ratio kg kg� 1 ML
Cloudice mixing ratio kg kg� 1 ML
Rainflux kg/m� 2s� 1 ML
Snow flux kg/m� 2s� 1 ML
Surfacepressure hPa 1
2-meterspecifichumidity ppmv 1
2-metertemperature K 1
10-meterwindspeedu-component m s� 1 1
10-meterwindspeedv-component m s� 1 1
Surfaceskin temperature K 1
Zenithangle degrees 1
Surfacetype 1
Surfaceemissivity 1

1013hPa. All simulationsareperformedover an oceansurfacegiven the local sea-surfacetemperatureand
near-surfacewindspeed.

3 Model evaluation

Thefollowing evaluationinvestigatesseveralaspectsthatarecrucial for theusageof RTTOV-SCATT in data
assimilationandgeneralforwardmodelling.For anillustrationof theSSMISchannel’s sensitivity to clearand
cloudyatmosphericvariables,meanJacobianshave beencalculatedfrom the testdataset. In Section3b, the
accuracy of theDelta-Eddingtonapproximationto radiative transferwill bequantifiedusingadoubling-adding
radiative transfermodel as a reference. The latter explicitly solves the multiple scatteringeffects between
adjacentlayersandresolvesmultiple discreteanglesof radiancepropagation.Thesecondevaluationregarding
theforwardmodeldealswith the treatmentof fractionalcloudcover in theplane-parallelmodelatmospheres
that serve asinput from, say, NWP models.The over-simplificationof subgrid-scalecloud cover variability
may leadto theso-calledbeam-fillingeffect in the inversion. This effect is alsorepresentedin theadjointof
the radiative transfermodelso that gradientsof the cost function with respectto changesin cloud cover are
accountedfor. In Section3c the linearity of themodelis investigatedbecauseit determinestheapplicability
of the radiative transfermodelasan observation operatorin incrementaldataassimilationsystems.This is
becausethesesystemsrely on theassumptionof linearity of thephysicalprocessesin thegradientcalculations
wheretheincrementsof controlvariablesto thebackgroundstatearecalculated.Thetestof theadjointversion
of RTTOV-SCATT will not bereproducedherebecauseit is only of relevancefor testingthepropertechnical
codingof theadjointroutinesoncethetangent-linearmodelhasbeendeveloped.
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Figure 2: Average Jacobiansof T (dotted)andq (solid) for all SSMISchannels.Jacobiansof q havebeenmultipliedby
10.
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3.1 Sensitivity

Theanalysisof modelJacobiansis standardprocedurein dataassimilationstudiesbecauseJacobiansprovide
crucial informationon modelsensitivity to input perturbationsasa function modelstate. For applicationin
cloud and precipitationradiative transferthe analysisis rathernew (Moreauet al. 2003, Greenwald et al.
2004). The analysisof Jacobiansmay alsoprovide the baselinefor radiometeroptimizationstudies(Lipton,
2003,BauerandMugnai2004,Di MicheleandBauer2006).

Usually, smoothJacobianstructuresarepreferredfor avoiding large discontinuitiesof incrementsduring the
minimization proceduresthat may causestrongnon-linearresponsefrom other physicalprocessesthat are
active in theanalysisscheme.Figure2 shows meanJacobians,k, for eachchannelwith regardto T andq. The
q-Jacobianswerescaledwith a factorof 10 to matchthedynamicrangeof T-Jacobians.Therefore,thek-units
are∆K � ∆K and∆K � ∆ � kgkg� 1 � , respectively. TheJacobianshave beencalculatedfor anoceansurfaceusing
theseasurfacetemperatureandnear-surfacewindspeedof themodelprofiles.

SSMISchannels1, 2, 3, 4, 5, 6 correspondto AdvancedMicrowave SoundingUnit (AMSU-A) channels3, 4,
5, 6, 8, 9 andshow astrongsensitivity to T andalmostnosensitivity to q. Theweightingfunctionpeakaltitude
increaseswith increasingchannelnumberso that thesechannelscover the entire tropospherictemperature
distribution. TheJacobiansarealwayspositive.

