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Multiple-scatteringmicrowave radiative transfer cECMWF

Abstract

A multiple scatteringadiative transfermodelfor microwave radiancedataassimilationin globalnumerical
weatherpredictionmodelsis presented.The modelis part of the RTTOV software packageandincludes
forward, tangent-linegradjointand Jacobiarmodels. The modelis basedon the Eddingtonapproximation
to radiative transferwhich produceameanerrorsof lessthan0.5 K at the targetedmicrowave frequencies
betweernl0and200GHz. Thesimplifiedtreatmenbf subgrid-scalecloudcovermayproducebiasednodel
calculationghat shav a maximumat 0.5 cloud cover andmay reachseveral degreesk. Theseerrorsmay
be correctedwith a simplebias-correction.Linearity testsindicatethat, given a screeningprocedurethat
excludessituationsin which the model respondson-linearlyto input perturbationschannelsnear50.3,
19.35,22.235andnear183.31GHz maybe usedin globalradiancedataassimilation.

1 Introduction

In recentyearsthepotentialassimilatiorof informationfrom cloudsandprecipitatiorhasarisernfromincreased
spatialresolutionof globalnumericalweatheprediction(NWP) modelsandbettermoistphysicalparametriza-
tionsthat producehydrometeodistributions throughlarge-scalecondensatiomnd corvection. The choiceof
obserationaldatadependaiponthe scaleof the applicationandthe obserationalupdatecycle aswell asthe
sensitvity of theobsenationsto the moistphysicalprocessnodels.For smallerscalesandrapidmodelcycling
within shorterassimilationwindows geostationarpbserationsmay be favourableeven thoughthe available
visible/infraredobserationshave little sensitvity to atmospheridayersbelov cloud top. Basedon adjoint
sensitvity studies,Greenvald etal. (2004)couldshav thatevennarrav sensitvity profilesof visible/infrared
radianceso cloudopticalpropertyperturbation®ffer somepotentialfor constrainingcloudprediction(seealso
Vukicevit etal. 2004).For larger scalemodellingsystemswith longerassimilatiorwindows (say6-12hours),
microwave obsenrationsfrom low orbiting satellitesmaybe favourablebecausehey containmoreinformation
onlower cloudandprecipitationlayers(e.g. Chevallier etal. 2002).

Apart from the moist physicalparametrizationsnodelling of the radiatve transferis part of the obseration
operatotthatis requiredfor methodf this type. The modelmustbe accurateandcomputationallyefficient at
thesametime. Sincetheexplicit treatmenbf multiple scatteringn modelsthatresole theangulardependence
of radiationpropagatioris too time consuming pnly approximatire methodsareapplicable.Greenvald et al.
(2002) developedsucha radiative transfermodelfor the modellingof visible/infraredradiancesas obsered
from the GeostationaryOperationaEnvironmentalSatellite(GOES)systemin cloudy conditions. While the
probability distribution of simulatedradiancesmatchedobsenrationsratherwell, significantdeviationswere
produceddependingon cloud evolution stage. Thesedeviations are the combinedeffect of shortcomingsn
cloudandradiative transfermodelling. This alsoindicatesa potentialfor cloudy radianceassimilationif these
deviationsarenot excessie andobserationandmodellingerrorsareproperlyaccountedor in the dataassim-
ilation system.

Centimetreand millimetre wavelengthspenetratanostcloudsandexhibit sensitvity to liquid andfrozenpre-
cipitation. Dependingon the choiceof frequenciesandradiationpolarization,cloud and precipitationprofile
propertiesnaybeinferredin mostmeteorologicasituations.Microwave obserationsthereforeoffer thelargest
potentialfor constrainingnodelanalysesn the presencef diabaticprocessesSincethe 19705, Eddingtons
secondapproximatiorto radiative transferhasbeenappliedto microwave radiative transfermodellingin clouds
andprecipitation(e.g. Weinmanand Davies 1978) for one-dimensionaandthree-dimensiongbroblems.In

mostapplicationsandfor frequenciedelov 200 GHz, the modellingerrorswerefoundto be well belov the
signalvariability from surfaceemissvity aswell ascloud and precipitationcontritutions (Kummerav 1993,
Smithetal. 2002). Thesestudiesalsorecommendhe inclusionof the so-called delta-scaling’of the optical
parameterghataccountdor the highly asymmetriqgphasefunctionin the presencef stronglyscatteringatmo-
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spheregJosepletal. 1976). Radiatve transfermodellingerrorsbelonv 1 K wereobtainedfor varioussurface
typesandobserationanglegSmithetal. 2002).

At ECMWEF, themodellingof SpecialSensoMicrowave/ Imager(SSM/I) brightnesgemperaturefl'B’s)from
global modelfields hasbeentested(Chevallier and Bauer2003) and encouragedhe utilization of radiances
in a one-dimensionaVariationalretrieval (1D-Var) of temperatureand humidity in precipitation(Moreauet
al. 2003). The resultsindicatedthat the assimilationof rain affected microvave radiancess feasibleand
may constrainNWP analysesn otherwisedatavoid areas.Furtherdevelopmentshave leadto the operational
implementatiorof acombinedlD+4D-Var assimilatiormethodof SSM/I radiancesn cloudsandprecipitation
atECMWEF (Baueretal. 2006a,b).

The successfulmplementatiorof the Delta-Eddingtormodelin the dataassimilationsystemat ECMWF has
leadto its inclusionin the 'Radiative Transfermodelfor TIROS OperationaNertical Sounder'(RTTOV; Eyre
1991,Saundergtal. 2005)sinceRTTOV version8. SinceRTTOV aimsatapplicationsn NumericalWeather
Prediction(NWP), the codeis designedfor optimal computationalefficiengy and by making available the
forward, tangent-linearadjoint and k-versionsof the code. The k-versionrefersto the codethat canbe used
for calculatingthe modelJacobiamrmatricesthat containthe partial derivativesof TB’s dueto perturbationsn
input parameters.

