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1
Chapter 1IntroductionMore than 30 years after the �rst microwave observations of the earth by the Sovietsatellite Cosmos-243 in 1968 (Basharinov et al., 1971) remote sensing of precipitation formeteorological and climatological applications is still a challenge. Technical limitationsand shortcomings of sensors | ground-based, airborne and spaceborne | are one reasonthat prevents better results for precipitation retrieval techniques. One other reason isimperfect modeling of the relevant radiation processes. One of several simpli�cations isthe assumption that cloud and precipitation particles can be considered to be sphericalparticles. In the past this approach was justi�ed by the insu�cient mathematical methodsand computing capabilities, but both problems are currently overcome. The nonsphericalnature of ice and snow particles is obvious but highly variable and usually unknown duringthe retrieval process. The shape of raindrops resembles a sphere more closely and canbe reasonably described by models. Observations of convective precipitation systems(Spencer et al., 1983b, 1989; Heyms�eld and Fulton, 1994) show residual polarizationdi�erences originating from some parts of the raining area. Scattering by nonsphericalice particles was suggested to be the origin of this polarization signal. However, up to nowthe precise mechanism of polarizing microwave radiation by nonspherical hydrometeorsis not investigated with su�cient accuracy.Passive microwave (MW) observations of the Earth's atmosphere are widely used forthe retrieval of meteorological data. A variety of sensors have been developed for remotemeasurements of atmospheric humidity and temperature pro�les from the surface (e.g.Crewell et al. (1999a); Solheim et al. (1998)). The liquid water content is subject ofground-based and airborne retrieval methods (Wilheit et al., 1977; Rodgers et al., 1979;Prabhakara et al., 1986; Spencer et al., 1989; L�ohnert et al., 1999). When consideringclouds and precipitation the radiation emitted by the surface and the atmosphere itselfwill be scattered, absorbed, and re-emitted by the hydrometeors. The microwave frequen-cies below 100 GHz (e.g. those used by the Special Sensor Microwave/Imager (SSM/I,Hollinger et al. (1987)) onboard the Defence Meterological Satellite Program (DMSP))have a great potential for precipitation retrieval and are widely used. On SSM/I thecenter frequencies are 19.35, 22.235, 37.0, and 85.5 GHz. The Scanning MultifrequencyMicrowave Radiometer (SMMR, which operated only for a short period in 1978 onboardthe Seasat satellite and for more than eight years onboard the Nimbus-7 satellite (Gloersenand Barath (1977); Wilheit and Chang (1980); Cavalieri et al. (1984))) had additional



2 Introductionchannels at 6.6 and 10.7 GHz, which are also considered in this study because they will beused on the ADEOS-II satellite (ADEOS: Advanced Environmental Observation Satel-lite). Those low frequencies are of high interest in remote sensing of the earth's surface(e.g. soil moisture).Measurements at higher MW frequencies, as well as visible and infrared measurements,su�er from the e�ects of very high optical thickness. Therefore, such observations areonly capable of obtaining information from the upper or lower boundary of the cloud andrain events, depending on the location of the sensor (airborne or ground-based).Especially the lower MW frequencies have the capability to penetrate through theatmosphere with only little interaction with the atmosphere. Under clear-sky conditionsthe radiation at 6.6 GHz remains nearly una�ected by the atmosphere. Even 3 kmthick layers of moderate rain rates do not produce su�cient optical thickness to preventradiation at 19.35 GHz from propagating from the surface up to the top of the atmosphere.Thus, these frequencies gather information along the whole path through the atmosphererather than only from a boundary between low and high optical thickness. It will beshown that especially these situations of semi-transparent atmospheres need to considerthe particle shape in order to obtain correct scattering results.1.1 Forward modeling and retrievalMany algorithms have been developed for liquid water path (LWP) and rain rate (RR)retrieval since di�erent research groups had shown the possible use of passive microwaveobservations for these applications (Basharinov et al., 1971; Akvilonov et al., 1973;Wilheitet al., 1977). The applied retrieval techniques can be divided into two major categories:empirical and physical retrievals. Empirical algorithms estimate a relation between MWmeasurements and the ground truth, as obtained from mostly surface-based measure-ments (Grody , 1991; Ferraro and Marks, 1995; Stogryn et al., 1994; Conner and Petty ,1998; M�uller , 1997).These methods do not need numerical modeling of the physical processes involvedand therefore o�er the advantage of easy implementation. However, the results of suchretrieval schemes will be restricted to the situations, which are represented by the inputdata. The quality of the retrieval algorithm depends on the quality of the data set usedfor the construction of the retrieval scheme.On the global scale the combination of statistical methods and physical retrieval al-gorithms might be more applicable. A radiative transfer model (RTM) can be usedto perform forward calculations, leading to a transfer function connecting a set of at-mospheric parameters (especially precipitation) with resulting brightness temperatures(TB). The inversion of this function, which forms the retrieval algorithm, can be ob-tained by a variety of di�erent methods reaching from simple regressions (Spencer et al.,1983a; Bauer and Schl�ussel , 1993) to optimal estimation methods (Rodgers, 1990). Whilemost rain algorithms focus on the ice particle scattering signal at 85 GHz (Adler et al.,1994), some algorithms use all available frequencies in a multi-channel physical retrieval(Petty , 1994). Since these physical retrievals heavily rely on the quality of the forwardcalculations, large e�ort has to be made to assure the correct design of the RTM.



1.1 Forward modeling and retrieval 3The dependence of MW radiation on surface conditions is well known for water sur-faces even in the presence of rough sea surface, swell, and foam (e.g. Schrader (1995);Liu et al. (1998)). The basic e�ect can be understood as a partly re
ecting Fresnel sur-face, leading to high amounts of linear polarization especially near the Brewster angle(which is between 65 and 84 degrees for microwave radiation, completely determined bythe inverse tangent function of the refractive index). Horizontally polarized intensity(Ih) is less emitted than vertically polarized intensity (Iv). Aside from the total inten-sity (Itot= Iv + Ih), expressed as equivalent brightness temperature TB, the polarizationdi�erence (PD) is of special interest. It is de�ned as PD = (TB;v � TB;h) and reachesup to 100K over calm water surfaces at 53� zenith angle and a frequency of 19 GHz(Ulaby et al., 1981). The average emissivity of water surfaces for total intensity is closeto 0.5 and produces the cold signature of water areas in the MW brightness temperatureobservations from satellites.In general, land surfaces show higher emissivities for both polarizations (approxi-mately ranging from 0.7 to 1.0 in the MW spectral region) and thus less polarizationthan water. However, the behaviour of land surface emissivity strongly depends on soilmoisture, surface roughness, surface inclination, vegetation, and the speci�c frequency.Atmospheric e�ects on the MW radiation consist of the well understood emissionand absorption process by various gas species on one hand and the emission, absorption,and scattering process by hydrometeors on the other hand. While the gas interactionis unpolarized with no angular variation, the e�ects of hydrometeors exhibit a strongdependence on direction and polarization of radiation. Furthermore, they have an impacton the angular pattern of the intensity and the state of polarization by themselves (Liuand Simmer , 1996; Czekala and Simmer , 1998; Czekala, 1998).Since rain retrieval on the global scale often involves satellites, this study will focus onsome commonly used satellite frequencies. Because low frequency radiation (e.g., below37 GHz) tends to penetrate clouds and even moderate rain, it has proved to be a suitableindicator for the water amount along the line of sight. These frequencies are mostly usedfor emission based retrieval techniques over radiatively cold ocean surfaces: The emissionof liquid water tends to screen the cold background with higher TB values. The amountof emitted radiation is quite directly linked to the liquid water path (LWP).With the 85 GHz channels of the Special Sensor Microwave/Imager (SSM/I), onboardthe DMSP satellites since 1987, a considerably larger frequency is supplied for the re-mote sensing of rain (Prabhakara et al., 1992; Adler et al., 1993; Bauer and Grody , 1995).Due to the larger size parameters (particle size compared to wavelength) the absorptionby liquid water is much larger than in the low frequency range and saturates the emis-sion signal already at the onset of rainfall. A retrieval of rain rate (RR) is still possiblethrough indirect e�ects: Large RR are often associated with a signi�cant ice mass abovethe raining cloud (Bergeron-Findeisen theory). These ice particles have an absorptioncoe�cient two orders of magnitude lower than water and act like nearly non-absorbingscatterers. Their size, which is comparable to the wavelength at 85 GHz, makes scatteringvery e�cient. The brightness temperature depression caused by the ice scattering aboverain layers is used to derive the corresponding rain rate. Such methods require accuratemodeling of the scattering process, which is also a�ected by shape and orientation ofthe hydrometeors. Despite of the well known fact that the shape of hydrometeors can