Channel7 shows both a temperaturesensitivity near50 hPa anda sensitivity to moisturein theuppertropo-
spherewhich offersan interestingcapabilityfor soundingsnearthe tropopause.Channels8-11aresimilar to
AMSU-B channels2-5andchannels12-18aresimilar to SpecialSensorMicrowave / Imager(SSM/I)channels
1-7. They show increasedsensitivity to moisturebut still ratherstrongimpactfrom T. With decreasingspectral
distancefrom theabsorptionline centreat 183.31,theweightingfunctionpeakaltitudeincreases.Thesensi-
tivity of all channelsto temperatureandmoisturepointsat themoredifficult taskof moistureprofile sounding
thatis alwaysstronglyaffectedby thegiventemperatureprofile. Themoistureweightingfunctionsarenegative
if thepeakaltitudeis high andpositive if it is nearthe surface. The latter is a resultof the increasingatmo-
sphericabsorptionwith increasingmoisturethatincreasesthetotal radianceemissionabove theradiometrically
cold oceansurface.At higheraltitudes,theincreasingemissionof a layerwith a giventemperatureblocksthe
emissionfrom lower layerswith highertemperaturesandthereforeproducesa negative k. ThoseSSM/I-like
channelsthatprovide dualpolarizationmeasurementsshow a slightly largersensitivity at horizontalpolariza-
tion dueto thelower surfaceemissivity andthereforelargersignaldynamicrange.

Figure3 shows meanJacobiansfor cloudliquid water, rain andsnow, respectively. Therain Jacobianspeakat
the top of the rain layerdueto increasingattenuationwith increasinglayer depth. This identifiesthegeneral
lack of sensitivity to near-surfacerainfall intensity that is independentof SSMISchannel. Thosesounding
channelsthat have weighting function peaksin the lower troposphereshow sensitivity to precipitation,i.e.
channels1-3. This sensitivity is only weaklyinferior to thechannelsat 19.35and22.235GHz. This,however,
dependson theindividual profile. It alsohasto bekept in mind that if soundingchannelsareusedin retrieval
schemes,temperatureand/ormoistureinformationis requiredaswell to constraintheresponseto hydrometeor
contents.Channels1-3 show sensitivity to snow aswell andtheir soundingchannelcharacteris evident from
thereductionof sensitivity to lower layercontributionswith increasingchannelnumber. Thegeneralsensitivity
to cloudwateris asstrongasthatfor rainwater. Thismeansthatretrieval schemesalwayshave to includeboth
variablesto avoid aliasing. The sensitivity to snow is muchweaker andmainly apparentat higherwindow
frequencies,i.e. at 91 and150 GHz. The largestambiguitybetweensensitivies to cloud, rain andsnow are
observedfor frequenciesat91and150GHz. Thesechannelsshow positivek’sfor cloudwaterdueto absorption
effectsonly, negative sensitivity to snow dueto scatteringandbothpositive andnegative sensitivity to rain. As
for T andq, thehorizontallypolarizedchannelsshow moresensitivity. In all cases,themesosphericchannels
donot respondto thepresenceof parametervariationsbelow 100hPa.
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Figure3: AverageJacobiansof wL (dash-dotted)wS (dotted)andwR (solid) for all SSMISchannels.
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Figure 4: Meandifferences(∆TB) and standard deviationsbetweenDelta-Eddingtonand Doubling-Addingradiative
transfermodelsasa functionof zenithangleθ for all SSMISchannels.Thevertical line indicatestheSSMISzenithangle
at 53.1degrees.
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3.2 Forward model

The primary questionin FW-modelevaluationis the accuracy of the Delta-Eddingtonapproximationitself.
This methodbasicallysuperimposesisotropicandobservation-angledependentradiancestreamsof which the
latteris determinedby thegrossshapeof thescatteringphasefunctionexpressedastheasymmetryparameter.
DifferencesbetweenRTTOV-SCATT and a doubling-addingmodel (Bauerand Schl̈ussel1993) have been
producedfrom thetestdataset.Thedoubling-addingmodelexplicitly accountsfor multiple radiancestreams
(here9 betweenzenithanglesθ � 0 	 90 degrees)andsequentiallycalculatesthe multiple scatteringbetween
adjacentlayersof variableopticaldepth.

Figure4 shows the meanTB-differencesfor all SSMISchannels.The meandifferenceplots show a slight
dependenceon observationangleandpeaknearθ � 65 
 70 degrees.For thosechannelsthatshow sensitivity
to surfaceemissionandreflectionthis dependenceis a functionof thechangeof opticaldepthandemissivity
with angle. For puresoundingchannels,it is only a function of the dependenceof optical depthon zenith
angle.Theatmosphericcontribution to this effect producesa decreaseof theTB-differencesfor zenithangles
larger than70 degreesduelimb darkeningthat reducesmodelradianceemissionaswell asradianceemission
differencesbetweenmodels. The averagedifferencesarevery small andremainwell below 0.5-1 K for all
channelsin particularwherescatteringis mosteffective, i.e., for window channels8-9,15-18.Thesystematic
differencesfor thosesoundingchannelswhoseweightingfuntionspeakhighupin theatmosphere(7,19-24)are
explainedby theslightly differenttreatmentof radianceemissionfrom layerswith largetemperaturegradients
by bothmodels.