This papershortlyintroduceghetechnicalimplementatiorof the Delta-Eddingtorapproximatiorandpresents
extensve testingof forward and tangent-lineamodel versions. All resultswere producedfor passie mi-
crovave channelsavailable from the SpecialSensoMicrowave ImagerSounder(SSMIS;e.g. Swadley and
Chandler1992). Thisinstrumentvaslaunchedn Octoberl5, 2003,onboardhe F-16 platformof the Defense
MeteorologicalSatellite Program(DMSP) maintainedby the US Navy. The SSMISwas chosenbecausat
compriseghe obsenationalcapabilitiesof a microwvave imagerwith channelghatarelocatedin spectralwin-
dows with thoseof atemperatureandhumidity sounder Table1 summarizeshe basicchannelspecifications.
Mostchanneldave eithersingleor dualpolarizationwhile thosedenotedwith 'r¢’ have right-handcircularpo-
larizations. Thesearesimulatedasthe averagebetweernvertically andhorizontallypolarizedTB’s in RTTOV.
Channelsl9-24arenew channelghat provide temperaturesoundingf the mesospherandthatareof little
importanceor radiative transferapplicationgo troposphericloudsandprecipitation.

Section?2 briefly introducessomemodel definitions, the appendixoutlinesthe modelimplementationwhile

Section3 presentghe model evaluation. The paperconcludeswith an outlook on future developmentsand
perspectiesof radiancedataassimilationin NWP. The entiremodelcodeis availableto the NWP community
throughthe NWP SatelliteApplication Facility (NWP-SAF) (find underwww.metofice.gov.uk). The RTTOV

modelthataccountdor multiple scatteringat microwvave frequenciess denotedRTTOV-SCAT T hereafter

2 Modd

In dataassimilation,the generalforward and inverse problemsare formulatedusing simulatedobseration
vectory (hereTB’s) andstatevectorx. For RTTOV-SCATT, x containsprofilesof pressurgp), temperature
(T), specifichumidity (q), cloudliquid water(w, ) andice (w;) mixing ratios,rain (wg) andsnav (wg) fluxes,
fractionalcloud cover (C) aswell asa numberof surfacevariablesrequiredfor surfaceemissiorandreflection
calculations.Theinput andoutputparameteraresummarizedn Table2. Theforward modelis:

y=H(x)+¢ (1)

with H beingthe (non-linear)radiatve transfermodeland € beingthe modellingerror In variationaldata
assimilationalsothetangent-linearH:
dy = Hox (2)
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Table1: BasicSSMISchannelcharacteristics('v': vertical polarization,’h’: horizontalpolarization,’rc’: right circular
polarization.).

ChanneNumber Centret 1st+ 2ndsidebandrequeny [GHz] Polarization ATB; 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
7 594 rc 0.01
8 150.0£1.25 h 1.25
9 183.34:6.6 h 0.03
10 183.3H13.0 h 0.04
11 183.3H11.0 h 0.05
12 19.35 h 2.17
13 19.35 v 1.20
14 22.235 \Y; 1.11
15 37.0 h 5.16
16 37.0 \Y; 2.61
17 91.655 Y, 1.65
18 91.655 h 4,77
19 63.283t0.285 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 the minimizationof the cost-functiorwhosegradientquantifies
the proximity to the optimum solution (for formal detailsreferto ,e.g.,Ide etal. 1997). The tangent-linear
modelproduceghe perturbatiorof y at statex for givenperturbationsn x, namelydx. Thek-modelproduces
the Jacobiarmatrix thatis the derivativesof all elementof y to perturbation®f all elementsf x. Here,it is
calculatedasthe perturbationin x thatproducesa 1 K perturbatiorin y. Theadjointmodelis usedto compute
the transposef the Jacobiarmatrix. This Jacobianmatrix is usually usedto producethe gradientof a cost
functionwith respecto a statevectorgiventhe sensitvity of the obsenationsto changesn the statevector
Adjoint modelsarevery efficient computationatools (they avoid the needfor perturbatiormethodsandheary
storageburdenin Jacobiarcalculations)usedin optimizationproblemswith large statevectorsanda crucial
ingredientin mostoperationalariationaldataassimilationsystems.

All testshave beenperformedwith a modelprofile datasethatwasproducedoy the ECMWF 1D+4D-Var rain

assimilatiorsystem(Baueretal. 2006a).Thedatasetonsistof 8,290profilesthatarelocatedin tropicalareas
onDecembeBl,2004,andthatwereusedin the00 UTC ECMWF analysis.Theprofilesarerepresentate for

a horizontalresolutionof about40 km. A tropical datasetwaschoseno ensurethe presencef deepclouds
andintenseprecipitationsothatmultiple scatterings maximized.Figurel shavs mean(solidlines)andmean
plus/minusonestandardieviation (shadedareas)f T, g, w , w;, Wg, Wg andC, respectrely. Thedistributions
cover a significantrangeof variability. The y-axesreferto modellevelsthatareadjustedaccordingto surface
pressurdat modellevel 60), for examplelevels 20, 30, 40, 50 and 60 correspondo 40, 215, 560, 900 and
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Figure 1: Mean(solid line) andmean+1 standad deviationof T (a), q (b), wg (c), wg (d), w, (e),w, (f) andC (g) asa
functionof modellevel, ML, for testdataset.
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Table 2: RTTOV-SCAIT input parametes (Parametes with both modellevel (ML) and RTTOV-level (RT) dimensions
are usedin bothRTTOV-SCAI T andclearsky RTTOV routines respectivelyNegativepresetsurfaceemissivitiesactivate
FASTEM-2sea-surfacemissivitynodel(Deblondeand English2001)).