4 Introductionbe highly nonspherical the interaction parameters are mostly calculated according to theLorenz-Mie theory, which assumes spherical shape. This is an appropriate approxima-tion in case of liquid non-precipitating cloud droplets. Solid hydrometeors in ice cloudssigni�cantly di�er from spherical shape but are small enough to justify the application ofthe Rayleigh approximation for all frequencies under consideration: The size parameter�=2�r=� (with r a typical particle dimension and � the wavelength) and the real partn of the refractive index together obey the relations � � 1 and n� � 1, respectively(van de Hulst , 1981). In the case of Rayleigh scattering the shape is of no importance.Precipitating hydrometeors show signi�cant deviation from spherical geometry, re-vealing complex (and mostly oblate) shapes that have been both modeled and measured(Pruppacher and Beard , 1970; Pruppacher and Pitter , 1971; Chuang and Beard , 1990).While some e�ort has been made to use nonspherical ice particles the e�ect of theliquid phase has mostly been neglected. The attenuation of radio waves by realisticallyshaped raindrops had been considered by Oguchi (1960, 1964) more than 30 years agoand later by Asano and Yamamoto (1975). The full nonspherical scattering solution,restricted to ice particles with approximated scattering properties, were carried out byWu and Weinman (1984). Recently, there has been a growing number of microwaveradiative transfer models exactly taking nonspherical particles into account. However,they still focus either on randomly orientated particles (Haferman et al., 1997) or on theice particles above rain layers and cirrus particles at high frequencies such as 220 GHzand above (Evans and Stephens, 1995a; Evans et al., 1998). A recent review of modelinge�orts in the microwave region (nonspherical and three-dimensional) can be found inHaferman (1999).Most algorithms use only the brightness temperature depression due to scatteringand the depolarizing e�ects of hydrometeors on the polarization which originates fromthe sea surface. It will be shown that both, ice particles and also rain, produce a sig-ni�cant amount of polarization that will lead to di�erent polarization signatures aboveraining atmospheres. This is valid for highly polarizing surfaces as well as for nearly nonpolarizing surfaces.As already described, the retrieval scheme that links the observed intensity and polar-ization to physical parameters (such as temperature, humidity, rain rate, path integratedwater or ice mass etc.) is often set up by utilization of forward calculations. Numericalmodels are used to compute the MW radiation below, atop, and sometimes also within awell de�ned atmosphere. The inversion of such calculations gives the retrieval algorithm.Obviously, the quality of the retrieval algorithm is directly connected with the quality ofthe forward calculations.1.2 Current problemsAlthough there have been many improvements of forward modeling attempts over thelast two decades, there still exist a number of problems which need to be solved in orderto gain better numerical results. From the European Union a COST1 action (COST-712:1COST: European Cooperation in the Field of Scienti�c and Technical Research, see also:http://www.cordis.lu/cost/home.html, http://www.kp.dlr.de/COST/cost.html
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Figure 1.1: Contribution of atmosphere and boundary to the total signal received by thesatellite. Emission from all parts of the atmosphere and the contributions from the upperand lower boundaries propagate through the atmosphere. This radiation will be a�ected byabsorption, re
ection and scattering prior to observation by a spaceborne or ground-basedsensor system.Microwave Radiometry) was implemented to identify and address these problems. Thesubgroup 1 of COST-712 is dedicated to the three major components in the process offorward modeling:� gasesous atmosphere (absorption and emission)(Bauer et al., 1999),� hydrometeors (absorption, emission and scattering)(Czekala et al., 1999a),



6 Introduction� surface (absorption, emission and re
ection).Detailed reports on recent e�orts in measurements and modeling of surface propertiescan be found in M�atzler (1999). The mixing of the e�ects of these three components onthe total signal observed by passive microwave radiometry is illustrated in Fig. 1.1. Ther-mal radiation is emitted by the atmosphere (gaseous atmosphere as well as hydrometeorconstituents) and the boundaries of the atmosphere (outer space with 2.7K equivalenttemperature and the surface below the earth's atmosphere). After emission the radiationmay interact either with the surface or with the atmosphere. The latter results in ab-sorption or scattering. Multiple scattering of radiation (not shown in Fig. atmos.contrib)is likely to occur when hydrometeors are present in form of clouds or precipitation.While the in
uence of certain surface conditions (at least for the sea surface) and thegaseous atmosphere on the radiation is quite well known and can be modeled with su�-cient accuracy, the interaction with hydrometeors is still a problem. The MW radiationwithin clouds or precipitation is a�ected by the temperature (determining the refractiveindex for a certain frequency), phase, size distribution, and shape of the hydrometeors.While some parameters cannot be modeled with desirable accuracy due to the lack ofknowledge of their behaviour in nature (e.g. the variability in time and space of the sizedistribution of rain is still subject of ongoing research), other parameters rise practicalproblems in the formulation of the mathematical and numerical model that prevent theirexact treatment.Trace gas absorption, which takes place mostly above 100 GHz, is still not completelyknown and tabulated for the use within radiative transfer models. The same is true for theso-called continuum absorption by water vapor and nitrogen at all frequencies regardlessof resonance lines within the spectrum. This process is identi�ed as collision inducedabsorption (CIA): Colliding molecules form dimers which have a completely di�erentresonance spectrum than the single molecules before and after the collision process.Surface modeling research e�orts concentrate on snow and ice surfaces and land sur-faces (combination of soil and vegetation canopy). Since the emission and re
ectioncharacteristics of these surface types serve as lower boundary conditions for airborne orspaceborne measurements, they have to be known with high accuracy in order to obtaingood retrieval results.1.3 Focus of the studyThe subject of this study is the detailed and accurate radiative transfer modeling ofnonspherical hydrometeors. The comparison of the results with calculations based onthe assumption of spherical hydrometeor shape enables the assessment of the e�ectsintroduced by shape and orientation of the hydrometeors.Upon the knowledge of the radiative transfer mechanisms in the presence of nonspher-ical particles the possible error of retrieval schemes that are based on less accurate modelcalculations will be estimated. A new method for the rain and cloud water retrieval fromground-based measurements is proposed. If the information content of the upwelling radi-ation due to interaction with the nonspherical hydrometeors is su�cient new algorithms



1.3 Focus of the study 7for satellite remote sensing of hydrometeors need to be developed. Furthermore, theanalysis of the obtained radiative transfer results o�ers further insight into the radiativetranfer mechanisms and the origin of polarization induced by the atmosphere.1.3.1 Model developmentThe changes in the radiative transfer equation when switching from spherical to non-spherical particles with a �xed orientation will be outlined in chapter 2. Based on thistheory of vector radiative transfer, chapter 3 will present the modi�cation of an exist-ing one-dimensional radiative transfer model (MWMOD, Simmer , 1994) which uses Miescattering phase functions to a fully polarized model capable of handling nonsphericalhydrometeors with non-random orientation. An extended boundary condition T-Matrixcode (Mishchenko and Travis, 1994; Mishchenko et al., 1996a,b) for scattering on rota-tionally symmetric ellipsoids is implemented to replace the Mie scattering routines.1.3.2 Model calculationsThe di�erences in the calculated brightness temperatures for a variety of rain rates andthe key �nding that low frequencies (6 to 22 GHz) are most sensitive to the nonsphericityof liquid raindrops are reported in Czekala and Simmer (1998) and Czekala et al. (1998)and summarized in chapter 4.The impact of the precise shape of hydrometeors is investigated by introducing theDiscretized Mie Formalism (Rother and Schmidt , 1997; Rother , 1998) into the radiativetransfer model (Czekala et al., 1999b). While the approximation of liquid drops byrotational symmetric ellipsoids seems to be su�cient, the precise knowledge of the shapeof ice particles is important for radiative transfer modeling.At the Deutsches Zentrum f�ur Luft- und Raumfahrt (DLR) in Oberpfa�enhofen stud-ies were performed (in parallel to the presented work) that focussed on the attenuation ofsatellite transmission links by rain. Downwelling microwave radiation was modeled andcompared with measurements (Hornbostel and Schroth, 1995; Hornbostel et al., 1995).For the shapes of rain drops oriented oblate spheroids were used. The results were usedfor the determination of propagation parameters for the satellite communication link.In this study a detailed comparison of the model results for spherical and nonspher-ical particles including ice particles above the rain layer will be given. The origin andvariability of the polarization signal due to nonspherical particle shape will be thoroughlydiscussed in this chapter.The possible e�ects of oblate ice particles on the MASTER microwave limb soundingexperiment at frequencies between 200 and 500 GHz are investigated in Reburn et al.(1998) and Czekala (1998). Although the horizontal viewing geometry cannot be calcu-lated with a one-dimensional model the discussion of the results obtained in�nitely closeto the horizontal clearly shows the main e�ects that are to be expected and reveals theproblems that arise from the tangent viewing geometry.



8 Introduction1.3.3 Model validationIn cooperation with the Deutsches Zentrum f�ur Luft- und Raumfahrt (DLR) in Ober-pfa�enhofen the predictions made by the numerical model will be partly validated.Ground-based measurements from DLR Oberpfa�enhofen will be used for a compar-ison of the modeled results in this study. The observations presented in chapter 5 willclearly con�rm the model results, which are obtained with oblate particle shape and ob-viously di�er from the spherical assumption. Furthermore, the relevance of the modelcalculations for rain retrieval from di�erent platforms will be discussed in chapter 6. The�ndings will be utilized to propose a new method of LWP measurents in the presence ofrain by polarimetric observations (Czekala et al., 1999c).



