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Abstract

Thefollowing text givesa brief overview of microwave radiative transferin atmospherescovering theprinciplesof radiative
transferin anabsorbingandscatteringatmosphereincludingsurfacereflectionandemission.A few approachesfor radiative
transfermodelling are presented.Models for atmosphericabsorption,particle absorptionand scatteringas well as surface
emissionareintroduced.Pleasenotethatthereferencefrequency rangewaschosento be1-200GHz which coversall current
spacebornemicrowave radiometerchannelsin operation for troposphericremote sensing.As a descriptionof current
microwave radiative transfer problems, the COST-712 Project 1 report is recommended.
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1. RADIATIVE TRANSFER

The radiative transfer equation can be expressed as the differential change of radiance  along path :

(1)

In vertical coordinates,and including slant paths, the path coordinate is modified to optical depth

with zenithangle . denotesthevolumeextinctioncoefficient

comprisingabsorptionandscatteringby all relevantmediain theatmosphere.All opticalquantitiesarefrequency

dependent, thus the subscript ‘’ will be omitted hereafter. Including source terms(1) translates to:

(2)

denotestheazimuthanglesothattheangulardependencemaybecombinedto , . The

sourcetermcoverscontributionsfrom scattering(hydrometeors)andemission(oxygen,watervapour, dry air, hy-

drometeors):

(3)

Scattering of radiance is expressed in terms of a normalized scattering phase function:

(4)

describingthedistribution of incidentradiance( ) to observationdirection( ). denotes

the single scattering albedo and provides a measure for the fraction of scattered radiation while  is the

fraction of absorbed / emitted radiation.  is the blackbody equivalent radiance according to temperature.

Thedifferentialform of theradiative transferequationcanbeintegratedfrom thesurface( ) to thetop of

the atmosphere, :
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(5)

with total atmospheric transmission:

(6)

andsurfaceemissivity, , which is a functionof temperature,roughness,foamcoverage,andsalinity in thecase

of seawateranda functionof temperature,moisture,soil type,vegetation,androughness(amongothers)for land

surfaces.

1.1  Emission

In the case of a purely absorbing medium, . Neglecting the azimuth angle dependence(6) becomes:

(7)

The term  defines the atmospheric transmission from level  to the top of the atmosphere, i.e.:

(8)

whichby insertioninto (7) (neglectingsurfacecontributions)providesthebasicradiativetransferequationfor ver-

tical atmospheric sounding (note the exchange of the integration limits):

(9)

In themicrowave spectrumandin cloudfreeareas,opticaldepthis mainly a functionof atmospherictemperature

(50–60GHz,118GHz) andwatervapour(22 GHz,183GHz) dueto line absorption;however, continuumcontri-

butionsby dry air andwatervapourincreaseslowly with frequency andarenon-negligible thoughdifficult to pa-

rameterize.

The term is called the ‘weighting function’ since it provides weights of the contribution of

to . Thusonly asmuchradiancefrom acertainlayercanreachthetopof theatmosphereas

is transmittedthroughtheoverlying layers.Typically, theweightingfunctionshave ‘Gaussian’shapeswith amax-

imum at thelevel where hasa maximumgradient.This level definesthelayerto which a soundinghasa maxi-
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mumsensitivity; however thewidth of theweightingfunctionindicatesthatthesoundinglevel is not discretebut

rather blurred and depends on the local conditions to be retrieved.

For remotesensingapplications,it is importantto noticethattheintegrandin (9) comprisestwo profile variables,

i.e. and . An inversionof (9) is moreaccuratefor temperatureprofile retrievalsnearor at oxygen

absorptionlines becausethere,absorptionis a function of temperatureas is . Sinceoxygenis a well

mixed gas in the troposphere, absorption does not depend on gas concentration but only temperature.

In thecaseof watervapourprofile retrievals, is a functionof watervapourcontentwhile is a

functionof temperature.Thus,bothabsorberdensityandtemperatureprofilesareconvolvedandcauselessaccu-

rateretrievalsof e.g.watervapourcontentsatspecificaltitudes.Here,acombinationof temperatureprofileretriev-

alsat, say50–60GHz,andwatervapourprofile retrievalsat 183GHz areof advantage.In termsof watervapour

content (e.g. mixing ratio), the integrand in(9) may be expressed as:

. (10)

Here, and areknown sothat(10)is ascomplex asfor temperaturesoundingbut expressedin terms

of the desired quantity.