An increaseof uncertaintywith frequency in thewindow channels(8, 12-18)is observedthatindicatesthatthe
representationof scatteringof radiationatparticlesis oneof themaincauses.In thisstudy, thedoubling-adding
model employs the Henyey-Greensteinscatteringphasefunction that predictsangularscatteringonly from
theasymmetryparameterandthe scatteringangle. TheDelta-Eddingtonmodelonly considerstwo radiation
streamsandscalesthe forward-to-backward scatteredradiationin thesestreamsaccordingto the asymmetry
parameter. Therefore,the lack of angularresolutionand the approximatetreatmentof multiple scattering
within layersexplainsthemodeldifferences.Thisshortcomingalsoexplainswhy only for window channelsan
increaseof meanerrorwith increasingzenithangleoccurs.An increaseof zenithanglealsoimpliesanincrease
in opticaldepth.Figure4 shows thattheerrordependson frequency aswell andis thuscausedby thestronger
scatteringalongslantpaths.

Anotherradiative transfermodellingissueis thetreatmentof fractionalcloudiness.In caseof one-dimensional
(plane-parallel)modelling,thesubgrid-scalecloudvariability thatis aninput from thelarge-scalecloudmodel
mustbetreatedto notsystematicallyunderestimatearea-averagedrainfall. This is referredto asthebeam-filling
effect which mayaccountfor largesystematicerrorsin bothFW andinversemodels(e.g. Kummerow 1998).
In addition,theerrorfrom theneglectionof cloud-sideemissioneffectswhensimulatingradiancesreceivedby
limited aperturemicrowave antennasmayexceedtheerrorsoriginatingfrom theapproximationin thesolution
of theradiative transferequation(Robertiet al. 1994,Baueret al. 1998).In NWP models,however, thethree-
dimensionalstructureof cloudsandprecipitationareonly crudelyrepresentedsothata simpleapproximation
to fractionalcloudcoveragesuffices.

RTTOV-SCATT usestheprofileof thefractionalcloudcoverfor eachlayer, C, asaninputparameter. Therefore,
theTL, AD andK-modelsalsohave sensitivity to C. To save computationalcost,RTTOV-SCATT appliesa 2-
independentcolumn(2-IC) approach.ThemaximumC in theprofile is retrievedandthehydrometeorcontents
arescaledwith this value. The multiple scatteringradiative transferis appliedto the cloud columnonly and
linearly addedto theclear-sky contribution, i.e., TB � CTBcloud ��� 1 
 C � TBclear. Ideally, the IC calculation
would involve more columnsto betterresolve the horizontalvariability along the profile. The error of the
2-IC wasthereforedeterminedfrom a comparisonwith 10-IC anda 100-IC that use10 or 100 independent
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columns,respectively. Sincethedifferencesbetween10-IC and100-ICweremarginal, only the2-IC vs. 10-
IC comparisonis reproducedhere. It mustbenoted,however, that the independentcolumnapproach,asit is
appliedhere,assumesamaximumoverlapof adjacentlayerswhichmaynotbeoptimal.

Figure5 summarizesthemeandifferencesandstandarddeviationsfor all SSMISchannelsasa functionof the
maximumC. Theresultsclearlydemonstratea non-negligible biasdueto the2-IC that is strongestwherethe
scatteringis strongestandwherelittle atmosphericbackgroundabsorptionoccurs.Theerrorshaveamaximum
atC � 0 � 5 andthemaximumvalues,∆TBC, perchannelarelistedin Table1. At C � 0 � 5, theverticalvariability
of C will reachamaximumsothatmorecolumnsarerequiredfor resolvingit. Theshapeof thebiasessuggests
a simple triangularbiascorrection,∆TB, that may be appliedper channelandthat only usesthe maximum
valueatC � 0 � 5 andC asapredictor:

∆TB � ∆TBC � 1 
 2 C 
 0 � 5 �� (3)

that hasto be subtractedfrom the simulatedTB’s. The resultof the biascorrectionis addedin Figure5 as
dashedlines. Figure6 shows that in morethan40%of thecasesC � 1. However, dependingon theemployed
channel,a significantnumberof profilesmayproduceerrorsdueto thesimplificationof 2-IC thatexceedthe
radiative transfererrorspresentedabove.

The limited validity of this intercomparisonis indicatedby the comparisonof 2-IC simulationswith SSM/I
observations(Baueretal. 2006a)thatshows smallerbiasesfor thechannelsbetween19.35and85.5GHz. The
biasevaluationshown in Figure5 thereforelargelydependsontheassumptionsusedfor thereferencemodel.In
our case10-IC strictly appliesthemaximum-overlapassumptionthatassumesthatall cloudaffectedlayesare
on top of eachother. This maximizestheclear-to-cloudfraction in theprofile andalsoproducesrainfall in all
columnsthatarecloudaffectedfrom thebottomto cloudtop. Thelattereffectmayoverpredictrainoccurrence
in caseof large fractionsof high cloud coverage.This suggeststhat thedifferencesbetween10-IC and2-IC
representan uppererror limit. The possibility of biascorrection,however, indicatesthat somemodelerrors
canbecorrectedin a parametericfashionwithout loosingcomputationalefficiency throughtheintroductionof
moreindependentcolumns.