9
Chapter 2Radiative Transfer TheoryThe radiative transfer equation, which will be discussed in this chapter with respect toits di�erent forms, is a heuristically derived equation for the transport of energy withina medium (Tsang et al., 1985). It may be deduced from fundamental physical concepts(such as Maxwell's equations when dealing with wave theory) in a rigorous mathematicalway. However, most times it is set up as a balance equation to account for all gains andlosses within the medium, depending on the characteristics of the medium. This generalapproach may also be applied to other transport phenomena as well, so that the samekind of di�erential equation is used for heat transport, mass transport, neutron 
uxes,and other physical transport or propagation processes.2.1 Formulation of the problemThe common part in transport (or "transfer") equations is the description of loss and gainin terms of extinction and source expressions. The extinction is split up into an actual lossportion (e.g., due to absorption) and a redistribution term caused by scattering, re
ection,and resonant processes. The latter may also include excitation and re-emission or even�ssion processes (in nuclear physics).In general, all processes depend on the local conditions of the medium at the position(x; y; z), the cosines of propagation direction with the major coordinate axes (
; �; �),and the attributes (intensity, polarization, wavelength) of the propagated physical phe-nomenon itself. Di�erent coordinate systems may also be applied to solve the transferequations for a speci�c problem under consideration. Expressed in terms of intensitythe scalar radiative transfer equation (RTE) for a three-dimensional cartesian grid and aspeci�ed wavelength reads as follows:d3 I(x; y; z; �; �)1
dx 1�dy 1�dz = � �e(x; y; z; �; �) I(x; y; z; �; �) (2.1)+ �a(x; y; z; �; �) J(x; y; z; �; �)+ 2�Z0 �Z0 P (x; y; z; �; �; �0; �0 ) I(x; y; z; �0; �0 ) sin �0d�0 d�0 :



10 Radiative Transfer TheoryThe di�erential change of intensity I with respect to the position in space (x; y; z) isfully described by the extinction, a source function J within the medium itself (in caseof thermal radiation the temperature dependent Planck function J = B(T (x; y; z))), andthe scattering source term. Extinction and scattering source functions are proportionalto the present intensity I and the extinction coe�cient �e or scattering phase function P ,respectively. The contribution of intensity scattered into the direction (�; �) is integratedover all incoming directions (�0; �0). Under the assumption of thermodynamic equilibriumthe emission can be determined by the absorption coe�cient �a according to Kirchhof'slaw and the local conditions within the medium, which is the temperature T for thermalradiation. The emission of a medium not in thermodynamic equilibrium (such as a laser)cannot be obtained in the same manner.Note that (2.1) is given for a speci�c frequency � and therefore all properties ofthe medium may depend on the frequency. However, throughout this study radiativetransfer equations in which the intensity directly (in contrast to the above mentionedimplicit form) depends on frequency are not considered. This simpli�cation implies thatno conversion of radiation between di�erent frequencies takes place. Energy balance ofthe radiation �eld is obtained by the thermodynamic temperature in an equilibrium state:Emission is described by Planck's function, absorbed radiation is assumed to contributeto the local temperature. Active remote sensing techniques like LIDAR (light detectionand ranging) using laser beams may lead to frequency dependent radiation and requireother forms of radiative transfer equations.2.2 De�nition of terminologyWhen dealing with radiation 
uxes one has to consider the radiant energy (Chandrasekhar ,1960) dE� = I� cos � d� d� d! dt (2.2)expressed in terms of the speci�c intensity I� (from now on just called "the intensity").Equation (2.2) links the radiation originating from a solid angle d! (see Fig. 2.1) andpassing a surface d� under the angle # to the direction of the outward normal z to thesurface d� within a time interval dt to the intensity of a monochromatic pencil beamI� � I�(x; y; z; 
; �; �; t) (2.3)and therefore depends on position, direction, and time. The intensity is given in units ofWm�2sr�1Hz�1.Keeping in mind that only thermal radiation emitted by the earth and its atmospherewill be considered we can assume a thermal equilibrium in the troposphere and lowerstratosphere and neglect any time dependence: The radiation distribution will react tochanges of atmospheric conditions much faster than these changes actually take place.In the absence of e�ects that depend on direction the medium is said to be isotropicand the intensity only depends on position:I� � I�(x; y; z): (2.4)
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Figure 2.1: De�nition of the speci�c intensity.If the conditions within the atmosphere are the same at every point the scene is describedas homogeneous: I� � I�(
; �; �): (2.5)A common simpli�cation for radiative transfer calculations assumes a plane parallel strat-i�ed atmosphere with horizontal homogenity in each layer. This results inI� � I�(z; �; �): (2.6)with directions mostly represented by polar angles � and � instead of directional cosines(
; �; �). The typical one-dimensional solution is given for azimuthal symmetry, whichreduces the coordinates of I� to only two:I� � I�(z; �): (2.7)Since the speci�c intensity I� itself is an uncommon variable the intensity is trans-formed into a brightness temperature. According to Planck's law (2.8) a blackbody(de�ned as idealized absorber with an emissivity of � = 1) emits an intensityB(T ) � 2h�3c2 1exp � h�kBT �� 1 (2.8)where T is the temperature of the blackbody, � the frequency, kB Boltzmann's constant,h Planck's constant and c the speed of light. Natural media are seldomly perfect black-bodies and therefore emit less radiation. The brightness temperature TB is de�ned asthe temperature at which the blackbody emission B(TB) exactly matches the measuredintensity I: I = B(TB): (2.9)By inverting Planck's function for a measured intensity one obtains the correspondingbrightness temperature TB = B�1(I): (2.10)



12 Radiative Transfer Theory2.3 Polarization2.3.1 Wave formalismBy de�nition, elliptically polarized electromagnetic waves are described by the time de-pendent electric �eld E. The magnetic components may be derived from this information.The �eld components can be projected to two perpendicular vectors in the plane orthog-onal to the direction of propagation (Chandrasekhar , 1960; Liou, 1980):bE(t) = bEl(t) + bEr(t) = al(t) � bel + ar(t) � ber : (2.11)The unit vectors bel and ber are chosen to be orthogonal and may be arbitrary at this time.Their subscripts originate from the local frame of reference when considering a scatteringprocess of this speci�c wave: The parallel (subscript l) and the perpendicular (subscriptr) directions to the scattering plane are chosen for decomposition of the electromagneticwave into orthogonal components.
��

2al

êr
2ar êlar cos �al cos �

Figure 2.2: Illustration of an elliptically polarized electromagnetic wave.The elliptically polarized wave with circular frequency ! = 2�� = kc (with k = 2�=�the wavenumber, c the speed of light and � the frequency) can be expressed with fourconstants (al; ar; �l; �r) for the amplitudes and phases:al = a0l sin(!t� �l)ar = a0r sin(!t� �r): (2.12)These equations give the real numbers that de�ne the amplitude within the local(l; r) system (Fig. 2.2). The complex electric �eld components of an electromagneticwave travelling in z-direction may also be written asEl = a0l e�i�le�kz+i!tEr = a0re�i�re�kz+i!t (2.13)with the phase lag � = �l��r between both components of the wave. It is obvious that thetwo amplitudes and a phase di�erence are su�cient to describe the state of polarizationfor an arbitrary elliptical wave.



2.3 Polarization 132.3.2 Intensity formalismWith the intensity given as the square of the electromagnetic �eld the Stokes parametersof the Stokes vector �I = (I; Q; U; V ) are de�ned (Chandrasekhar , 1960; Liou, 1980) bythe �eld components: I = ElE�l + ErE�rQ = ElE�l � ErE�rU = ElE�r + ErE�lV = �i(ElE�r � ErE�l ): (2.14)The Stokes vector can be expressed with the real amplitudes (al and ar) and the phasedi�erence � in the more suitable wayI = a2l + a2r = Il + IrQ = a2l � a2r = Il � Ir = I cos 2� cos 2�U = 2alar cos � = I cos 2� sin 2�V = 2alar sin � = I sin 2� (2.15)which links the Stokes parameters to the angles � and � from Fig. 2.2. The �rst Stokesparameter I gives the total intensity while Q indicates the degree of linear polarization.The plane of polarization (with respect to the frame of reference bel and ber) is describedby the parameter U according to tan 2� = UQ ; (2.16)while the ellipticity is given by V :sin 2� = VpQ2 + U2 + V 2 : (2.17)For a single wave and fully polarized light the total intensity obeys the relationI2 = Q2 + U2 + V 2: (2.18)A natural beam of light consists of a very large number of single waves so that timeaverages of the de�nition (2.15) have to be used. Equation (2.18) is no longer valid dueto the mixture of unpolarized and fully polarized light within the beam. Instead, therelation I2 � Q2 + U2 + V 2: (2.19)still remains valid. The degree of polarization P can be de�ned as the ratio of polarizedintensity to the total intensity: P = pQ2 + U2 + V 2I : (2.20)The state of polarization is fully described by means of intensity, which makes theStokes vector the ideal concept for the representation of polarized electromagnetic waves