Of someimportanceis theway theintegrationin (9) is carriedout.Consideringa singlelayer, it maybeassumed

(1) that with layeraveragetemperature , or (2) that changeslinearly within the layer, i.e.,

with being the temperatureat the top of the layer (where ) and

 being the lapse rate. Then:

(11)

Dependingon theopticaldepthof thelayer, thedifferencebetweenthetwo optionsmaybeseveralK. At micro-

wavewavelengths,thisbecomesimportantin cloudsandprecipitationbut maybeneglectedin opticallythin cloud-

free atmospheres.

1.2  Scattering

In themicrowavepartof theelectromagneticspectrum,thedependenceof scatteredradiationonazimuthanglecan

beneglectedin mostcasesbecausemultiplescatteringof diffuseradiationis muchlessanisotropicthanthatof e.g.

solar radiation. In this case, the phase function in(4) becomes:

(12)

and(2) reduces to:

(13)

A ratheraccurateapproximationto thephasefunctionin (12) is givenby theHenyey–Greensteinfunctionwhich

is only applicable in scalar radiative transfer:
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(14)

 denotes the asymmetry parameter which represents the angle-averaged phase function, :

(15)

Thisparameteris >0 / <0 if moreradiationis scatteredin forward/backwardthanbackward/forwarddirection.For

Rayleigh scattering .

1.3  Polarization

Anotherimportantsourceof informationis polarization,becausesurfacespolarizeincomingunpolarizedradiation

by reflectionandparticlespolarizeby scattering.In bothcases,astrongdependenceof illuminationvs.observation

geometryexists,andthedegreeandangulardistributionof thepolarizedradiationis determinedby surfacereflec-

tivity androughness,andparticlescatteringefficiency andshape.Polarizationcalculationsrequiretheexpansion

of radiancesinto vertically and horizontally polarizedcomponentswhich are elementsof the Stokes vector

:

(16)

The(v, h) aredefinedby a planebetweentheincomingandscattered/reflectedradiationbeams.‘v’ representsthe

verticalcomponentand‘h’ theparallelcomponentto this plane.Angle definestheorientationof thevector

with respectto the‘h’-direction while standsfor theellipticity of thepolarization.Thesignof describesthe

senseof rotation,i.e.,thesignof thephase( ) differencebetween and . Elliptically polarizedradiationrep-

resentsthemostgeneraldefinition form for polarizedradiationwith specialcasesof unpolarized,linearly polar-

ized, and circularly polarized radiation: thus , ; , ; and ,

, respectively.

Theconsequencefor theradiative transferequation(13) is thatall radiancetermsbecome(Stokes)vectors,scat-

tering and extinction coefficients become matrices, while the scattering phase function also becomes a matrix:

(17)

is theStokesvectorrepresentationof thescalarintensity, is still scalarbecauseblackbodyemissionis unpo-
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matrixdeterminingtheamountof scatteringpercomponent.Thelatterexpansionis only requiredif scatter-
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Sincescatteringis alwaysdescribedin thelocalscatteringgeometry(asis thepolarization),i.e., in referenceto the

planedeterminedby the incomingandscatteredradiationbeamswith a particleat thecenter, a coordinatetrans-

formation has to be carried out before and after the scattering event with respect to ( ):

(18)

 represents a rotation matrix:

(19)

The most general form of the scattering matrix is:

(20)

which can be reduced to a more simple form for spherical particles:
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with reflection coefficients for a medium with complex permittivity :

(23)

Surfacetransmissivity is neglectedin mostcasesassumingapenetrationdepth of zerosothat

becomesa matrix in (5). Most naturalsurfaces,however, areroughsothat—atleasttheoretically—

bistaticreflectioncoefficientshave to becalculatedgiving thefractionof scatteredradiationfor any incidenceand

scatteringanglecombination.Anotherapproximationto surfacereflectionis representedby aLambertianreflector

for which the distribution of reflected radiation is isotropic over all angles.