3.3 Tangent-linear model

Ideally, all observationoperatorshaveanearlylinearsensitivity to perturbationsof theinputparameters.Global
dataassimilationsystemsmostlyemploy anincrementalformulationof thevariationalanalysisthatis basedon
theassumptionthatthemodelrespondslinearly to perturbationsdeterminedfrom observedminusbackground
fields. The degreeof non-linearitydependson the physicalprocessesthat aremodelledandtheir individual
aswell ascomvolved non-linearity. In caseof scatteringradiative transfer, the sensitivity of extinction and
scatteringis anon-linearfunctionof hydrometeorcontentasis thedependenceof radiancepropagationonlayer
interaction(multiplescattering).A linearitytestcanbeperformedby comparingtheoutputof thetangent-linear
modelwith thosefrom finite differencecalculationsusingtheforwardmodel.For exampletheratio:

F � H � x � λδx ��
 H � x �
λH � δx � (4)

may be usedasa linearity measurein which δx representsthe initial perturbationandλ a scalingfactor. In
the linear case,scalingof the outputof the TL-model shouldproducethe sameresultas the scalingof the
input to the forward model. While Baueret al. (2006a)carry out a linear testfor a combinedmoist physics
parameterization- radiative transferobservationoperatorto beusedfor assimilatingmicrowaveradiancesin an
NWP modelanalysissystem,only themultiple scatteringmodelis testedhere.Notethat theperturbationsδx
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Figure 5: Meandifferences(∆TB, solid) andstandard deviationsbetween2-columnand 10-columnapproximationsto
fractionalcloudinessasa functionof cloudcoverC for all SSMISchannels.Dashedlinesshowmeandifferencesapplying
triangular biascorrection(for detailsseetext).
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Figure6: Frequencydistributionof fractionalcloudcoverC.

apply to hydrometeorcontentsaswell astemperatureandhumidity sothatalsothosechannelsaretestedthat
show little sensitivity to cloudsandprecipitation.

Thescalingfactor, λ , usuallyspansseveralordersof magnitudeto explorea wide rangeof perturbationsizes.
If λ is smallF shouldconvergetowardsunity with decreasingλ . If λ becomestoosmallthelimited computer
accuracy makesF diverge againfrom unity. In variationalanalyses,theperturbationsareof the orderof the
uncertaintyof the backgroundstate. An observation operator(like RTTOV-SCATT) is thereforerequiredto
behave ratherlinearly for perturbationsspanningthe rangebetweenthe numericallimitation andthe depar-
tureof thebackgroundstatefrom theobservations. Moreover, by scalingthe initial perturbationswith λ the
rangeof validity of thelinearity assumptioncanbeusedfor definingscreeningproceduresthatensurethatthe
perturbationsdo notexceedtheidentifiedmagnitude.

In our case,theanalysisminusfirst-guessdeparturesfrom a 1D-Var analysis(Baueret al. 2006a)serve this
purpose.This is becausethey definetheimprovementof thefirst-guessstatethatwasachievedby constraining
theretrieval with observationsgiventhedefinedmodelandobservationerrors,respectively. In a 4D-Vardirect
radianceassimilation,similar first-guessdeparturescan be expectedand thus definethe dynamicrangefor
which theradiative transfermodelshouldbehave linearly. Therefore:

δx � xa 
 xb (5)

whichwescalewith λ ’s rangingfrom 10� 9 to 1 with incrementsof 101. Figure7 showstheaccumulatedresults
from 8,290precipitationprofilesoverglobaloceans.Theinitial perturbationsof rain,snow, cloudwater, cloud
ice,cloudcover, specifichumidityandtemperatureweretakenfrom theanalysisincrementsof 1D-Varretrievals
usingSSM/I radiancesasobservationsandECMWF short-rangemodelforecastsasfirst-guessestimates.
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Figure 7: Linearity testparameter, log10 � 1 � F � , asa functionof scalingparameter, λ , from8,290precipitationprofiles
for all SSMISchannels.Symbolsreferto each λ -scalingandsymbolssizeindicatesfrequencyof occurrence.
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Theresultsaredisplayedasqualitative probabilitydistribution functions(pdf’s) of log10  1 
 F  in Figure7 for
all SSMISchannels.Theparameterlog10  1 
 F  shouldbecomesmallerwith increasinglinearity becauseF
will approach1. At log10  1 
 F ���
 1, the differencebetweenTL andfinite-differencemodelsis 10% and
1% for log10  1 
 F ���
 2. For larger λ , log10  1 
 F  is expectedto increasedueto non-linearitiesaswell as
for very smallλ . Thelatter is dueto thelimitationsof thenumericalaccuracy with which ratiosof very small
numberscanberepresented.Ideally, log10  1 
 F  shouldscalelinearlywith scalingfactorλ . Thescalingworks
bestfor channels8-11thatarequitesensitive to watervaporbackgroundabsorptionandcloudemissionat the
sametime. The window channels,i.e. channels1-4 and12-18show the minimum log10  1 
 F  alreadyfor
log10� λ ����
 4 while thepuresoundingchannels,i.e.,channels5-7 and19-24have lesssignaldynamicrange
andthereforeapproachnumericalaccuracy limits for log10� λ ����
 3. Theaccumulationsat log10  1 
 F �� 0
arecausedby very small initial perturbationsthatproducezeronumeratorsin F.