Parameter Unit Dimension
Pressure hPa RT/ML
Temperature K RT/ML
Specifichumidity ppmv RT/ML
Cloudcover ML
Cloudliquid watermixing ratio kg kg~* ML
Cloudice mixing ratio kg kgt ML
Rainflux kg/m2s~1 ML
Snaw flux kg/m—2s1 ML
Surfacepressure hPa 1
2-meterspecifichumidity ppmv 1
2-metertemperature K 1
10-metemwindspeedi-component mst 1
10-metemwindspeeds-component mst 1
Surfaceskintemperature K 1
Zenithangle degrees 1
Surfacetype 1
Surfaceemissvity 1

1013hPa. All simulationsare performedover an oceansurfacegiven the local sea-surdcetemperatureand
nearsurlacewindspeed.

3 Modd evaluation

Thefollowing evaluationinvestigateseveral aspectghat are crucial for the usageof RTTOV-SCATT in data
assimilationrandgeneraforward modelling. For anillustration of the SSMISchanneb sensitvity to clearand
cloudy atmospheriovariables meanJacobian$iave beencalculatedrom the testdataset. In Section3b, the
accuray of the Delta-Eddingtorapproximatiorto radiative transferwill be quantifiedusingadoubling-adding
radiatve transfermodel as a reference. The latter explicitly solves the multiple scatteringeffects between
adjacentayersandresohesmultiple discreteanglesof radiancepropagationThe seconcdevaluationregarding
the forward modeldealswith the treatmentof fractionalcloud cover in the plane-parallemodelatmospheres
thatsene asinput from, say NWP models. The oversimplification of subgrid-scalecloud cover variability
may leadto the so-calledbeam-filling effect in the inversion. This effect is alsorepresentedh the adjoint of
the radiative transfermodel so that gradientsof the costfunction with respectto changesn cloud cover are
accountedor. In Section3c the linearity of the modelis investigatedbecauset determineghe applicability
of the radiatve transfermodel as an obsenration operatorin incrementaldataassimilationsystems. This is
becaus¢hesesystemgely ontheassumptiorof linearity of the physicalprocessem thegradientcalculations
wheretheincrementf controlvariablesto the backgroundstatearecalculated Thetestof theadjointversion
of RTTOV-SCATT will notbereproducedherebecausét is only of relevancefor testingthe propertechnical
codingof theadjointroutinesoncethe tangent-lineamodelhasbeendeveloped.
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Figure 2: Average Jacobiansof T (dotted)andq (solid) for all SSMISchannels.Jacobiansof g havebeenmultiplied by
10.
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3.1 Sensitivity

Theanalysisof modelJacobianss standardorocedurdén dataassimilationstudiesbecauselacobiangrovide
crucial informationon model sensitvity to input perturbationsas a function modelstate. For applicationin
cloud and precipitationradiative transferthe analysisis rathernew (Moreauet al. 2003, Greenvald et al.
2004). The analysisof Jacobiansnay also provide the baselinefor radiometeroptimizationstudies(Lipton,
2003,BauerandMugnai2004,Di MicheleandBauer2006).

Usually smoothJacobiarstructuresare preferredfor avoiding large discontinuitiesof incrementsduring the
minimization procedureghat may causestrongnon-linearresponsdrom other physicalprocesseshat are
actie in theanalysisschemeFigure2 shavs meanJacobiansk, for eachchannewith regardto T andg. The
g-Jacobiansverescaledwith afactorof 10to matchthe dynamicrangeof T-JacobiansTherefore the k-units
areAK /AK andAK /A(kgkg™?), respectiely. The Jacobianhave beencalculatedfor anoceansurfaceusing
the seasurfacetemperatur@andnearsurfacewindspeedf themodelprofiles.

SSMiISchanneldl, 2, 3, 4, 5, 6 correspondo AdvancedMicrowave SoundingUnit (AMSU-A) channels3, 4,
5,6, 8,9 andshav astrongsensitvity to T andalmostno sensitvity to g. Theweightingfunctionpeakaltitude
increaseswith increasingchannelnumberso that thesechannelscover the entire troposphericemperature
distribution. The Jacobiansirealwayspositive.

Channel7 shavs both a temperaturesensitvity near50 hPa anda sensitvity to moisturein the uppertropo-
spherewhich offers aninterestingcapabilityfor soundingsearthe tropopause Channels8-11 aresimilar to
AMSU-B channel®-5andchannelsl2-18aresimilarto SpecialSensoMicrowave / Imager(SSM/I) channels
1-7. They shaw increasedensitvity to moisturebut still ratherstrongimpactfrom T. With decreasingpectral
distancefrom the absorptiorline centreat 183.31,the weightingfunction peakaltitudeincreasesThe sensi-
tivity of all channelgo temperaturandmoisturepointsat the moredifficult taskof moistureprofile sounding
thatis alwaysstronglyaffectedby thegiventemperaturg@rofile. Themoistureweightingfunctionsarenegative
if the peakaltitudeis high andpositve if it is nearthe surface. The latteris a resultof the increasingatmo-
sphericabsorptiorwith increasingmoisturethatincreaseshetotal radianceemissiorabove theradiometrically
cold oceansurface. At higheraltitudes the increasingemissionof a layerwith a giventemperaturdlocksthe
emissionfrom lower layerswith highertemperaturesndthereforeproducesa negative k. ThoseSSM/I-like
channelghat provide dual polarizationmeasurementshav a slightly larger sensitvity at horizontalpolariza-
tion dueto thelower suriaceemissvity andthereforeargersignaldynamicrange.