14 Radiative Transfer Theoryin a combination with the transfer equation (2.1). Sums and di�erences of Stokes vectorsare justi�ed by the fact that there does not exist a well-de�ned phase relation betweensingle waves originating from thermal emission on the macroscopic scale. Incoherentaddition of intensities is su�cient, phase information is neglected during this addition.An alternative representation of the Stokes vector with some re-ordering in the �rsttwo components will be used from now on. Instead of I and Q we will use Il and Ir, theintensities for two orthogonal directions, as a fully equivalent formulation.2.3.3 Transformation of Stokes vectorsWhen changing the local coordinate system by rotating the bel and ber axes clockwise byan angle � the electric �eld components are transformed to the new system by E 0lE 0r ! =  cos� sin�� sin� cos� ! ElEr ! : (2.21)For the Stokes vector �I = (Il; Ir; U; V ) the transformation matrixL(�) = 0BBB@ cos2 � sin2 � 12 sin 2� 0sin2 � cos2 � �12 sin 2� 0� sin 2� sin 2� cos2 � 00 0 0 1 1CCCA (2.22)performs the corresponding linear transformation. Using the previous notation �I0 =(I; Q; U; V ) the transformation readsL0(�) = 0BBB@ 1 0 0 00 cos2 � sin2 � 00 sin2 � cos2 � 00 0 0 1 1CCCA (2.23)from which it is obvious that the total intensity and the ellipticity are invariant to rotationalong the direction of propagation. Depending on the frame of reference the same radi-ation reveals di�erent degrees of polarization. Polarization itself has a meaning togetherwith the additional information about the directions under consideration only.2.3.4 Global coordinatesSince single scattering processes are described in the natural or local coordinate systemdenoted by the indices l and r, while the atmospheric radiative transfer schemes uses acartesian grid (x; y; z) for position and the spherical coordinates (�; �) for directions (seeFig. 2.3) the Stokes vectors are used in the latter coordinate system. Scattering processeschange the direction of propagation and therefore require a transformation between thedi�erent notations.The directions to which the polarization refers in the global coordinate system aregiven by the direction of propagation and the vertical, which is the z axis: Subscripts



2.3 Polarization 15
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Figure 2.3: Directions of incoming and outgoing radiation with notation of angles.v and h are used instead of l and r when the directions within the plane of incidence(vertical) and perpendicular to this plane (horizontal) are referred to.Assuming that the incident beam (P1 in Fig. 2.3) is scattered at the originO to P2, thelocal coordinate system is set up by the scattering plane P1OP2. With a scattering phasefunction R(�) that describes the scattering process with respect to the scattering angle� in the local frame the Stokes vector of the incident light has to be transformed from theP1OZ plane to the scattering plane P1OP2 in order to apply the phase function. The angleof clockwise rotation is (��1). After evaluating the scattering process, a transformationto the P2OZ plane with an rotation angle (� � �2) completes the procedure. For thescattered and reprojected result one obtainsI(�; �) = L(� � �2)R(cos�)L(��1)I(�0; �0): (2.24)The phase function P(�; �; �0; �0)) is now transformed from the local system (dependingonly on the scattering angle) to the global system byP(�; �; �0; �0)) = L(� � �2)R(cos�)L(��1) : (2.25)For a set of discrete angles (�; �; �0; �0) we can calculate the angles �1 and �2 with � = cos �



16 Radiative Transfer Theoryand �0 = cos �0 from cos �1 = ��+ �0 cos��(1� cos2�)1=2(1� �02)1=2 (2.26)and cos �2 = ��0 + � cos��(1� cos2�)1=2(1� �2)1=2 : (2.27)For � < (�� �0) < 2� the plus sign is used in the denominator of eqs. (2.26) and (2.27),while the minus sign is used whenever 0 < (�� �0) < �. The scattering angle � is linkedto the global coordinates bycos� = ��0 + (1� �2)1=2(1� �02)1=2 cos(�� �0)= cos � cos �0 + sin � sin �0 cos(�� �0) : (2.28)An important fact to mention here is that regardless of how the scattering process itselfmay change the state of polarization there will be a change in linear polarization and theplane of polarization solely due to geometrical reprojection of the Stokes vector.2.4 Vector radiative transfer equationThe radiative transfer equation for polarized light uses the Stokes vector instead of thescalar intensity. Since the components of the Stokes vector are intensities themselves theformulation is straightforward: Scalar intensities are exchanged with vectors of intensities,the parameters describing loss, gain and redistribution are modi�ed to account for thevectorial nature of the radiation.2.4.1 The three-dimensional problemStarting with the most general equation (2.1) we obtain the three-dimensional vectorradiative transfer equation (VRTE):d3 I(x; y; z; �; �)1
dx 1�dy 1�dz = � �e(x; y; z; �; �) I(x; y; z; �; �)+ �a(x; y; z; �; �)B(T (x; y; z)) (2.29)+ 2�Z0 �Z0 P(x; y; z; �; �; �0; �0 ) I(x; y; z; �0; �0 ) sin �0d�0 d�0 :This is a set of four integro-di�erential equations, one for each component of the Stokesvector: The di�erential change for each intensity component of Iv; Ih; U; V depends onthe intensity itself and an integral expression of the intensity. Scattering and extinctioninitiate mixing among the Stokes components. As a result the extinction of one compo-nent depends on all four elements of the actual Stokes vector; the di�erential equationsdo not decouple and have to be solved simultaneously.Without making simplifying assumptions about the atmosphere and its constituents(e.g., one-dimensional strati�ed, azimuthal isotropic, random-orientation of particles,



2.4 Vector radiative transfer equation 17symmetry of particles) the scattering phase matrix P and the extinction matrix �e arenon-diagonal andthus coupling all components. The emission source is a vector: four dif-ferent and non-zero emission coe�cients, one for each Stokes component, are multipliedby the temperature dependent Planck function for thermal emission of a blackbody.Furthermore, the extinction, emission, and scattering matrices do not only depend onpolarization but also on the speci�c direction. In case of scattering even two directionsin space have to be considered (incoming and outgoing beam), ending up in di�erentialequations of 7 dimensions in total: 3 dimensions for position in space and 4 for thepropagation directions of incident and scattered radiation. In practice, this set of coupledequations needs to be solved with boundary conditions applied.In the present form of the VRTE one cannot de�ne the often used single scatteringalbedo !0 = �s=�e as the ratio of scattering cross section to total extinction cross sectionsince the scalar quantities do not exist. An important consequence is the absence of awell de�ned optical thickness and of an exponential attenuation law for the transmissionof the four component Stokes vector. Attenuation along every path length �s thereforecannot be calculated according toI(s+�s) = I(s) e��e�s : (2.30)Instead, the di�erences in Stokes vector components due to the extinction matrix �e haveto be computed at a series of su�ciently small intervals ds so that the change in intensitydI = I �eds is still linear in the path length coordinate. This will result in much highercomputational e�ort unless averages of extinction and absorption are de�ned, which couldbe done for spherical or randomly oriented particles only.2.4.2 One-dimensional solutionSolving (2.29) is simpli�ed Under the assumption of a plane parallel azimuthally isotropicand horizontally homogenous atmosphere (Fig. 2.4) solving (2.29) is simpli�ed since ra-diation becomes a function of z and � and no longer depends on the full set of variables(x; y; z; �; �).Due to the assumed azimuthal symmetry of the problem there is no interaction be-tween the �rst two components and the last two components of the Stokes vector: Incase of constant radiation within azimuthal direction the phase matrix can be integratedover the range of 2� �rst and then be applied to the radiation. Integration over az-imuthal directions produces vanishing interaction terms between the �rst and last twocomponents. As a consequence, results for total intensity and linear polarization canbe derived without considering the U and V component of the Stokes vector. Equation(2.29) is therefore reduced to the vertical and horizontal polarized intensities Iv and Ih,respectively. Equation (2.31) is the simpli�ed form of the full four component VRTE forthree-dimensional applications: (Tsang et al., 1985; Haferman et al., 1997; Evans andStephens, 1995a): d I(z; �)1�dz = � �e(z; �) I(z; �) + �a(z; �)B(T (z))
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Figure 2.4: One-dimensional coordinate system for radiative transfer.+ �Z0 P(z; �; �0 ) I(z; �0 ) sin �0d�0 : (2.31)For this two-component equation the extinction matrix is now diagonal and thus allowingfor the de�nition of absorption number and single scattering albedo for each polarizationand the calculation of transmission according to the exponential law of Bouguer-Lambert.However, these numbers still depend on the direction and the polarization: For particleswith preferred orientation the extinction (for example) will be di�erent for vertical andhorizontal polarization with an additional variation depending on the zenith angle ofpropagation.2.5 Interaction parametersThe numerical quantities which determine how much of the radiation within the atmo-sphere is emitted, scattered, and absorbed are called interaction parameters since theydescribe the interaction processes of electromagnetic waves with matter. For the variousconstituents of the atmosphere these parameters are calculated with regard to the cor-responding di�erent physical processes that are involved. These important processes arenot the same for liquid, solid, and gaseous matter. The total quantities at every locationof the atmosphere then will be calculated by adding the results for all constituents.2.5.1 Gas absorptionIn general, gas molecules are capable of all three major interaction processes of radia-tion with matter: Absorption, emission, and scattering. However, due to the small size