1.5  Antenna patterns

Microwaveantennasoncurrentsatellitesrepresentacompromisebetweendesiredspatialresolutionat thesurface

andaffordableantennasize.Sincemeasurementsat all frequenciesareusuallyobtainedwith the sameantenna,

spatialresolutionvarieswith frequency. Spatialresolutionof theinstantaneousfield of view, IFOV, canroughlybe

estimated from (here at nadir):

(24)

with satellitealtitude , antennadiameter , anantennaefficiency factor (e.g.= 1.5)andwavelength . This

increasesfor inclinedobservationgeometryanddistortscircularantennapatternsto ellipsoids.Sincetheantenna

sizeis moreor lessof thedimensionof severalwavelengths,diffractionis importantandleadsto interferencepat-

terns.Mostantennashaveveryefficientmainlobesbut sidelobeeffectsaremostlynon-negligible oversceneswith

stronghorizontalgradientsof radianceemission/ scattering(nearcoastlinesandovercloudsandprecipitation).An

idealizationof theantennaimagingis representedby theapproximationof themainlobeby aGaussfunctionwith

a halfwidth accordingto thenominal3 dB beamwidthgiven in technicaldocuments(e.g.40 km x 60 km for the

SSM/I19.35GHzchannel).Thusaspatiallyinhomogeneousradiancefield hasto beintegratedovertheradiometer

field of view with the antenna pattern :

(25)

Theangle representstheeffective field of view (EFOV) in coordinatesof zenithandazimuthanglesandis the

instantaneous field of view including its distortion by the scanning motion of the antenna.
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2. RADIATIVE TRANSFER MODELS

2.1  Principles

Themajorproblemfor radiative transfermodelingis thesolutionof (3) with (5) becauselayerinteractioncannot

besolvedanalyticallyin thecaseof scattering.Here,simplificationsandnumericalapproachesarerequired.Sofar,

theradiativetransferequationwasexpressedby scalarradiancesor Stokesvectorsin dependenceof e.g.zenithan-

gle. Dependingon theapplicationandtherequiredaccuracy (in particularwhenmultiple scatteringis included),

even plane-parallelradiative transfer—whichassumesconstantmediumpropertiesin horizontaldirections- re-

quiresthe integrationof scatteredradiancesfrom the upperandlower half-spaceinto the observation direction.

This already appeared in(3).

Theangledimensionis treatedin thesameway astheelementsof theStokesvectoror theMueller matrix sothat

the dimension of the vectors / matrices does not change. Then:

(26)

This aimsalreadyat thenumericalintegrationof incomingandscatteredradiancesinto theobservationdirection

by asimplematrix-vectormultiplication.To replacetheintegrationby asummation,theGaussianquadraturefor-

mula provides an accurate means for integration in the interval of [-1, 1]:

(27)

At microwavewavelengths,usuallylessthan16discreteanglesprovideenoughaccuracy, atinfrared/ visiblewave-

length a higher number is required to resolve the stronger anisotropy of the radiance fields.

As mentionedabove, theazimuthaldependenceis mostlyneglecteddueto the lesserdegreeof anisotropy. If in-

cluded, it involves a separation of angle dependencies for the phase function and intensities:
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(29)

Eqs.(2) and(3) wouldbeformulatedfor eachmode andsummedaccordingto (28)afterintegrationin the -

dimension.

Theequationsfor thedifferentialradiative transferhave to beformulatedfor discretelayersassumingthattheop-

tical propertiesdonotchangethroughthelayer(following thestructureof theinputdataor otherchecks).Mostof

thetime thelayertemperatureis takento betheaveragebetweentheboundinglevels;however, for optically thick

media this assumption produces uncertainties (see below).

Thebasicformulationoriginatesfrom theinteractionprinciple,i.e., thelinearsuperpositionof contributionsfrom

adjacent layers:

(30)
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mission,reflection,andemissionoperators.At bottomandtop of theatmosphere, andat

the surface ,  is taken from(22) while .

2.2  Emission

In the case of pure emission all reflection matrices are zero so that (neglecting polarization at this point):
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by surface reflection)(31) has only two elements. This is the form used in current numerical prediction models.
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function.Thenumericalprocedurecalled‘doubling / adding’ treatsthemultiple scatteringin layersandtheinte-

gration of radiances throughout the atmosphere along the following line:

1) Startingpoint is a layerwith constantopticalpropertiesin theatmosphere(saytheupmostlayer).