Theseparationof temperature/humidityfrom cloud/precipitation effectscanbeobservedfor channels2-5. Two
different accumulationsof log10  1 
 F  can be isolatedof which the smalleronesbelongto the impact of
temperature/humidityandthe larger onesto cloud/precipitation.Channels6-7 have little to no sensitivity to
hydrometeorperturbationssothatonly thebranchwith smallerlog10  1 
 F  remains.

For a potentialdirectassimilationof rain affectedmicrowave TB’s in anincrementaldataassimilationsystem,
log10  1 
 F  shouldbeassmallaspossiblefor λ � 1 (log10� λ ��� 0). This requirementis partly fulfilled for a
numberof channelswhoseweightingfunctionspeaklow enoughfor beingsufficiently sensitive to hydrometeor
emissionandscattering,namelychannel1 andchannels8-18. All thesechannels,however, show a smallper-
centageof casesnearlog10  1 
 F �� 0 indicatinglargernon-linearitieswhichmustbeidentifiedin a screening
procedureprior to theassimilationof thedata.

With a properscreening,the most likely candidatesfor a direct assimilationof microwave radiancesin an
incrementaldataassimilationsystemarechannelsthat show sufficient sensitivity to cloudsandprecipitation
(seeJacobiananalysisin Figure3) but arelessproneto non-linearresponseto changesin hydrometeorcontents.
The first criterium requireschannelsthat are locatedin spectralwindow regions. In the caseof the SSMIS,
thesearechannels1-3,8-10,and12-18.Thesecondcriteriumsuggestschannels1 and12-16,potentiallyalso
channels9-10.

4 Discussion

This paperpresentsa performanceanalysisof a multiple scatteringradiative transfermodelsuitablefor the
assimilationof microwave radianceinformationin NWP models.Themodelis partof theNWP SAF RTTOV
modelpackagethatis maintainedat theMet Officeandoperationallyemployedin severalNWPcentresworld-
wide. As requiredfor theentireRTTOV model,thescatteringcomponent,RTTOV-SCATT, providesforward,
tangent-linear, adjointandJacobianmodels.TheSSMISsensorwaschosenasademonstratorinstrumentin this
studybecauseit compriseschannelsof thethreemostwidely usedmicrowave instrumentsin NWP at present,
namelySSM/I, AMSU-A andAMSU-B. The performanceanalysiswasbasedon a large profile datasetthat
wasproducedwithin theoperationalrain assimilationsystematECMWF.

The main resultsare that the chosenapproximationto the solutionof the radiative transferequationis very
accuratefor the chosenfrequency rangewith errorslessthan 0.5-1 K. The resultinggain in computational
efficiency is substantialsothatmultiplescatteringradiative transfercalculationsareaffordablein currentglobal
operationalanalysissystems.A significanterrormaybeproducedby theapproximationof fractionalcloudiness
by onecloud-rainandoneclearcolumn.This simplificationhasbeenchosento avoid excessive computational
costandmay producemaximumbiasesof 5 K. A simplebias-correctionformula waspresentedwhich has
to be testedon a global scaleto verify the significanceof this error source. Comparisonof modelledwith
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observedSSM/I radiances,however, suggestedthat thechosenreferencemodeitself is not optimalbecauseit
assumesmaxiumcloudoverlapandthepresenceof rainbetweenthesurfaceandthehighestcloudlayer. Future
improvementsof RTTOV-SCATT will incorporatea moresophisticatedtreatmentof subgrid-scalevariability
maintainingthecomputationalefficiency.