2.5 Interaction parameters 19of the particles, there will not be any signi�cant scattering of microwaves (which havewavelengths larger than a few millimeters) by the gas molecules.The parameter of interest when dealing with gas and radiation is the absorption coef-�cient. It depends on frequency, pressure, temperature, and the gas species. Transitionsbetween rotational and vibrational resonance states take place at certain frequencies,which are determined by the molecule on one hand and its environment on the otherhand: Temperature and pressure de�ne the population of the energetic levels as well asthe lifetime of these molecular states.From the position dependent absorption coe�cient �a(z) we can de�ne the opticaldepth (or optical thickness) �(z) = ztopZz �a(z0)dz0 (2.32)by integrating the absorption coe�cient �a along the line of sight z up to the total heightof the atmosphere ztot. The corresponding transmissionT = I(z)I0 = I0 exp(��(z))I0 = exp(��(z)) (2.33)is given by the ratio of attenuated intensity to incident intensity.
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Figure 2.5: Spectrum of microwave optical thickness produced by atmospheric gases forthe atmosphere with US-standard atmosphere conditions at nadir direction.The gas species of relevance for the lower portion of the MW spectrum (1 to 200 GHz)are oxygen (O2), water vapour (H2O), and nitrogen (N2). At frequencies below 200 GHzthe most important contributions to the total gas absorption are the water vapor line at22.235 GHz, the oxygen absorption band around 60 GHz, the oxygen line at 118 GHz,and the 183 GHz water vapour line. Figure 2.5 gives the resulting total optical depth atnadir direction over frequency for a speci�c atmosphere.These resonant frequencies produce a total optical thickness between 1 and 100 andtherefore a total transmission close to zero (Fig. 2.6). The resonant regions are separated
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Microwave Spectrum of Transmission
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Figure 2.6: Spectrum of microwave transmission by the gaseous atmosphere with US-standard conditions at nadir direction.by transparent window regions with optical thicknesses below 0.1, thus enabling theremote sensing of the lower atmosphere and surface conditions by satellite instruments.Since the vertical strati�cation of the atmosphere is not homogeneous | resultingin highly variable vertical pro�les of the absorption coe�cient and the thermodynamictemperature | the total brightness temperature (2.10) depends on the direction of prop-agation and the position of the sensor. Figure 2.7 shows the upwelling brightness tem-perature at the top of the atmosphere (solid line) and the downwelling brightness tem-perature at the bottom of the atmosphere (dash-dotted line). The computed intensity isemitted by the atmosphere itself, the boundary condition was set to a perfect re
ecting(non-emitting) mirror.The re
ecting boundary condition causes the upwelling radiation to have (approxi-mately) twice the intensity of the downwelling radiation. This is true for the windowregions only where the self-absorption within the medium is small. At frequencies withhigher optical thickness the emitted radiation is not capable of leaving the region ofemission. As a consequence, the downwelling radiation simply represents the ambienttemperature whereas the upwelling radiation originates from high and cold regions of theupper atmosphere.This phenomenon has a high impact on TB in the 60 GHz oxygen absorption band:When the upwelling microwave radiation from the lower atmosphere (either emissionor re
ected downwelling radiation) is absorbed before leaving the atmosphere the totalintensity drops in the middle of the line. With only the contributions from the upperatmosphere the brightness temperature is signi�cantly smaller than the downwelling part.Furthermore, the line broadening (pressure and collision broadening) is reduced in theupper atmosphere, leading to sharp peaks in the spectral curves. These "spikes" mayonly be observed above saturated lines and originate from layers above 20 km in case ofthe oxygen lines.Additional background absorption (also called continuum absorption) arises from thefar wings of water vapor lines and the so called collision induced absorption of nitrogen.
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Microwave Spectrum of Up- and Down-welling Brightness Temperature
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10.7 22.235 37.0 85.5 150.0 183.3Figure 2.7: Spectrum of microwave emission by the gaseous atmosphere with US-standardconditions at nadir direction: Upwelling (solid line) and downwelling (dash-dotted line)radiation at top of atmosphere and bottom of atmosphere. Vertical lines show some ofthe observing frequencies of ADEOS-II (10.7 GHz), SSM/I (22.235, 37 and 85.5 GHz)and AMSU-B (150 and 183 GHz).This contribution does not exhibit a strong frequency dependence and is di�cult tocalculate. Current research is dedicated to this topic (Bauer et al., 1999; Borysow andFrommhold , 1986; Rosenkranz , 1998).Figure 2.8 illustrates the limitations for the Liebe model at frequencies above 90 GHz.The results of this graph were calculated by Feist (Feist and K�ampfer , 1998; Feist , 1999)using all known trace gas emission spectra according to the natural volume mixing ratioswithin a standard atmosphere.For surface observations the optical thickness due to water vapor and oxygen is highenough for a saturation of the observed temperature at the ambient temperature. Athigher altitudes the line spectrum caused by a large number of trace gases (such as ozon,BrO, etc.) can be observed. This spectrum is not contained in the Liebe model andmay be of importance for observations from space or observations in very cold and dryatmospheres, especially at high altitudes.2.5.2 Single scattering by hydrometeorsDepending on size and shape of the scattering particles di�erent methods can be appliedto calculate the single scattering parameters, which describe the extinction, emission,and scattering process. The size parameter �=2�r=� gives the ratio of particle radius rto wavelength � and allows some classi�cation. If � � 1 the Rayleigh approximation isvalid and the exact shape of the particle is of no importance. For particles that are largecompared to wavelength (�� 1) the geometric optics approximation, also known as raytracing technique, might be applied (e.g., Macke et al. (1996)). In the range of particle



22 Radiative Transfer Theory

0 50 100 150 200 250 300
0

50

100

150

200

250

300

Frequency [GHz]

B
rig

ht
ne

ss
 T

em
pe

ra
tu

re
 [K

]

Modelled microwave spectra at different altitudes

O
2 O

2

H
2
O

H
2
O

sea level
4000 m   
8000 m   

Figure 2.8: Spectrum of downwelling microwave radiation emitted by the gaseous atmo-sphere with US-standard conditions at nadir direction: The height of observation is varied,the highest brightness temperatures correspond to observations from surface. Higher ob-servation altitudes result in lower brightness temperatures and a more pronounced linespectrum of trace gases. (The uppermost line corresponds to observation at the sea level,the lowest line shows the obserbation at 8 km altitude, the line in between is for 4 kmobserving height.sizes comparable to wavelength exact solutions of Maxwell's equations have to be usedtaking into account the shape of the particle.For spherical shapes | an assumption that is only valid for small cloud droplets butoften used for all hydrometeors | there exists a rigorous solution by Mie (1908). Theamplitude scattering function ASF links the incident polarized plane wave (Evi; Ehi) tothe scattered wave (Evs; Ehs) in the following form: Evs(�; �)Ehs(�; �)! =  fvv(�; �; �0; �0) fvh(�; �; �0; �0)fhv(�; �; �0; �0) fhh(�; �; �0; �0)! Evi(�0; �0)Ehi(�0; �0)! : (2.34)In case of spherical particles the matrix containing the ASF in eq. (2.34) is diagonal.Numerical models have been developed to obtain the ASF for nonspherical particles(Draine and Flatau, 1994; Flatau et al., 1993; Fournier and Evans, 1993; Rother andSchmidt , 1996; Waterman, 1971; Matsumura and Seki , 1996; Oguchi and Hosoya, 1974;



2.5 Interaction parameters 23Barber and Yeh, 1975; Eremin et al., 1995; Mishchenko et al., 1996b; Mishchenko, 1993).All interaction parameters can be calculated applying equation (2.34) using the Stokesvector de�nition (2.14). According to Tsang et al. (1985) the extinction matrix �e(�; �) iscomputed with the optical theorem from the forward scattering amplitudes. With equalangles �=�0, �=�0 and the de�nition Mjl = i2�k fjl(�; �; �; �) it reads:�e(�; �) = (2.35)0BBB@�2Re(Mvv) 0 �Re(Mvh) �Im(Mvh)0 �2Re(Mhh) �Re(Mhv) Im(Mhv)�2Re(Mhv) �2Re(Mvh) �(Re(Mvv) +Re(Mhh)) (Im(Mvv)� Im(Mhh))2Im(Mhv) �2Im(Mvh) �(Im(Mvv)� Im(Mhh)) �(Re(Mvv) +Re(Mhh))1CCCA :All four angles are necessary for the scattering phase matrix P(�; �; �0; �0):P(�; �; �0; �0) = (2.36)0BBBB@ jfvvj2 jfvhj2 Re(f �vhfvv) �Im(f �vhf �vv)jfhvj2 jfhhj2 Re(f �hhfhv) �Im(fhvf �hh)2Re(fvvf �hv) 2Re(fvhf �hh) Re(fvvf �hh + fvhf �hv) �Im(fvvf �hh � fvhf �hv)2Im(fvvf �hv) 2Im(fvhf �hh) Im(fvvf �hh + fvhf �hv) Re(fvvf �hh � fvhf �hv) 1CCCCA :The absorption in the case of nonspherical particles is no longer a single number butbecomes a four component vector that varies with the direction of incidence. In general,it is the total radiation loss (extinction) minus all radiation that is scattered into directionsother than the direction of propagation. We obtain�a(br) = (2.37)0BBBBBB@ 4�k Im fvv(br; br)� Rd
0�jfvv(br0; br)j2 + jfhv(br0; br)j2�4�k Im fhh(br; br)� Rd
0�jfvh(br0; br)j2 + jfhh(br0; br)j2�2Re n2�ik [f �vh(br; br)� fhv(br; br)]� Rd
0[fvv(br0; br)f �vh(br0; br) + fhv(br0; br)f �hh(br0; br)]o2Im n2�ik [f �vh(br; br)� fhv(br; br)]� Rd
0[fvv(br0; br)f �vh(br0; br) + fhv(br0; br)f �hh(br0; br)]o
1CCCCCCA :For decoupled third and fourth components of the Stokes vector the absorption, extinc-tion, and scattering matrices reduce to the following simpler forms:�e(�; �) =  �2Re(Mvv) 00 �2Re(Mhh)! ; (2.38)P(�; �; �0; �0) =  jfvvj2 jfvhj2jfhvj2 jfhhj2! ; (2.39)�a(br) = 0@ 4�k Im fvv(br; br)� Rd
0�jfvv(br0; br)j2 + jfhv(br0; br)j2�4�k Im fhh(br; br)� Rd
0�jfvh(br0; br)j2 + jfhh(br0; br)j2�1A : (2.40)