This layer hasto be divided into sublayersfor which single scatteringcan be assumed.This is

usually the casefor optical depths . For a sublayer initial reflection and transmission

matrices are calculated:

(33)

wherethe aretheweightingcoefficientsof theGaussquadratureasin (27). Thenotationof

representsthephasefunctionatdiscreteangles wherethefirst signstandsfor thedirectionof the

incomingradianceandthesecondfor thescatteredradiance.Positive signsrefer to the lower half

spacewhile negative signsrefer to the upperhalf space.The initial operatorsare independentof

viewing directionso thatanexchangeof viewing directionhasno effect. Thesourcetermvectors

remainasin (32). Therearevariousinitializationsavailablewhich producelessdifferentresultsin

the microwave region than at shorter wavelengths.

2) If two adjacentlayersareadded(or doubledin thecaseof their opticalpropertiesbeingidentical)

the exiting radiances at top and bottom are:
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(37)

and

(38)

The factors  can be interpreted as a multiple reflection / scattering factor.

3) This is carriedout successively until thefull layeroperatorsarecalculated.Thesublayercombined

operatorsare computedfor optical depthswhich doublethe optical depthof the previous layers

(startingwith theinitial layerwith ), thusthis procedureis called‘Doubling’. All layers

of theatmospherecanbetreatedin thesamefashion.As mentionedabove,for optically thick media

the assumptionof an averagetemperaturethroughoutthe doublingprocessproduceserrors.For a

temperaturethat changeslinearly with optical depth,the adaptationof with

actual optical depth  at each doubling step gives much better results.

4) Layers with different optical properties for which the doubling procedurewas carried out

previously are then combined using the same formulae thus this step is called ‘Adding’.

2.4  Scattering—Approximations

2.4 (a)  Eddington approximation. TheEddingtonapproximationto radiative transferrepresentsanexample

for anapproximativemethod.Theapproximationliesin thedevelopmentof theradiancevectorandphasefunction

to thefirst ordersothatonly oneangle(i.e. theobservationangle)is neededandtheanisotropicradiancefield is

decomposed into an isotropic and anisotropic component, respectively:

(39)

so that the source function translates to:

(40)
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from the phase function averaged over the full hemisphere.

If these quantities are inserted into(3), two mixed equations are obtained:
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(41)

The second derivative of e.g.  provides:

(42)

(43)

with the general solution:

(44)

Again, a linear dependence of temperature with optical depth is assumed.

The coefficients areto be obtainedfrom the boundaryconditions,i.e., spacebackgroundradiation,surface

emission and reflection as well as with the requirement of flux continuity at the layer boundaries:

(45)

(46)

where andi denotes thei-th layer interface betweenj-th and (j + 1)-th layer.

TheDelta-approximationmodifies , , and asaconsequenceof theapproximationof thefractionalforward

peak of the phase function by a delta-function:

(47)

whichhasprovento significantlyimprovethetreatmentof radiativetransferin two-stream-typemodelsin strongly

scatteringmedia.Anothermodificationcanbe introducedto adaptthis modelto three-dimensionalproblems.In

thatcasetheupwardanddownwarddirectedradiancesarecalculatedalongtheslantpathof satelliteobservations

providing afirst orderapproximationto three-dimensionalradiativetransfer. For mediawith significantscattering,

however, largecontributionsto theobservationoriginatefrom outsidethis beam,i.e., from a largervolumethan

represented by a single path, so that the accuracy of this approach has limitations.

2.4 (b)  Two-stream approximation. In thetwo-streamapproximation,(27) is only appliedfor , i.e.,

at  or . Then(2) is written:
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(48)

where . Again,asystemof differentialequationscanbesetupandsolvedby useof boundarycon-

ditions.

2.5  Scattering—Others

Thereareotherwaysto approachthemultiple scatteringproblemsuchastheDiscreteOrdinateMethod,theSuc-

cessive Orderof ScatteringMethodor MonteCarlo techniques.The latterarewidely usedfor thesimulationof

microwaveradiative transferin three-dimensionalraincloudswheresignificantscatteringoccursandrepresentthe

mostaccurateeven thoughmostcomputationallyexpensive methods.Someefficiency is gainedif thescattering

pathsof photonsaretreatedin thebackwarddirection.Then,only thosephotonsactuallyreachingtheradiometer

(heretakenasthestartingpointof thecalculation)areused.Thatway thetotalnumberof requiredphotonsto rep-

resent three-dimensional radiance fields is optimized.