Theassimilationof microwave radiancesin anincrementaldataassimilationframework requiresnearlylinear
modelbehavior. The presentedanalysissuggeststhat channelsat 50.3,19.35,22.235,37.0,andpotentially
183.31� 3 and183.31� 7 GHzshow sufficient linearity in thegivenmodelcontext. However, prior to assimila-
tion ascreeningof thosesituationsis requiredfor whichlinearity is notassuredbecausefor all channelsasmall
but non-negligible numberof caseswith non-lineardependenceof radianceson input parameterperturbations
wasobserved.

In non-linearvariationalassimilationsystems(e.g.Vukićević et al. 2004,Zupanskiet al. 2005)thedeviations
from linearity thatwereshown in this studyarelessof a concern.However, dependingon themodel’s sensi-
tivity patternsandthecasedependentnon-linearities,convergenceproblemsanddiscontinuouscost-function
developmentsduring minimizationmay occureven in slightly non-linearsituations. In general,the combi-
nationof the smoothnessof the sensitivity of microwave radiancesto changesin temperature,moisture,and
hydrometeorcontentsandthenot toonon-linearbehaviour exhibitedby RTTOV-SCATT suggestits usefulness
in mostvariationalassimilationsystems.

With futureversionsof RTTOV, themodelwill befurtherdevelopedto accountfor moresensorsandto reduce
potentialsourcesof uncertainties.Mostobviouscandidatesfor improvementarethetreatmentof subgrid-scale
cloudvariability andbetterparametrizationsof particlesinglescatteringproperties.Theformermainlyrequires
abetterspecificationof the’effective’ cloudinessfor agivenprofilesinceit is not feasibleto performradiative
transfercalculationsfor morethan2-3 independentcolumnsinsidea dataassimilationsystem.Theeffective
cloudinessmustbea compromisebetweenminimizing radiative transfererrorsandensuringphysicalconsis-
tency with the true cloud cover profile. The largestimpacton the improvementof particlesinglescattering
calculationscanbeexpectedfrom betterparticlesizedistribution modelsbecausethesemainly determinethe
absorption-to-scattering ratio per liquid waterunit. All potentialupgrades,however, mustbeapplicableto the
wide rangeof naturalvariability unlessadditionalinformationfrom independentobservationscanbeobtained
for constrainingthechoiceof aparticularmodel.
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A RTTOV-SCATT

Theradiative transferequationcanbeexpressedasthedifferentialchangeof radianceL at frequency ν along
thepropagationpath(heretheverticalpathzandzenithangleµ � cosθ ) throughtheatmosphere:

µ
dL � z;µ �
kext dz

� L � z;µ ��
 J � z;µ � (6)

Thevolumeextinction coefficient kext is composedof scattering,ksct , andabsorption,kabs, contributions, i.e.
kext � ksct � kabs. zdenotesaltitudeandJ is thesourcetermthatcoverscontributionsfrom scattering(hydrom-
eteors)andemission(atmicrowaves:oxygen,watervapor, dry air, hydrometeors):

J � z;µ ��� ωo

2

� 1� 1
L � z;µ � � P � µ ;µ � � dµ �!�"� 1 
 ωo � B # T � z�%$ (7)

ωo � ksct � kext denotesthesinglescatteringalbedoandprovidesameasurefor thefractionof scatteredradiation
while � 1 
 ωo � is thefractionof absorbedradiation.B # T � z�%$ is theblackbodyequivalentradianceaccordingto
temperatureT at level z. Scatteringof radianceis expressedin termsof anormalizedscatteringphasefunction:� 1� 1

P � µ ;µ � � dµ � � 1 (8)

describingthedistribution of incidentradiance(µ � ) to observationdirection(µ).

In Equations(6)-(8), the azimuthangledependenceof radiancepropagationhasbeenneglected. This is ac-
ceptableat microwavesbecauseno direct radiationsourceexists andthediffuseradiationfield only shows a
dependencein azimuthaldirectionif this is introducedby non-sphericalparticlescatteringor reflectionof ra-
diationat thesurface.However, thecurrentimplementationof RTTOV doesnot resolve theazimuthangleso
thatthisdependency is omittedhere.

Thesolutionof Equation(6) is only numericallypossibleif approximationsto J areappliedthataccountfor its
dependenceon layer interaction. The Eddingtonapproximation(e.g. Kummerow 1993)to radiative transfer
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representsanexamplefor anapproximativemethod.Theapproximationlies in thedevelopmentof theradiance
vectorandphasefunctionto thefirst ordersothatonly oneangle(i.e. theobservationangle)is neededandthe
anisotropicradiancefield is decomposedinto anisotropicandanisotropiccomponent,respectively:

L � z	 µ �&� Lo � z�'� µ L1 � z� (9)

P � cosΘ �&� 1 � 3gcosΘ

with localandazimuth-independentscatteringanglecosΘ �(� µµ � andasymmetryparameterg thatrepresents
theangularmeanof thescatteringphasefunction.Then,thesourcefunctiontranslatesto:

J � z	 µ �)�*# 1 
 ωo � z�%$ B # T � z�%$+� ωo � z�,# Lo � z�'� g � z� µL1 � z�%$ (10)

for azimuthallyaveragedfields..