24 Radiative Transfer TheoryBy integrating over �0 and averaging over � (with only one angle �) the azimuthal de-pendence is cancelled out for isotropic conditions.The above equations describe scattering by a single particle of a certain size. In orderto calculate the radiation interaction parameters of a speci�c atmospheric layer we haveto integrate equations (2.35),(2.36), and (2.37) over particle size distributions. A varietyof di�erent particle size spectra have been developed for the decsription of cloud andprecipitation processes. Some of these distributions will be discussed in the modelingchapter (section 3.1.4).In case of particles with spherical shape or random orientation the absorption andscattering cross sections do not depend on direction and polarization and therefore canbe represented by simple scalar numbers. From the total absorption and scattering crosssections �a and �s one can de�ne absorption e�cienciesQa = �a2�r2 (2.41)and Qs = �s2�r2 (2.42)with an e�ective radius r describing the size of the particle. The relation between theextinction cross section and the geometric cross section describes how e�cient a particlewith geometric size 2�r2 blocks radiation from a beam of light in terms of fractions of itsown size. In the optical limit for large particles (compared to wavelength) the extinctione�ciency tends towards 2, thus the fraction of light, which is prevented from propagatingforward with the same direction is twice the geometric size of the particle (van de Hulst ,1981).2.6 Boundary conditionsSolving the VRTE requires the upper and lower boundary conditions in terms of re
ection,scattering, and absorption of MW radiation. The upper boundary condition is easilyobtained by assuming a background temperature of 2.7K for space. The e�ect of thesun, a source with a brightness temperature above 6000 K, can be neglected in mostinstances for the following reason: The enormous intensity of the sun is only emittedwithin a very small angular interval. The width of the sun disk is approximately 0.5degree, so even an antenna in uplooking geometry with a larger beam width will onlyreceive a diminished signal by averaging the sharp peak of the sun over the whole antennapattern.A radiometer with a 5 degree beam width (a factor of 10 in angular resolution com-pared to the peak of the sun) will average the signal of the sun over an angular patternwhich is a hundred times larger, thus leading to a reduction of the sun signal by a factorof 100. In scattering media and especially for downlooking radiometers the radiation ofthe sun will be even more diluted and can be neglected. However, for perfect re
ectingsurfaces there may be a specular re
ection of the sun signal. Observation of the sunwith radiometers for the remote sensing of clouds, which are between observer and sunis also possible. For radiometers with good pointing quality like the MICCY instrument



2.6 Boundary conditions 25(Crewell et al., 1999b) with less than 1 degree in all 22 channels the contribution fromthe solar source will be of particular interest.Re
ection and absorption of MW radiation at land surfaces cannot be calculatedwith su�cient accuracy for the remote sensing of rain at low frequencies, especially inthe presence of canopy layers above the soil. Only in case of calm water surfaces thereexists a quite accurate treatment of surface re
ection: The interaction of electromagneticradiation with a plane boundary between two dielectric media is described by the Fresnelre
ection.The re
ected intensity is the incident intensity multiplied by the re
ectivity. Forpolarized radiation the re
ectivity is given in terms of the complex re
ection coe�cientR(�), which is Rv(�) = �w�w cos � �q�w � sin2 ��w�w cos � +q�w � sin2 � and (2.43)Rh(�) = cos � �q�w � sin2 �cos � +q�w � sin2 � (2.44)for vertical and horizontal polarization. It is a function of incident angle � (see Fig. 2.9)and depends on the complex dielectric constants �w;a and the magnetic permittivities �w;aof water and air. The absolute values for air and the absolute magnetic permittivity ofwater are close to those of the vacuum, resulting in relative values of unity. The dielectricconstant for microwave radiation within water depends on frequency, temperature, andsalinity. Furthermore, the phase (liquid, solid) has a strong impact on the dielectricproperties of water.The re
ection of radiation described by a four-component Stokes vector is obtainedby the re
ection matrixR(�) = 0BBB@ jRv(�)j2 0 0 00 jRh(�)j2 0 00 0 Re(Rv(�)R�h(�)) �Im(Rv(�)R�h(�))0 0 Im(Rv(�)R�h(�)) Re(Rv(�)R�h(�)); 1CCCA (2.45)
� 0BBB@ R1(�) 0 0 00 R2(�) 0 00 0 +R3(�) �R4(�)0 0 +R4(�) +R3(�) 1CCCA (2.46)which gives the resulting Stokes vector (Tsang et al., 1985). Perfectly smooth surfacesre
ect the incident light to a single zenith angle and therefore act like a mirror with acertain amount of transmission. The transmitted microwave intensity is absorbed withina short distance in water (Simmer , 1994). Surfaces with wind induced waves can bemodeled by facettes of di�erent sizes with di�erent slopes (Schrader , 1995). Subscaleripples of the surface with sizes smaller than wavelength may also be parametrized. Foamcoverage is implemented in the model as an absorbing layer above the sea surface.
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Figure 2.9: Elements R1 (left, solid), R2 (left, dashed), R3 (right, solid) and R4 (right,dashed) of the re
ection matrix eq. (2.45) for di�erent refractive indices: (a) m = 5+2i,(b) higher absorption: m = 5+3i, (c) smaller real part of refractive index: m = 1:7+2i.The Brewster angle close to 80 degree is visible in the vertical polarisation (R1) and indeterminant of the 2� 2 sub-matrix of R3 and R4 as well.The elements of (2.46) are given in Fig. 2.9 as a function of incident angle �. TheBrewster angle �B of maximum polarization is observed atcos �B = m0 (2.47)withm0 the real part of the refractive index of the medium. The re
ectivity for horizontalpolarization increases with incident angle until it reaches perfect re
ectivity of 1.0 forgrazing incidence. Vertical polarized radiation is transmitted through the surface (insteadof re
ected) at �B, leading to a highly polarized emission of sea surface at this angle.The R3 diagonal component of the re
ection matrix conserves the U and V compo-



2.6 Boundary conditions 27nents of the Stokes vector only if it is unity. For most angles the R3 component is thenegative value of the R1 and R2 values at zero angle while the R4 element is zero. Theoverall intensities of the U and V components is decrease in proportion to the attenuationof Iv and Ih. The change in sign results from mirroring the radiation within the �xedframe of the global coordinate system.The determinant of the (2� 2) submatrix of R3 and R4 is shown for reasons of clari-�cation: If the re
ection is only a rotation or mirror process to the U and V componentsthe determinant should be plus or minus one, respectively. This is not the case since thedeterminant depends on angle and for angles closer to the Brewster angle mixing takesplace between the U and V component: The value of R4 gives the amount of exchangebetween both components. At �B this exchange is at maximum while the R3 is zero.Thus the re
ected parts of U and V only depend on their counterparts (V and U). Thise�ect becomes larger with smaller real parts and larger imaginary parts of the refractiveindex.Ice, snow, and land surfaces show a much more complicated behaviour. The re
ectionbecomes di�use instead of specular, a bistatic scattering matrix depending on the incidentand re
ected directions describes the distribution of light to di�erent directions and theexchange between Stokes components during this process.