Figure3 shavs meanJacobiangor cloudliquid water rain andsnaw, respectrely. Therain Jacobianpeakat
the top of the rain layer dueto increasingattenuatiorwith increasingayer depth. This identifiesthe general
lack of sensitvity to nearsurface rainfall intensity thatis independentf SSMIS channel. Thosesounding
channelsthat have weighting function peaksin the lower troposphereshov sensitvity to precipitation,i.e.
channelsl-3. This sensitvity is only weaklyinferior to thechannelsat 19.35and22.235GHz. This, however,
depend®n theindividual profile. It alsohasto be keptin mind thatif soundingchannelsareusedin retrieval
schemegiemperatur@and/ormoistureinformationis requiredaswell to constraintheresponsé¢o hydrometeor
contents.Channelsl-3 shav sensitvity to snav aswell andtheir soundingchannelcharacteis evidentfrom
thereductionof sensitvity to lowerlayercontributionswith increasingchannehumber Thegenerakensitvity
to cloudwateris asstrongasthatfor rain water This meanghatretrieval schemeslwayshave to includeboth
variablesto avoid aliasing. The sensitvity to snav is muchwealer and mainly apparentat higher window
frequenciesj.e. at 91 and 150 GHz. The largestambiguity betweensensitvies to cloud, rain andsnav are
obseredfor frequenciest91and150GHz. Thesechannelshav positive k's for cloudwaterdueto absorption
effectsonly, neggative sensitvity to snav dueto scatteringandboth positive andnegative sensitvity to rain. As
for T andq, the horizontallypolarizedchannelsshav moresensitvity. In all casesthe mesospherichannels
donotrespondo the presencef parametewariationsbelav 100 hPa.
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Figure 3: Average Jacobiansof w;_ (dash-dottedyvs (dotted)andwg, (solid) for all SSMISchannels.
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Figure 4: Mean differences(ATB) and standad deviations betweenDelta-Eddingtonand Doubling-Addingradiative
transfermodelsasa functionof zenithangle 8 for all SSMIShannels.Thevertical line indicatesthe SSMISenithangle
at53.1degrees.
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3.2 Forward mode

The primary questionin FW-model evaluationis the accurag of the Delta-Eddingtonapproximationitself.
This methodbasicallysuperimposeisotropicandobseration-angledependentadiancestreamsof which the
latteris determinedy the grossshapeof the scatteringphasegfunction expressedsthe asymmetryparameter
DifferencesbetweenRTTOV-SCATT and a doubling-addingmodel (Bauerand Schlissel1993) have been
producedrom the testdataset. The doubling-addingmodelexplicitly accountdor multiple radiancestreams
(here9 betweenzenithanglesf = 0,90 degrees)and sequentiallycalculateshe multiple scatteringbetween
adjacentayersof variableopticaldepth.

Figure 4 shawvs the meanTB-differencesfor all SSMIS channels. The meandifferenceplots shav a slight
dependencen obsenrationangleandpeaknearf = 65— 70 degrees.For thosechannelghatshav sensitvity
to surfaceemissionandreflectionthis dependences a function of the changeof optical depthandemissvity
with angle. For pure soundingchannelsijt is only a function of the dependencef optical depthon zenith
angle. The atmosphericontritution to this effect producesa decreasef the TB-differencedor zenithangles
largerthan70 degreesduelimb darkeningthatreducesnodelradianceemissionaswell asradianceemission
differencesbetweenmodels. The averagedifferencesare very small and remainwell belov 0.5-1K for all
channelsn particularwherescatterings mosteffective, i.e., for window channels$-9, 15-18. The systematic
differencedor thosesoundingchannelsvhoseweightingfuntionspeakhighupin theatmospheréz, 19-24)are
explainedby theslightly differenttreatmenbf radianceemissionfrom layerswith large temperaturgradients
by bothmodels.

An increasef uncertaintywith frequeng in thewindow channelg8, 12-18)is obseredthatindicateshatthe

representationf scatteringof radiationat particlesis oneof themaincausesin this study thedoubling-adding
model emplogys the Heryey-Greensteirscatteringphasefunction that predictsangularscatteringonly from

the asymmetryparameteandthe scatteringangle. The Delta-Eddingtonrmodelonly considergwo radiation
streamsandscalesthe forward-to-backward scatteredadiationin thesestreamsaccordingto the asymmetry
parameter Therefore,the lack of angularresolutionand the approximatetreatmentof multiple scattering
within layersexplainsthe modeldifferencesThis shortcomingalsoexplainswhy only for window channelsan

increaseof meanerrorwith increasingzenithangleoccurs.An increaseof zenithanglealsoimpliesanincrease
in opticaldepth.Figure4 shavs thatthe errordepend®on frequeng aswell andis thuscausedy the stronger
scatteringalongslantpaths.

Anotherradiative transfemmodellingissueis thetreatmenbf fractionalcloudinessin caseof one-dimensional
(plane-parallelmodelling,the subgrid-scalecloudvariability thatis aninputfrom thelarge-scalecloudmodel
mustbetreatedo notsystematicalljunderestimatarea-aeragedainfall. Thisis referredio asthebeam-filling
effect which may accountfor large systematicerrorsin both FW andinversemodels(e.g. Kummerav 1998).
In addition,the errorfrom the neglectionof cloud-sideemissioneffectswhensimulatingradianceseceved by
limited aperturamicrovave antennasnay exceedthe errorsoriginatingfrom the approximatiorin the solution
of theradiatve transferequation(Robertietal. 1994,Baueretal. 1998).In NWP models however, thethree-
dimensionaktructureof cloudsandprecipitationareonly crudelyrepresentedothata simpleapproximation
to fractionalcloud coveragesufices.