Two mixedequationscanbeobtainedby insertingEquation(10) andEquation(9) into Equation(6).

dLo � z�
dz

� 
 k � z�-# 1 
 ωo � z� g � z�%$ L1 � z� (11)

dL1 � z�
dz

� 
 3k � z�-# 1 
 ωo � z�%$/. Lo � z��
 B # T � z�%$10
If z’ is the height within a layer and assumingthat k, g and ωo do not vary with an individual layer, their
derivativeswith respectto z’ canbeneglectedandthesecondderivative of e.g.Lo provides:

d2Lo � z�
dz2 � Λ2 � z�2. Lo � z��
 B # T � z�%$10 (12)

Λ2 � z�3� 3k2 � z�-# 1 
 ωo � z�%$�# 1 
 ωo � z� g � z�%$ (13)

For anindividual atmosphericlayer, thegeneralsolutionis:

Lo � z��� D 4 exp � Λz�'� D � exp �5
 Λz��� B # To $+� B1∆z (14)

A lineardependenceof temperaturewith opticaldepthis assumedin thelayer, i.e. B � T �)� B � To �'� B1∆z with
lapserateB1, temperatureat thebottomlayerlimit, To, andlayerdepth∆z.

The coefficientsD 6 have to be computedfor all layersfrom the respective boundaryconditions,i.e., space
backgroundradiationat thetop of theatmosphere(z � z7 ), polarized(p) surfaceemissionandreflectionat the
bottomof theatmosphere(z � z0 � 0) aswell asfrom therequirementof flux continuityat thelayerinterfaces:8

Lo 
 ∂Lo

h∂z 9 z: z; � B � 2 � 7� (15)8
Lo � ∂Lo

h∂z 9 z: 0
� ε pB � T ���"� 1 
 ε p � 8

Lo 
 ∂Lo

h∂z 9 z: 08
Lo � ∂Lo

h∂z 9 i

z: zi

� 8
Lo < ∂Lo

h∂z 9 i 4 1

z: zi

The termsin brackets denotethe downward (-) andupward (+) directedflux densities,h � 1 � 5k � 1 
 ωog� ;
z � zi denotesthei-th layer interfacebetweeni-th and(i+1)-th layer. Sincethecontinuityrequirementapplies
to flux densities,thepolarizedhemisphericemissivity, εp, is usedwhich is calculatedfrom the integrationof
thespecularemissivity over thehemisphere:

ε p � 2
� 1

0
εp � µ � µdµ (16)
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Usually, the integration in Equation(16) is carriedout per channelandprofile by summationover a limited
numberof M discreteGaussianquadratureangles,µ j , usingspecularemissivities,εp = j :

ε p � 2
M

∑
j : 1

εp = j � µ j � w j µ j (17)

with quadratureweightingcoefficient w j for polarizationp. In RTTOV-SCATT, ε p is representedby the ’ef-
fective’ emissivity formulationdevelopedby DeblondeandEnglish(2001)sothatno integrationis required.

A systemof linearequationsof theform AD 6 � B canbeformulatedfrom insertingEquation(14) into Equa-
tions(15). For N atmosphericlayers,this systemcontains2 � N 
 2� equationsfor the layer interfacesaswell
asoneat the top andbottomof the atmosphere,respectively. Therefore,A is a (2Nx2N)-matrix andB is a
(2N)-vectorwith elementsamn andbm, respectively. For eachlayer, i, j � 2i:

a j = j � 1 � L 4i exp # Λi∆zi $ (18)

a j = j � L �i exp #>
 Λi∆zi $
a j = j 4 1 � 
 L 4i
a j = j 4 2 � 
 L �i

b j � Cj 
 Ci

a j 4 1 = j � 1 � L �i exp # Λi∆zi $ (19)

a j 4 1 = j � L 4i exp #>
 Λi∆zi $
a j 4 1 = j 4 1 � 
 L �i
a j 4 1 = j 4 2 � 
 L 4i

b j 4 1 � Ci 
 Cj

andfor thetopandbottomlayers:

a1 = 1 � L �1 
 ρ pL 41 (20)

a1 = 2 � L 41 
 ρ pL �1
b1 � B � Ts�,� ε p � ρ p 
 1�'� C1 � ρ p � 1�

a2N = 2N � 1 � L 4Nexp # ΛN∆zN $ (21)

a2N = 2N � L �Nexp #>
 ΛN∆zN $
b2N � B � Tsp ��
 B � TN � 1 ��
 CN

with Ci � B1 = i � hi , L 6i � 1 � Λi � hi , ρ p � 1 
 ε p, andhi � 1 � 5ki � 1 
 ωo = igi � . B � Ts � denotesradianceemittedby
thesurfacewith skin temperatureTs, B � Tsp � correspondsto spaceradiation(here2.7K), B1= i is the i-th layer’s
lapserateandB � Tn � 1 � theradianceaccordingto temperatureat theinterfacebetweenlayersN andN 
 1.