28 Radiative Transfer Theory



29
Chapter 3Numerical Solution of RadiativeTransferThe purpose of the numerical model is to �nd a solution of the VRTE (2.31) with bound-ary conditions. Only for "clear-sky" conditions (cloudless, no scattering) the radiativetransfer can be solved analytically, but the presence of scattering prevents this solution.Prior to the numerical integration procedure the VRTE needs to be discretized: Allcontinuous variables (e.g., such as position and angle of propagation direction) are ap-proximated by a set of discrete values. Provided that the solving algorithm itself isnot approximative, the resulting solution will converge to the true solution when thediscretization is made �ne enough. After the selection of a suitable discretization mech-anism, three major tasks have to be performed:� de�nition of the geophysical environment in terms of atmospheric pro�les of temper-ature, humidity, pressure, hydrometeor content, and hydrometeor size distributions,� calculation of corresponding optical properties (interaction parameters), and� solution of the VRTE by a numerical algorithm (Monte Carlo methods, integrationschemes, successive order of scattering method).The model which is used in this study is based on the radiative transfer model MW-MOD developed by Simmer (1994). It is a one-dimensional plane parallel model forpolarized (two components of Stokes vector) microwave radiation, which has been testedand validated with other models and measured data. MWMOD has been used for severalremote sensing studies during the past years (Karstens et al., 1994; Fuhrhop and Simmer ,1996; Fuhrhop et al., 1998; Liu and Simmer , 1996).In the present form MWMOD has been extended to include multiple scattering e�ectsby nonspherical particles (in contrast to the previous limitation to Rayleigh and Mie scat-tering for spherical particles). The previous version was able to handle absorption andextinction coe�cients only as scalar numbers. The phase functions allowed mixing be-tween vertical and horizontal polarization (dealing with a two-component Stokes-vector)by the scattering process.The main component of this study is the improvement of the MWMODmodel packageand the testing of the new model. On one hand the representation of drop size and -shapedistributions was changed to account for the shape of the hydrometeors and the variation



30 Numerical Solution of Radiative Transferof shape with size. On the other hand the single scattering calculations and the radiativetransfer scheme were completely changed: For nonspherical particles with non-randomorientation the absorption and extinction numbers will depend on propagation directionand polarization and thus will be given as matrices. Since single scattering results cannotbe obtained from simple Mie-Theory any longer, sophisticated single scattering modelsfrom other scienti�c groups have to be used. The connection of such models with theradiative transfer models is cruicial for the implementation of a radiative transfer schemethat accounts for nonspherical particles. The following pages will give a brief explanationof all main components of the model.3.1 De�nition of environment3.1.1 Discretization gridAs a consequence of the one-dimensional and isotropic nature of the model only threevariables of position and direction need to be considered: Vertical position z, zenithangle of propagation � and zenith angle of scattering source integration �0. The horizontalposition (x; y) and the azimuthal angles (�; �0) are not in use in a one-dimensional model.The vertical grid can be chosen in any resolution and does not need to be regularlyspaced. In addition to an explicit de�nition by giving layer boundaries it is possible touse radiosonde data for the de�nition of the atmosphere. In this case the level spacingof the radiosonde is used and, if necessary, extended to a requested minimum height.Both methods are used only for the atmospheric de�nition and therefore may use acoarse resolution. The radiative transfer scheme builds a su�ciently small level spacingto assure homogeneous layers high accuracy results.The zenith angles � and �0 are always discretized in the same way. For the integra-tion schemes of the scattering source function are very sensitive to the choice of angles,two standard mechanisms of numerical integration procedures may be chosen: Gauss-Legendre and Gauss-Lobatto angles in arbitray numbers are possible choices. Thesediscrete angles are optimal for the integration of Legendre polynomials of correspondingdegrees.The de�nition of arbitrary numbers of regularly or irregularly spaced angles is possibleas well. Under this condition, the integration weights for each angle are calculated fromthe actual angle spacing. For very inhomogeneous choices of angles the convergence ofthe scattering integral will be poorer than for Gauss angles.3.1.2 Surface de�nitionThe surface below the atmosphere is described by its re
ectivity and emissivity. Theseparameters generally depend on frequency, viewing angle, and polarization. The simplestchoice (of re
ectivity) is a set of angle dependent or frequency dependent re
ectivitiesgiven by the user de�ned input to the model. The latter choice is only useful when themodel is used to calculate the same atmospheric setup for di�erent frequencies.These options include two commonly used special cases, which either assume black-body emission (surface emissivity �s = 1:0) or a perfectly re
ecting mirror (�s = 0:0).



3.1 De�nition of environment 31These idealized conditions are favourable for case studies which add to the general un-derstanding of polarized radiative transfer since they allow for a selection of radiationsources: With �s = 0:0 the whole MW radiation originates from atmospheric constituentswithout any disturbance by upwelling radiation from the surface. Switching to blackbodyconditions produces a strong upwelling radiation 
ux as it is found above land surfaceswith an average emissivity above 0.9, which is fully unpolarized.A more realistic choice of surface re
ectivity is given by the Fresnel re
ection matrixfor water surfaces. Since the refractive index varies with frequency, salinity, and seasurface temperature (SST) the calculated re
ectivity depends on these parameters andin addition on the viewing angle and the state of polarization.This Fresnel re
ection may also be calculated for wind induced roughness of seasurfaces. A three-scale facette model with foam coverage (di�erent parametrizations)can be used for a given wind speed.3.1.3 Vertical pro�lesWithin the speci�ed vertical grid the pro�les of pressure, temperature, and relative hu-midity have to be de�ned. The data can be taken from radiosonde observations or fromthe input parameter �le. If no pro�le data, either measured or from any other source, aresupplied the atmospheric conditions are calculated from surface values of temperature,pressure, and humidity by assuming user de�ned lapse rates for the temperature withheight.The presence of hydrometeors can be prescribed for every individual layer or deter-mined from radiosonde pro�les (e.g., using a threshold of 95% for relative humidity). Inthis study only the explicit form of hydrometeor de�nition is used.Every layer is capable of holding a mixture of several di�erent hydrometeor species.These types of hydrometeors may consist of liquid and frozen cloud and precipitationparticles, each with a distinct drop size distribution. The liquid water content (LWC),ice water content (IWC), and the actual rain rate are calculated from this data for everylayer. Finally, the liquid water path (LWP), the ice water path (IWC), and the cloud toptemperatures are given for the entire atmosphere.3.1.4 Drop size distributionsHydrometeors exist in a large variety of sizes. Depending on the microphysical processesthat generated the cloud or precipitation particles, each size interval is populated with aspeci�c number of particles. Such distributions of particle number with particle size arecalled particle size distributions (PSD) or more commonly drop size distributions (DSD).They have the form n(r) = f(r) (3.1)and give the number of drops with a radius within the interval (r; r + dr).For small cloud droplets many DSDs exist, which are commonly characterized by anexponential decrease of drop number with increasing drop size. Natural DSD show, inaccordance with measured spectra, a decay in drop number when the radius convergesto zero. Such DSD show a maximum drop number at a certain drop size, which is



32 Numerical Solution of Radiative Transfercalled the modal radius. A general mathematical representation of DSD with the abovecharacteristics is the modi�ed gamma distribution (MGD)n(r) = ar� exp(�br
): (3.2)The radiative transfer model has 20 prede�ned DSD which are �tted to the MGD fordi�erent types of clouds.Precipitation particles tend to have much larger sizes than cloud particles and requirea di�erent DSD for a proper description. The particle spectrum of rain is often describedby a distribution found by Marshall and Palmer (1948). It is de�ned byn(r) = N0 exp(�qr) (3.3)with N0 = 16 000 m�3mm�1, q = 8:2RR�0:21 and the rain rate RR given in mm/h.The Marshall-Palmer DSD (3.3) emerges to be a special case of the MGD with 
 = 1and � = 0. It does not have a charcteristic maximum but due to the rain rate dependentexponent q = 8:2RR�0:21 the fraction of large drops is increased at higher rain rates.The current implementation of MWMOD can handle all four parameters of the MGDas input parameters. The integration of the DSD requires the number of integrationintervals and the integration limits. Usually 50 equally spaced radius intervals are used,the upper and lower limits depend on the DSD. These parameters may be changed oninput, too.3.1.5 Hydrometeor shapesThe shapes of hydrometeors show a strong variation: Ice crystals and snow 
akes exhibitstrongest di�erences from spherical shape. Cirrus clouds in high altidudes consist ofhexagonal plates, colums, rosettes, and irregular clusters of these primary shapes. Theseice particles are generally very small and only have a minor contribution to the radiativetransfer signal in the low microwave frequency regime. Larger ice particles, especiallysnow
akes and hailstones, have to be considered in radiative transfer calculations, but theshape cannot be e�ectively described by simple parametrizations. Hailstones sometimesshow conical forms, but the overall occurrence of hail shapes is irregular.The situation for liquid phase hydrometeors is more clear. Only very small raindropswith diameters well below 1mm are perfect spheres due to surface tension. Larger dropstend to be 
attened at the bottom, leading to oblate shapes. When describing dropshapes, we refer to the work of Chuang and Beard (Chuang and Beard , 1990; Beard andChuang , 1987), who used a dynamic model to study the behaviour of falling water drops.The in
uences of hydrostatic pressure, friction, surface tension, and electric �elds aretaken into account, resulting in rotational symmetric shapes with cross sections r = r(�)that can be described by a series of Chebyshev polynomials in cos(n�)r(�) = r0  1 + NXn=0 cn cos (n�)! : (3.4)The radius of the undistorted drop is given by r0 and the coe�cients cn (n = 0; 1; ::: ; 10)for drop sizes from 1mm to 9mm diameter are taken from Chuang and Beard (1990) andlisted in Table 3.1.
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Figure 3.1: Cross sections of falling drops (solid line) according to Chuang and Beard(1990). Equivalent volume spheres (dashed line) and spheroids (dotted line) are given forreasons of comparison.Table 3.1: Coe�cients for shape de�nitionShape Coe�cients cn � 104d/mm c0 c1 c2 c3 c4 c5 c6 c7 c8 c9 c101.0 -28 -30 -83 -22 -3 2 1 0 0 0 01.5 -72 -70 -210 -57 -6 7 3 0 -1 0 12.0 -134 -118 -385 -100 -5 17 6 -1 -3 -1 12.5 -211 -180 -592 -147 4 32 10 -3 -5 -1 23.0 -297 -247 -816 -188 24 52 13 -8 -8 -1 43.5 -388 -309 -1024 -211 53 75 15 -15 -12 0 74.0 -481 -359 -1263 -244 91 99 15 -25 -16 2 104.5 -573 -401 -1474 -255 137 121 11 -36 -19 6 135.0 -665 -435 -1674 -258 187 141 4 -48 -21 11 175.5 -755 -465 -1863 -251 242 157 -7 -61 -21 17 216.0 -843 -472 -2048 -240 299 168 -21 -73 -20 25 246.5 -930 -487 -2207 -222 358 175 -37 -84 -16 34 277.0 -1014 -492 -2364 -199 419 178 -56 -93 -12 43 308.0 -1187 -482 -2650 -148 543 171 -100 -107 2 64 329.0 -1328 -403 -2899 -106 662 153 -146 -111 18 81 31Resulting shapes are presented in Fig. 3.1, which also shows the cross sections of thecorresponding spheres and spheroids of the same volume. Figure 3.1 makes clear thatthe spheres only give a poor approximation to the realistic drop shapes. The volume