RTTOV-SCATT usegheprofile of thefractionalcloudcoverfor eachlayer, C, asaninput parameterTherefore,
theTL, AD andK-modelsalsohave sensitvity to C. To saze computationatost,RTTOV-SCATT appliesa 2-
independentolumn(2-1C) approachThe maximumcC in theprofile is retrieved andthe hydrometeocontents
are scaledwith this value. The multiple scatteringradiative transferis appliedto the cloud columnonly and
linearly addedto the clearsky contritution,i.e., TB=CTB, 4+ (1—C) TB,,- |deally, thelC calculation
would involve more columnsto betterresole the horizontalvariability alongthe profile. The error of the
2-IC wasthereforedeterminedrom a comparisorwith 10-1C anda 100-IC that use 10 or 100 independent
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columns,respectiely. Sincethe differencedbetweenl0-1C and100-IC weremamwinal, only the 2-IC vs. 10-
IC comparisoris reproducedhere. It mustbe noted,however, thatthe independentolumnapproachasit is
appliedhere, assumes maximumoverlapof adjacentayerswhich maynotbe optimal.

Figure5 summarizeshe meandifferencesandstandardieviationsfor all SSMISchannelsasafunctionof the
maximumC. Theresultsclearly demonstrat& non-ngjligible biasdueto the 2-1C thatis strongestwherethe
scatterings strongesandwherelittle atmospheribackgroundabsorptioroccurs.Theerrorshave amaximum
atC = 0.5 andthemaximumvalues AT B, perchannehbrelistedin Tablel. At C = 0.5, theverticalvariability
of C will reachamaximumsothatmorecolumnsarerequiredfor resolvingit. Theshapeof thebiasesuggests
a simpletriangularbias correction,AT B, that may be appliedper channelandthat only usesthe maximum
valueatC = 0.5 andC asa predictor:

ATB=ATB.(1—2/C—0.5)) ©)

that hasto be subtractedrom the simulatedTB’s. The resultof the biascorrectionis addedin Figure5 as
dashedines. Figure6 shavs thatin morethan40% of thecase<C = 1. However, dependingon the emplg/ed
channel a significanthnumberof profilesmay produceerrorsdueto the simplificationof 2-IC that exceedthe
radiative transfererrorspresentecbove.

The limited validity of this intercomparisoris indicatedby the comparisorof 2-IC simulationswith SSM/I
obserations(Baueretal. 2006a)thatshavs smallerbiasedor the channeldbetweenl9.35and85.5GHz. The
biasevaluationshavn in Figure5 therefordargely depend®ntheassumptionssedfor thereferencanodel.In
our caselO-IC strictly appliesthe maximum-aerlapassumptiorthatassumeshatall cloud affectedlayesare
ontop of eachother This maximizesthe clearto-cloudfractionin the profile andalsoproducegainfall in all
columnsthatarecloudaffectedfrom thebottomto cloudtop. Thelattereffect mayoverpredictrain occurrence
in caseof large fractionsof high cloud coverage. This suggestshat the differencesbetweenl0-IC and 2-IC
representn uppererror limit. The possibility of biascorrection,however, indicatesthat somemodelerrors
canbecorrectedn a parameteri¢dashionwithoutloosingcomputationagfficiengy throughtheintroductionof
moreindependentolumns.

3.3 Tangent-linear model

Ideally, all obserationoperatordiave anearlylinearsensitvity to perturbation®f theinputparametersGlobal
dataassimilatiorsystemsnostlyemploy anincrementaformulationof thevariationalanalysishatis basedn
theassumptiorthatthe modelresponddinearly to perturbationgleterminedrom obsered minusbackground
fields. The degreeof non-linearitydependson the physicalprocesseshat are modelledandtheir individual
aswell ascomwlved non-linearity In caseof scatteringradiatve transfer the sensitvity of extinction and
scatterings anon-linearfunctionof hydrometeocontentasis thedependencef radiancepropagatioron layer
interaction(multiple scattering) A linearity testcanbe performedoy comparingheoutputof thetangent-linear
modelwith thosefrom finite differencecalculationsusingtheforward model. For exampletheratio:

~ H(x+A0dx) —H(x)
= AH(dX) @

may be usedasa linearity measurgn which dx representshe initial perturbationandA a scalingfactor In
the linear case,scalingof the outputof the TL-model should producethe sameresultasthe scalingof the
input to the forward model. While Baueret al. (2006a)carry out a linear testfor a combinedmoist physics
parameterizationradiative transferobsenation operatorto be usedfor assimilatingmicrovave radiancesn an
NWP modelanalysissystemonly the multiple scatteringnodelis testedhere. Note thatthe perturbationx
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applyto hydrometeorcontentsaswell astemperatureandhumidity sothatalsothosechannelsaretestedthat
shaw little sensitvity to cloudsandprecipitation.

Thescalingfactor A, usuallyspansseveral ordersof magnitudeto explore a wide rangeof perturbatiorsizes.
If A issmallF shouldcorverge towardsunity with decreasing . If A becomegoo smallthelimited computer
accurag makesF divemge againfrom unity. In variationalanalysesthe perturbationsare of the orderof the

uncertaintyof the backgroundstate. An obsenration operator(like RTTOV-SCATT) is thereforerequiredto

behae ratherlinearly for perturbationsspanningthe rangebetweenthe numericallimitation andthe depar

ture of the backgroundstatefrom the obserations. Moreover, by scalingtheinitial perturbationsvith A the

rangeof validity of thelinearity assumptiorcanbe usedfor definingscreeningprocedureshatensurehatthe

perturbationglo not exceedtheidentifiedmagnitude.