An interestingapproachis theSuccessiveOrderof Scatteringtechniquebecauseit allows theestimationof theor-

derof multiplescatteringrequiredto accuratelydeterminetheradiancefields.Here,theradiative transferequation

is calculatedfor eachscatteringorderindividually. Thesetermshaveto beeventuallyaddedto obtainthetotaldif-

fuse radiance:

(49)

In thecaseof visible (or radar)radiative transfermodeling,a direct,forwardpropagatedradiancehasto betaken

into account.Therecursive formulaefor theradiances(herefor a finite layerwith opticaldepth andin upward

direction) and source terms are:

with for and for . The term representsthe internalemission

sourcewhich is only consideredonce(for calculationsin thevisible wavelengthrange,this would bereplacedby

the solar source term). With no incident radiances, .

Assumingthattemperatureandsinglescatteringalbedoareconstantin thelayer, thefirst andsubsequentorderra-

diances can be expressed as:

(50)

Thus, by applying the summation in(49) with :
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(51)

Thechoiceof summationlimit hasto ensureconvergenceof (49), thatis thesummationon theright handside

of (51) has to be accuratewithin predefinederror limits. This is the case,for example, if ,

 : , or if ,  : , choosing an error limit of 0.1 K.

3. ATMOSPHERIC ABSORPTION

At microwave wavelengths,themainatmosphericabsorbersareoxygen( ), throughrotationalline absorption

between50–60GHz aswell as118GHz; watervapour( ), throughrotationalline absorptionat 22.235GHz

and183.31GHz; andcontinuumabsorptionby watervapouranddry air. Between1–200GHz,stratosphericcon-

tributionsarelessimportantsothatthetotalatmosphericabsorptioncanbecomputedfrom profilesof temperature,

pressure,andhumidity. Models for the simulationof atmosphericabsorptionarebasedon laboratoryandfield

measurementsundervariousenvironmentalconditionsandhave to cover theline intensity, width, andoverlapfor

line absorptionasafunctionof temperature,pressure,andhumidity. Thereareseveraldatabasesof thesemeasure-

mentsavailableaswell asso-called‘line-by-line’ modelswhich includecontributionsfrom all known absorption

linesat thedesiredfrequency. As anexample,theMillimeter PropagationModel (MPM) computeslocal absorp-

tion, (in km-1), in termsof acomplex atmosphericrefractive index at frequency in GHz:

(52)

Theabovementionedcontributionsaresummedup in theimaginarypart, overall absorptionlines(in the

case of MPM, 44 oxygen and 30 water vapour lines).

Thelargestunknown in this frequency rangeis thewatervapourcontinuumwhich is rathera correctionof a line

absorptionmodel.Sincethesefits areaimedat high accuracy at frequenciesneartheabsorptionlines,theremay

belargeruncertaintiesin thewindow regionswherethecontinuumcontributiondominates.Anotherproblemis the

compatibilityof laboratoryandfield measurementswhensynthesizedin unifiedmodelsdueto representativity of

measurements and technical constraints.

4. SURFACE EMISSION /REFLECTION

4.1  Ocean

For aflat seasurface,theemissionandreflectioncouldbecalculatedfrom thepermittivity of waterasin (56)and

from theFresnelequations(22) and(23). Surfaceroughnessin thecaseof non-zerowindspeedsaswell asfoam

generationcontribute significantlyto the modificationof the equations.Thesearetreatedin differentways.For

largegravity waves,thewavesareapproximatedby probabilitydistributionsof facetorientationswith respectto

theviewing angle.For eachfacet,theFresnelequationsareapplied.Thedistributionsdependon wind speedand

direction.Facetcontributionsareintegratedto yield thetotalemission/ reflection.Two-scalemodelsalsoaccount

for capillarywavesandsmallgravity waveswhicharesuperimposedonthelargegravity waves.Bothcomponents

aretreatedindependentlywherethelattermaybeobtainedfrom perturbationtheory. Importantis thechoiceof the

cut-off frequency to distinguishbetweenthetwo states.Foamcontributionsmainly increaseoceanemissivity and

areparameterizedby their fractionalcoverageandthepermittivity of thefoamitself. Salinity playsonly a role at
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frequenciesbelow 5 GHz.Dependingon therequirementsof theatmosphericcomponentof theradiative transfer

model,eitherzenithangledependentemissivities (asin (23)) or bistaticreflectioncoefficientshave to becalculat-

ed:

(53)

The and representtheco-andcross-polarizationcontributionswith respecttopolarizations and :

(54)

(55)

where denotesthewavenumber, is thephasevector, is thescatteredelctricfield

with polarizationstate , and , arethestandarddeviationsof facetslopesorthogonalandparallelto wind

direction.Thelatterareobtainedfrom theabovementionedslopedistributionsasa functionof surfacestress.Im-

portant to notice is that multiple reflection and shadowing of facets at larger roughnesses may be significant.

4.2  Land

Over landsurfaces,themaincontributionsto beaccountedfor arethosefrom soil, vegetationandsnow. Theradi-

ative transfercanbe treatedby regardingthe land surfaceasa discreteboundaryusingthe definition of bistatic

reflectioncoefficientsasin (53). Dependingonpenetrationdepthandtargetedmedia,afull radiativetransfermodel

with alayeredstructure,asalreadyintroducedfor theatmosphere,is used.Vegetation,soil,or snow arethentreated

in layersof constantopticalpropertiesandmethodssuchastheadding/ doublingtechniquecarryout thevertical

andangularintegration.Important,however, is theapplicabilityof thefar-field approximationin scatteringmedia

such as snow or vegetation. Here, radiative transfer theory for dense media are superior.

Thedeterminationof theopticalpropertiesatmicrowavewavelengthsof soil, snow, andvegetationis difficult be-

causethenumberof contributingparametersis muchhigher. For soil,mainlysoil watercontentandtextureaswell

asroughnessdriveits permittivity. For snow, permittivity is ratheraccuratelyknown but snow depth,watercontent,

andgrainsizesareproblematic.In themicrowavespectralregion,vegetationwatercontentandvegetationcoverage

are of importance. Scattering by branches and leaves is small but generally non-negligible.

5. HYDROMETEORS

5.1  Permittivity

For conductingmaterialsthe complex permittivity, , determinesthe effect of an externaldielectric

field on theinternaldistributionof charges(over time). It is connectedto thecomplex refractive index of thatma-

terial, , through thus , . Away from the relaxationfre-

quency and for a medium in which friction effects dominate its polarizabilitythe Debye–equations apply:

ε0 1
1

4πµ
---------- γ0 � µ φ µ′ φ′,;,;( ) dΩ

0

π 2⁄

∫
0

2π

∫–=

γ0 �( ) γ0
�( ) �

�

γ0 � µ φ µ′ φ′,;,;( ) γ0 �5� µ φ µ′ φ′,;,;( ) γ0
�
� µ φ µ′ φ′,;,;( )+=

γ0
� µ φ µ′ φ′,;,;( ) γ0

�'� µ φ µ′ φ′,;,;( ) γ0 �
� µ φ µ′ φ′,;,;( )+=

γ0 �
� µ φ µ′ φ′,;,;( )

� �6�,798( )2

2��:4σ; σ<
----------------------------- 1

2� 2
----------

��:2
σ ;2
-------

�>=2
σ<2
-------+

 
 
 

–exp=

�
1 λ⁄= Q ��:?�>=@��A,( )= �,798

�
� σ; σ <

ε ε′ iε″+=

- - ′ i - ″–= - 2 ε= ε′ - ′2 - ″2–= ε″ 2- ′ - ″=



Introduction to microwave radiative transfer

16 Meteorological Training Course Lecture Series

 ECMWF, 2002

(56)

with andfrequency , andwhere denotesthe effective relaxationtime, the staticpermittivity

( ), thehigh-frequency permittivity ( ), thepermittivity in vacuumand theionic conductiv-

ity, respectively. Themaineffect of is thedispersionof thephasedelayinducedon anelectromagneticwave

passing through a medium, while  represents the loss of energy.