The numberof vertical layersfollows the operationalmodel layer definition at ECMWF. In the versionthat
wasusedfor thisstudy, themodelatmosphereconsistsof N � 60 layersbetweensurfaceand0.1hPa. For deep
tropicalconvection,cloudsmayoccurin the lower 40 levelsandliquid waterandice cloudsaswell asliquid
andfrozenprecipitationco-exist above freezinglevel accordingto themodel’s formulationof particlefreezing.

The sourceterm from Equation(10) hasto be integratedfor eachlayer betweenz� � 0 andz� � ∆zi. This is
performedfor up-/downwelling radiances,respectively:

J 4i � J 4a = iαi � J 4b = iβi � J 4c = iγi � J 4d = iδi (22)

J �i � J �a = iαi � J �b = iβi � J �c = iγi � J �d = iδi
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with:

αi � B0= i 
 3giωo= i µB1 = i
2hi

(23)

βi � B1= i
γi � D 4i ωo = i � 1 
 giµΛi

2hi
�

δi � D �i ωo = i � 1 � giµΛi

2hi
�

(24)

andpartialsourceterms:

J 4a= i � 1 
 τi (25)

J 4b= i � ∆zi 
 µ � 1 
 τi �
ki

J 4c= i � ki

ki � Λiµ
# exp � ∆ziΛi ��
 τi $

J 4d = i � ki

ki 
 Λiµ
# exp �5
 ∆ziΛi ��
 τi $

J �a= i � 1 
 τi (26)

J �b= i � µ
ki

� 1 
 τi ��
 τi∆zi

J �c= i � ki

Λiµ 
 ki
. exp # ∆zi � Λi 
 ki � µ �%$�
 1 0

J �d = i � ki

Λiµ � ki
. 1 
 exp #>
 ∆zi � ki � Λiµ �?� µ $10

RadianceB0 = i correspondsto the temperatureat the bottom interfaceof layer i. Finally, the integration of
contributionsfrom eachlayerthroughtheatmosphereis carriedout,first downwardthenupward:

L �i � L �i 4 1τi � J �i (27)

L 4i � L 4i � 1τi � J 4i
with:

L �N 4 1 � B � 2 � 7� (28)

L 40 � B � Ts � εp �"� 1 
 εp � L �1
εp is thepolarizedsurfaceemissivity thusL0 @ hasto becalculatedfor eachpolarization.

The background(i.e. clear-sky) absorptioncontribution aswell assurfacereflectionandemissionarecalcu-
latedwith thecorrespondingclear-sky RTTOV routines.Theopticalpropertiesof hydrometeorsarestoredin
satellitesensor-specificcoefficient files. ParticlesinglescatteringwascalculatedapplyingMie-theoryto spher-
ical particlescomposedof waterfor cloudwaterandrain andair-ice mixturesfor ice andfrozenprecipitation.
Thedieletricpropertiesfor frozenparticleswerecombinedfollowing Maxwell-Garnett’s formulationassuming
ice asthematrix andair astheinclusionmaterial.Cloudwaterandice particlesfollow modifiedGammasize
distributionswhile liquid an frozenprecipitationsizedistribution wereassumedto have anexponentialshape
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with fixedoffsetsandliquid watercontentdependentslopes.More detailsof theunderlyingassumptionson
particlepermittivity asa functionof frequency andtemperature,sizedistribution asa functionof hydrometeor
typeandwater/icecontent,particledensityasa functionof hydrometeortypeaswell astherelevantreferences
canbefoundin Bauer(2001).

TheDelta-scaling(Josephet al. 1976)modifieski , ωo = i , andgi asa consequenceof theapproximationof the
fractionalforwardpeakof thephasefunctionby adelta-function:

g�i � gi

1 � gi
	 ω �o = i � � 1 
 gi � 2ωo = i

1 
 g2ωo = i 	 k�i �*� 1 
 ωo = ig2
i � ki (29)

which hasproven to significantly improve the treatmentof radiative transferin two-stream-typemodelsin
stronglyscatteringmedia. Therefore,k�i , ω �o = i , andg�i replaceki , ωo = i , andgi whererequiredin all the above
equations.Theopticalquantitiesk�i , ω �o = i , g�i , hi , andΛi arecalculatedperlayer, perfrequency andperprofile.
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