In our case the analysisminusfirst-guessdeparturegrom a 1D-Var analysis(Baueret al. 2006a)sene this

purposeThisis becausehey definetheimprovementof thefirst-guesstatethatwasachieved by constraining
theretrieval with obserationsgiventhe definedmodelandobseration errors,respectiely. In a 4D-Var direct
radianceassimilation,similar first-guessdeparturesan be expectedand thus definethe dynamicrangefor

which theradiatve transfermodelshouldbehae linearly. Therefore:

OX = Xa— X, (5)

whichwe scalewith A’srangingfrom 102 to 1 with incrementf 10. Figure7 shavstheaccumulatedesults
from 8,290precipitationprofilesover globaloceansTheinitial perturbation®f rain, snaw, cloudwater cloud
ice,cloudcover, specifichumidity andtemperatureveretakenfrom theanalysisncrementsf 1D-Varretrievals
usingSSM/I radiancessobserationsandECMWF short-rangenodelforecastsasfirst-guesestimates.
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Figure 7: Linearity testparameterlog, |1 — F|, asa functionof scalingparameter A, from 8,290precipitationprofiles
for all SSMISchannels.Symbolgeferto ead A-scalingand symbolssizeindicatesfrequencyof occurrence
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Theresultsaredisplayedasqualitatve probability distribution functions(pdf's) of 1og, |1 — F| in Figure7 for

all SSMISchannels.The parametetog, 5|1 — F| shouldbecomesmallerwith increasindinearity becausé-

will approachl. At log,,/1—F| = —1, the differencebetweenTL andfinite-differencemodelsis 10% and
1%for log,|1— F| = —2. Forlarger A, log, |1 — F| is expectedto increasedueto non-linearitiesaswell as
for very smallA. Thelatteris dueto thelimitations of the numericalaccurag with which ratiosof very small
numbersanberepresenteddeally, |0g, |1 — F | shouldscalelinearlywith scalingfactorA . Thescalingworks
bestfor channels8-11thatarequite sensitve to watervaporbackgroundabsorptiorandcloud emissionat the
sametime. The window channelsj.e. channelsl-4 and12-18 shav the minimumlog,,|1— F| alreadyfor

logl0(A) =~ —4 while the puresoundingchannelsi.e., channelb-7 and19-24have lesssignaldynamicrange
andthereforeapproacimumericalaccurayg limits for 1og10(A) ~ —3. Theaccumulationsitlog,,|1—F| =0
arecausedy very smallinitial perturbationghatproducezeronumeratorsn F.

Theseparatiorof temperature/humiditfrom cloud/precipitatia effectscanbeobsenedfor channel-5. Two
differentaccumulationsof log,,|1 — F| can be isolatedof which the smalleronesbelongto the impact of
temperature/humiditandthe larger onesto cloud/precipitation.Channels-7 have little to no sensitvity to
hydrometeoperturbationsothatonly the branchwith smallerlog, |1 — F| remains.

For a potentialdirectassimilationof rain affectedmicrovave TB's in anincrementabataassimilationsystem,
log, |1 — F| shouldbe assmallaspossiblefor A = 1 (logl0(A) = 0). Thisrequirements partly fulfilled for a
numberof channelsvhoseweightingfunctionspeaklow enoughfor beingsuficiently sensitve to hydrometeor
emissionandscatteringnamelychannell andchannels3-18. All thesechannelshowever, shav a smallper
centageof casesiearlog, |1 — F| = 0 indicatinglarger non-linearitiesvhich mustbe identifiedin a screening
procedureorior to the assimilationof the data.

With a properscreeningthe mostlikely candidatedor a direct assimilationof microwvave radiancesn an
incrementaldataassimilationsystemare channelghat shav sufiicient sensitvity to cloudsand precipitation
(seeJacobiaranalysign Figure3) but arelessproneto non-linearespons¢o changesn hydrometeocontents.
Thefirst criterium requireschannelghat arelocatedin spectralwindow regions. In the caseof the SSMIS,
thesearechannelsl-3, 8-10,and12-18. The secondcriterium suggestehannelsl and12-16, potentiallyalso
channel®-10.

4 Discussion

This paperpresentsa performanceanalysisof a multiple scatteringradiative transfermodel suitablefor the
assimilationof microvave radiancanformationin NWP models.The modelis partof the NWP SAF RTTOV

modelpackagédhatis maintainecht the Met Office andoperationallyemploedin sezeral NWP centresvorld-

wide. As requiredfor the entireRTTOV model,the scatteringcomponentRTTOV-SCATT, providesforward,

tangent-linearadjointandJacobianmmodels.The SSMISsensowaschoserasademonstratoinstrumenin this

studybecausét compriseshannelf the threemostwidely usedmicrowvave instrumentsn NWP at present,
namelySSM/I, AMSU-A and AMSU-B. The performanceanalysiswasbasedon a large profile datasethat
wasproducedwithin the operationatain assimilatiorsystemat ECMWFE

The main resultsare that the chosenapproximationto the solution of the radiative transferequationis very
accuratefor the chosenfrequeng rangewith errorslessthan0.5-1 K. The resultinggain in computational
efficiengy is substantiabothatmultiple scatteringadiative transfercalculationsareaffordablein currentglobal
operationahnalysissystemsA significanterrormaybeproducedy theapproximatiorof fractionalcloudiness
by onecloud-rainandoneclearcolumn. This simplificationhasbeenchoserto avoid excessie computational
costand may producemaximumbiasesof 5 K. A simple bias-correctiorformula was presentedvhich has
to be testedon a global scaleto verify the significanceof this error source. Comparisonof modelledwith
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obsered SSM/I radianceshowever, suggestedhatthe choserreferencanodeitself is not optimal becausét

assumesaxiumcloudoverlapandthe presencef rain betweerthesurfaceandthehighestcloudlayer Future
improvementsof RTTOV-SCATT will incorporatea moresophisticatedreatmeniof subgrid-scalevariability
maintainingthe computationakfficiengy.

The assimilationof microvave radiancesn anincrementadataassimilationframevork requiresnearlylinear
modelbehaior. The presentedanalysissuggestghat channelsat 50.3,19.35,22.235,37.0, and potentially
183.3H3 and183.317 GHz shaw suficientlinearity in the givenmodelcontext. However, prior to assimila-
tion ascreeningf thosesituationds requiredfor whichlinearity is notassuredecauséor all channelsasmall
but non-ngligible numberof caseswith non-lineardependencef radiance®on input parameteperturbations
wasobsered.