Theavailablemodelsfor thepermittivitiesof waterandicepresentparameterizationsof theaboveequationswith

respectto thedependenceof their ingredientsontemperatureandfrequency. Anotherinfluenceis theeffectof sol-

ublematerialssuchassaltasexpressedby thesecondtermin (56) for which is only importantat frequencies

below 5 GHz.

5.2  Cloud absorption and scattering

Theparameterizationof themicrowave propertiesof waterandice cloudsis basedupontwo majorassumptions:

(1) maximumparticlesizeis well below thewavelengththustheRayleighapproximationto particlescatteringand

absorptionappliesandtheshapeof thesizedistribution hasnegligible effectson thederivedproperties;(2) scat-

teringis negligible thuscloudsaretreatedaspureemittersandtransmission, , dependsonly oncloudabsorption,

thus  with absorption coefficient , layer depth , and zenith angle .

For a monodisperse particle distribution, the liquid water content, , is calculated from:

(57)

where denoteswaterdensity, particleradius,and total particlenumberobtainedfrom particlenumber

density, :

(58)

The absorptionandscatteringcoefficients, areobtainedfrom the integrationof particleabsorptionand

scattering cross sections, , over the same distribution:

(59)

If the Rayleigh approximation holds the cross sections are given by:

(60)

which arethefirst termsof theseriesexpansionusedin Mie calculations. denotesthesizeparame-

terwith wavelength , speed of light in vacuum , and frequency .

After some manipulation,(60) for the absorption coefficient is simplified to:
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(61)

with  m2kg-1GHz-1.

With , (61) is transferred to:

(62)

and m2kg-1GHz-1, which holdsfor both waterandice. Thus(62) requiresliquid- or ice-water

contents,frequency andtemperatureaspredictors,aswell asoneof theabovemodels,for thecomplex permittivity

of water and ice as a function of frequency and temperature.

5.3  Precipitation

For precipitation,scatteringcanonly beneglectedat very low frequenciesandrainrates.Eq. (59) cannot beap-

proximatedsothatscatteringandextinctioncoefficientsaswell asthephasematrixelementshaveto beintegrated

over thesizespectrumwith crosssectionscomputedby Mie routinesfor sphericalparticles.Usually, precipitation

size distributions are given in terms of diameter, , rather than radius and with exponential size distributions:

(63)

with diameters andintercepts . Theindex 'x' mayreferto rain(r) or snow / graupel/ hail (s,g,h)particles.

The slope, , is a function of water/ice content, , and particle density, , (both in g m-3):

(64)

Theinput parametersfor radiative transfercomputations,i.e.,extinction coefficient , singlescatteringalbedo

, asymmetry parameter, and backscattering coefficient  integrated over size spectra, are given by:

(65)

with backscattering,scatteringandextinctioncrosssections , and , averagescatteringangle ,

and temperature  (which determines particle permittivity at frequency ).

The summation of these parameters over hydrometeor types to obtain cloud layer properties follows:
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(66)

where  represent rain, snow, graupel, and hail.

6. FAST MODELS

Fastradiativetransfermodelsareneededoncelargedatavolumesareto betreated,e.g.in numericalprediction.The

RTTOV-packageis a widely usedoptimizedradiative transfermodelingsoftwarefor cloudfreeandcloud-covere-

datmospheresapplicableto all operationalinfraredandmicrowave sensorchannelfrequencies.Therearecertain

ways to make models fast which—apart from efficient programming—can be summarized as follows:

• As least as possible layers and frequencies/ wavelengthsare taken. The latter implies that

simulations representingsatellite observations are monochromatic,i.e., a radiometerchannel

correspondsto a singlewavelength(the filter function would be a delta-function).In the caseof

RTTOV, (7) is numerically evaluated in cloudfree situations as:

(67)

It is assumedthat the effective layer temperatureis the averageof the temperaturesat the layer

boundarieswhichalsoimpliesthattheintegrationof thesourcefunctionis givenby .

denotesthe layer transmittancewhile denotesthe transmittancefrom the i-th layer to space

and  denotes the transmittance from thei-th layer to the surface and back to space.