In non-linearvariationalassimilationsystemge.g. Vukicevic etal. 2004,Zupanskiet al. 2005)the deviations

from linearity thatwereshawn in this studyarelessof a concern.However, dependingon the model’s sensi-

tivity patternsandthe casedependenhon-linearities,convergenceproblemsanddiscontinuouscost-function
developmentsduring minimization may occur even in slightly non-linearsituations. In general,the combi-

nationof the smoothnessf the sensitvity of microvave radiancego changesn temperaturemoisture,and

hydrometeocontentsaandthe nottoo non-linearbehaiour exhibitedby RTTOV-SCATT suggesits usefulness
in mostvariationalassimilationsystems.

With futureversionsof RTTOV, themodelwill befurtherdevelopedto accountfor moresensorandto reduce
potentialsource®f uncertaintiesMost obviouscandidate$or improvementarethetreatmenbf subgrid-scale
cloudvariability andbetterparametrizationsf particlesinglescatteringoroperties Theformermainly requires
abetterspecificatiorof the 'effective’ cloudinesdor a given profile sinceit is notfeasibleto performradiative

transfercalculationsfor morethan2-3 independentolumnsinside a dataassimilationsystem. The effective

cloudinessmustbe a compromisebetweernminimizing radiatve transfererrorsand ensuringphysicalconsis-
teng/ with the true cloud cover profile. The largestimpacton the improvementof particle single scattering
calculationscanbe expectedfrom betterparticle size distribution modelsbecausé¢hesemainly determinegthe

absorption-to-scattimg ratio perliquid waterunit. All potentialupgradeshowever, mustbe applicableto the

wide rangeof naturalvariability unlessadditionalinformationfrom independenbbserationscanbe obtained
for constraininghe choiceof a particularmodel.
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A RTTOV-SCATT

Theradiatve transferequationcanbe expressedsthe differentialchangeof radiancel atfrequeng v along
the propagatiorpath(herethe vertical pathz andzenithangleu = cos9) throughtheatmosphere:

diL(z p)
Ko dz

The volume extinction coeficient ks is composedf scatteringksq, andabsorptionk,, ., contritutions, i.e.
ket = Ksg + K, ZdenotesaltitudeandJ is the sourcetermthatcoverscontritutionsfrom scatteringhydrom-
eteorslandemission(at microvaves: oxygen,watervapor dry air, hydrometeors):

= Lzu-Izu) (6)

sz =L [ LzuP(u ) + (1 @)BT ) ™)

W = Ks¢ /Keqe denoteghesinglescatteringalbedoandprovidesameasurdor thefractionof scatteredadiation
while (1— ) is thefractionof absorbedadiation.B[T (z)] is the blackbodyequialentradianceaccordingto
temperaturd atlevel z. Scatteringpf radiances expressedn termsof anormalizedscatteringphaseunction:

1
/_lF’(u;u’)du’ =1 (8)

describingthedistribution of incidentradiance(u’) to obserationdirection(u).

In Equations§)-(8), the azimuthangledependencef radiancepropagatiorhasbeenneglected. This is ac-
ceptableat microvaves becauseno directradiationsourceexists andthe diffuse radiationfield only shavs a
dependencan azimuthaldirectionif thisis introducedby non-sphericaparticle scatteringor reflectionof ra-
diationat the surface. However, the currentimplementatiorof RTTOV doesnot resole the azimuthangleso
thatthis dependengcis omittedhere.

Thesolutionof Equation@) is only numericallypossiblef approximationgo J areappliedthataccountor its
dependencen layer interaction. The Eddingtonapproximation(e.g. Kummerav 1993)to radiatve transfer
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representanexamplefor anapproximatie method.Theapproximatiorliesin thedevelopmentf theradiance
vectorandphasdunctionto thefirst ordersothatonly oneangle(i.e. the obserationangle)is needecandthe
anisotropicadiancdield is decomposehto anisotropicandanisotropiccomponentrespectrely:

Lizu) = Lo(@+uLy(2 ©)
P(co®) = 1+3gco®

with local andazimuth-independemsicatteringanglecos = +uu’ andasymmetryparameteg thatrepresents
theangulameanof the scatteringohasefunction. Then,the sourcefunctiontranslatego:

I(z 1) = [1— w(2)]B[T (2)] + wb(2)[Lo(2) + 9(2) L, (2)] (10)
for azimuthallyaveragedields..

Two mixedequationganbe obtainedby insertingequation(10) andEquation(9) into Equation(6).

deLEZ) = —k(2)[1— wn(2)9(2)]L,(2) 1)
d%? = —3(@)[1- w(2)]{Lo(2 ~ BT}

If Z is the heightwithin a layer and assumingthat k, g and w, do not vary with an individual layer, their
derivativeswith respecto Z canbengylectedandthesecondlerivative of e.g.L, provides:

2
T~ N (L@ -BITE]) 12

N(@2) = 3K(D[1-w(2)][1- w(2)9(2)] (13)

For anindividual atmospheridayer, thegenerakolutionis:
Lo(2) = DT exp(A2) + D~ exp(—A2z) + B[To] + B,Az (14)

A lineardependencef temperaturavith optical depthis assumedin thelayer i.e. B(T) = B(T,) + B,Az with
lapserateB,, temperaturat the bottomlayerlimit, To, andlayerdepthAz

The coeficients D* have to be computedfor all layersfrom the respecire boundaryconditions,i.e., space
backgroundadiationatthetop of theatmospheréz = z*), polarized(p) surfaceemissionandreflectionatthe
bottomof theatmosphergz = z, = 0) aswell asfrom therequiremenbf flux continuityatthelayerinterfaces:

L, B

(Lo—@>w = B(27) (15)
0'—0 - — — 0LO

(erigs) , = R (Loig2)
o\ oL\

(L°i@)ﬂ - (L”Wz)z_q

The termsin braclets denotethe downward (-) and upward (+) directedflux densities,h = 1.5k(1 — wy9);

z=z denoteghei-th layerinterfacebetweerni-th and(i+1)-th layer Sincethe continuity requiremengpplies
to flux densitiesthe polarizedhemispherieemissvity, &, is usedwhich is calculatedirom the integration of

thespeculaemissvity overthehemisphere:

1
g0=2 e(H)udu (16)
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Usually the integrationin Equation(16) is carriedout per channeland profile by summationover a limited

numberof M discreteGaussiarquadratureanglesyj, usingspeculaemissvities, Ep,j-

M
Ep=27 &,;(H)W;H; (17)
=1
with quadratureveightingcoeficient w; for polarizationp. In RTTOV-SCATT, €, is representedy the 'ef-
fective’ emissvity formulationdevelopedby DeblondeandEnglish(2001)sothatnointegrationis required.

A systemof linearequationsof theform AD* = B canbe formulatedfrom insertingEquation(14) into Equa-
tions (15). For N atmospheridayers,this systemcontains2 (N — 2) equationdor the layerinterfacesaswell
asoneat the top and bottom of the atmospheretespectiely. Therefore A is a (2Nx2N)-matrix andB is a

(2N)-vectorwith elementsa,,, andby, respectiely. For eachlayer; i, j = 2i:
a1 = Liexpl\Az] (18)
a; = Ljexp[-AAz]
A j+1 -L
8 j+2 —L
b; G -G
Q1)1 L exp[A\;Az] (29)
Q1] L exp[—A\AZ]
qj41,j+1 —Li
Ajy1j42 -L
b = G-
andfor thetop andbottomlayers:
a; = Li—pply (20)
a, = Li-pply
b, = B(Ts)(€p+pp—1)+Ci(0p+1)
AN, 2N-1 Ly exp[AyAzy] (21)
anan = LneXpl—AnAz]

sz = B(TSD)_B(TN—l)_CN

with G = By /hy, Lif = 1+ Ay/hy, by = 1€, andh, = 1.5k (1 - @,;9;). B(Ts) denotegadianceemittedby
the surfacewith skintemperaturds, B(Tsp) correspondso spaceradiation(here2.7 K), By is thei-th layer's
lapserateandB(T,_,) theradianceaccordingto temperaturattheinterfacebetweeriayersN andN — 1.

The numberof vertical layersfollows the operationalmodellayer definition at ECMWEF. In the versionthat
wasusedfor this study themodelatmosphereonsistf N = 60 layersbetweersurfaceand0.1 hPa. For deep
tropical corvection,cloudsmay occurin the lower 40 levels andliquid waterandice cloudsaswell asliquid

andfrozenprecipitationco-eist above freezinglevel accordingo themodel’s formulationof particlefreezing.

The sourceterm from Equation(10) hasto be integratedfor eachlayer betweenz = 0 andZ = Az. Thisis
performedfor up-/davnwelling radiancestespeciiely:

¥o= Mot A+ Ky 30 22
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with:
30; 00, i UBy |
a = B°7i_727hi L (23)
B = Bl,i
_ giHA;
Y = Dfrwo,i(l—z—hi)
— Pp- gHA;
o = Db wo,i(1+2—hi)
(24)
andpartial sourceterms:
Bo= 1-1 (25)
¥ = A;—@
N = pagleean) -t
VAL klkl/\ [exp(—=AzA;) — 1]
i = 1-7 (26)
i = E(l_ri)_TiAzi
- _ K
5= gy (eela (- k) - 1)
N = g (L e 0a ) )

Radlan(:eBOI correspondgo the temperatureat the bottom interface of layeri. Finally, the integration of
contritutionsfrom eachlayerthroughtheatmospherés carriedout, first dovnwardthenupward:

Lt = LhLn+d7
with:
LN+1 = B(27) (28)
Ly = B(Ts)gp+(1—gp)Ly

&p isthepolarizedsurfaceemissvity thusL, 1 hasto be calculatedor eachpolarization.

The backgroundi.e. clearsky) absorptioncontritution aswell assurfacereflectionandemissionare calcu-
latedwith the correspondinglearsky RTTOV routines. The optical propertiesof hydrometeorsrestoredin

satellitesensoispecificcoeficientfiles. ParticlesinglescatteringvascalculatedapplyingMie-theoryto spher

ical particlescomposeaf waterfor cloudwaterandrain andair-ice mixturesfor ice andfrozenprecipitation.
Thedieletricpropertiedor frozenparticleswerecombinedollowing Maxwell-Garnetts formulationassuming
ice asthe matrix andair astheinclusionmaterial. Cloud waterandice particlesfollow modified Gammasize
distributionswhile liquid anfrozenprecipitationsize distribution wereassumedo have an exponentialshape
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with fixed offsetsandliquid watercontentdependenslopes. More detailsof the underlyingassumptionsn
particlepermittivity asafunctionof frequeng andtemperaturesizedistribution asa functionof hydrometeor
typeandwater/icecontentparticledensityasafunctionof hydrometeotype aswell astherelevantreferences
canbefoundin Bauer(2001).

The Delta-scalingJoseptetal. 1976)modifiesk;, w,;, andg, asa consequencef the approximationof the
fractionalforward peakof the phaseunctionby a delta-function:

o 1+g’ Wo,i = 1_gzwo,i , k=(1 wo,igl)ki (29)

g
which hasproven to significantlyimprove the treatmentof radiative transferin two-stream-typemodelsin
strongly scatteringmedia. Therefore ki, «j;, andg] replacek;, w,;, andg, whererequiredin all the above
equationsTheopticalquantitiesk], w];, of, h;, and/\; arecalculatecberlayer, perfrequeng andper profile.

i1
Al
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