• The radiative transferis treatedwith the assumptionof a plane-parallelatmosphere.Horizontal

inhomogeneityis not includedand pixels are treatedindependently. This assumptionholds for

atmosphereswithout or with only weak scatteringand where the input fields have similar

resolutions as the satellite observations to be simulated.

• The dependenceof radianceson azimuth angle is neglected which is almost always true for

microwaves.

• Scatteringby hydrometeorsis neglectedthuscaseswherescatteringis likely to occurarescreened

and not used.If treatmentof scatteringis desired,then methodsbasedon the two-streamor

Eddington approximation provide good results for wavelengths below 100 GHz.

• Atmosphericabsorptionis parameterizedwith asleastpredictorsaspossible.This is of lessseverity

at microwave wavelengthsthane.g.in the infraredspectralregion becausemostly continuumand

rotationalabsorptionby a smallvarietyof gasmoleculeshasto bemodeled.Theparameterizations

thereforedependon thetargetedfrequencies,i.e., dependon theinstrumentto besimulated.In the

RTTOV-package,layeropticaldepthis parameterizedfor eachnominalchannelcentrefrequency as

the difference of the layer-to-space optical depths of adjacent layers:
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(68)

The predictors containlinearizingfunctionsof , andprofilesof p, T, andq aswell as

their departures from reference profiles obtained from representative soundings.

• Surfacereflection / emissionis parameterizedso that non-speculareffects are includedbut not

explicitly treatedin form of bistaticreflection.Over land surfacesthe numberof free variablesis

kept small. The inclusionof non-specularreflectionmay be representedby usageof an effective

reflection angle. This modifies(67) in the sense that .

• Cloud contributions are excluded avoiding the problem of the treatmentof clear and cloudy

contributions to total radianceseven though non-precipitatingclouds do not scatter at most

microwave wavelengthsin use.However, the use of (67) with a linear superpositionof cloud

covered and cloudfree grid portions by:

(69)

andtheimplementationof (62)by doesnot increasethecomputational

effort significantly.

• If cloudsor evenprecipitationis included,particlesareassumedto besphericalandhomogeneous

with parameterized size distributions.

• If scatteringis includedandmulti-streammodelsareemployed, the numberof requireddiscrete

angles is kept small.

• Polarizationis assumedto be only introducedby surfacereflection/ emissioneven thoughalso

spherical particles polarize incoming unpolarized radiation.

Thusthenumericallyworstcaseis to useathree-dimensionalfully polarizedMonte-Carlomodelfor thetreatment

of precipitatingcloudsat a largenumberof wavelengthsaccountingfor theantennapatternsof imagingradiome-

ters.

7. OUTSTANDING ISSUES

In numericalpredictiontheaccuracy andcomputationspeedof radiative transfersimulationsis of utmostimpor-

tance:

• Sensorshave to providecontinuousdataandneedto bewell calibrated(w.r.t. themodel).Accuracy

requirements depend somewhat on which parameters the sensor is most sensitive to.

• Radiative transfermodelsin useavoid scatteringcalculationandpolarizationis only includedby

surface reflection which allows the separate calculation of ‘v’ and ‘h’ contributions.

• Radiative transfermodelsonly accountfor one zenith angle(= observation direction) and treat

pixels independently (which are decorrelated by thinning).

• Surfaceemissivity modelsthereforehave to correctradiationstreamsin zenithdirectionby effects

from off-zenith directions.

• Even thoughatmosphericabsorptionis comparablysimple,parameterizationsof absorptionavoid

integration over large spectral intervals necessary for line-by-line calculations.

Near-future developments in numerical prediction should include:

• Inclusion of clouds for which scatteringeffects are negligible including fractional cloud cover

effects.
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• Bettermodelingof land surfaceemissivities becausemicrowave datasensitive to surfacesarenot

used over land.

• Codeunificationfor generalradiancedataassimilationwhich is openfor currentandfuturesensors.

Most majorproblemsaresolvedin microwave radiative transferof which somestill requirerefinementinvolving

considerablecomputationaleffort. The largestuncertaintiesarisefrom unknown input parameterssuchascloud

particlesizedistributions,profiles,shapes,andcompositionaswell assurfaceemission.Here,mainlylandsurfaces

are difficult because a vast amount of free parameters influence the signal on sub-pixel scales.
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