34 Numerical Solution of Radiative Transferequivalent spheroids have the same aspect ratio as the corresponding Chebyshev dropsand are used as another simpli�ed but more accurate drop shape in this study.

1 2 3 4 5 6 7 8
Drop Diameter / mm

0.4

0.5

0.6

0.7

0.8

0.9

1.0

A
xi

s 
R

at
io

equilibrium (Chuang and Beard, 1990)

equilibrium (Andsager et al., 1998)

averaged (Andsager et al., 1998)

Figure 3.2: Aspect ratio of falling drops: The modeled equilibrium shapes from Chuangand Beard (1990) (solid line), the equilibrium dropshapes measured by Andsager et al.(1998) (dotted line) and the averaged values for oscillating drops (dashed line, only validup to 4.1mm diameter, from Andsager et al.(1998)).The 
attening of the drops increases with larger diameters and is more pronounced attheir bottom, leading to particles that do not exhibit a symmetry between upward anddownward directions. In addition, large drops will start to oscillate around this shape dueto vortex shedding and collisions with other large drops. At this stage only equilibriumshapes are considered.The aspect ratio � of the Chebyshev particles, de�ned as the ratio of maximum verticaland horizontal extension, depends on the drop size d = 2r0. It can be approximated witha fourth order �t(Chuang and Beard , 1990) to the numerical results� = 1:01668� 0:98055d� 2:52686d2 + 3:75061d3 + 1:68692d4 (3.5)and is plotted in Fig. 3.2 (solid line). Furthermore the most recent results of Andsageret al. (1998) are shown in which aspect ratios were �tted to experimental results. Theaspect ratio of equilibrium drop shapes (dotted line) and the average aspect ratio foroscillating drops (only �tted for diameters less than 4:1mm) are very close to the modelcalculations.The above description of drop shape (oblate shape according to the drop size) anddrop orientation (axis of rotational symmetry aligned to the vertical) is somewhat arti-�cial. Natural drops will show oscillations around the equilibrium shapes that are used



3.2 Calculation of interaction parameters 35throughout this study, especially for large drop diameters. The orientation is not ex-pected to be absolutely perfect as the drops tumble while falling down. Furthermore, thepresence of horizontal winds may lead to a tilting of the raindrop orientation accordingto the direction of wind speed.3.2 Calculation of interaction parameters3.2.1 Refractive index of waterPropagation of electromagnetic wave within a dielectric media is described by the complexrefractive index m = m0 + im00. It is linked to the complex dielectric constant � bym2 = �: (3.6)The real part m0 gives the relative speed of light within the medium while the imaginarypart m00 determines the absoption within the medium.The refractive index of water shows completely di�erent characteristics for liquid waterand ice, respectively. While ice has an real part of 1.78 and almost no absorption in themicrowave spectral range, liquid water is highly absorbing. The real part m0 generallyis very large (Fig. 3.3) and reaches values above 9.0 for warm water and low frequencies(e.g., 10GHz).
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Figure 3.3: Real part and imaginary part of refractive index.The temperature dependence of the absorption (Fig. 3.3) reveals a stronger depen-dence on temperature than the real part. Besides temperature, frequency, and phase ofwater the refractive index is a�ected by the salinity of water. All e�ects are parametrizedaccording to Ulaby et al. (1986) whose prametrization is used in this model. The refrac-tive index of ice is nearly constant for salt-free ice and given with m = 1:78+ i (0:00065�0:00005).



36 Numerical Solution of Radiative Transfer3.2.2 Gas absorptionThe absorption of MW radiation by the earth's atmosphere is subject of extensive mea-surents (e.g, Bauer et al. (1999); Jaquinet-Husson et al. (1998); Rosenkranz (1998); Polet al. (1998)). The resulting spectral parameters (such as center frequencies, frequencyshifts, line width, line shape, line broadening) are used for parametrization of the ab-sorption spectrum. A widely used parametrization is the MPM (microwave propagationmodel) by Liebe (Liebe, 1981, 1985; Liebe and Layton, 1987; Liebe et al., 1993). Theradiative transfer model MWMOD uses the 1987 and 1993 versions.Upon de�nition of pressure, humidity and temperature the MPM calculates the vol-ume absorption coe�cient for water vapour and oxygen. The far wing contributions ofhigh frequency water vapour lines above 1THz and the continuum absorption of collisioninduced nitrogen dimers is also parametrized and added to the absorption of the spectrallines. The resulting absorption spectrum between 1 and 250GHz is shown in Fig. 2.5.3.2.3 Single scattering calculationsThe interaction parameters �e, �a, and P for single hydrometeors may be calculatedby three di�erent methods: Spherical particles are generally treated with the Lorenz-Mie (Mie, 1908) scattering modul, which is included in the original MWMOD program.For rotationally symmetric particles that have an additional symmetry to their plane ofrotation (e.g., spheroids or particles described by only a single Chebyshev polynomialof even order) the extended boundary condition method (EBCM) T-matrix code fromMishchenko is used (Mishchenko et al., 1996b). Furthermore, the radiative transfer modelwas extended to use the Discretized-Mie-Formalism (DMF) developed by Rother andSchmidt (Rother and Schmidt , 1997; Rother , 1998) for single scattering calculations.Both single scattering models, the EBCM and the DMF, had to be adjusted for theuse in the radiative transfer program. A software interface is used to pass the requiredinput information to the single scattering codes and to obtain the scattering results inreturn. Extensive tests were made to assure that the results are calculated correctly andwithin the unit system and coordinate system of the radiative transfer model.While the T-matrix implementation of Mishchenko in its current form is limited toscatterers having the additional mirror symmetry mentioned above, the DMF is able tohandle any rotational symmetric object with a cross section that is given by a uniquesolution for r = r(�) for each � in the range from zero to 180 degrees. Particle shapesdescribed by Chebyshev polynomials of odd order (as used by Mugnai and Wiscombe,1986) can therefore be treated with the DMF.Thus the model is able to perform passive microwave radiative transfer calculationswhich, for the �rst time, take into account the more realistic shape of raindrops describedby a series of Chebyshev polynomials rather than a simpler approximation. For allcalculations the rotational axis of the hydrometeors is aligned to the vertical.The single scattering calculations provide solutions for the ASF (eq. 2.34 on page22), which relates the scattered electromagnetic wave to the incident plane wave (Tsanget al., 1985). From the ASF the interaction parameters are calculated and integratedover azimuth angle, ending up with the appropriate values for one-dimensional radiativetransfer. Finally, the results for drops of a certain size and shape are integrated over a



3.2 Calculation of interaction parameters 37particle size distribution to obtain the polydisperse scattering quantities in each modellayer.The shape de�nition for the hydrometeors may be one of the following:� spherical shape� oblate or prolate spheroid shape (aligned to the vertical) with �xed aspect ratio forparticles of all sizes� oblate spheroid shape with aspect ratio depending on size (according to eq. 3.5)� Chebyshev shapes depending on size: Series of 10 Chebyshev polynomials, sizedependent coe�cients interpolated for sizes other than those given in Chuang andBeard (1990).3.2.4 Scattering databaseThe single scattering calculations need to be performed for each combination of frequency,particle size, particle shape, temperature (because of the temperature dependent refrac-tive index), and phase of the water (liquid/frozen). In prenious studies the computationtime for exact calculations of scattering phase functions with Lorenz-Mie theory wasan limiting factor which inhibited/prevented the processing of large data sets with theradiative transfer model.The computational e�ort for calculations with the EBCM is two to three (dependingon size and nonsphericity) orders of magnitude higher when compared to Mie calculations.The CPU time consumption of the DMF is even higher. In order to achieve insight intothe mechanisms of radiative transfer in the presence of nonspherical scattering particlesby investigating a variety of di�erent atmospheric conditions it is highly desirable to usepre-calculated results again whenever they match the actual requirements. With sucha scheme each combination of parameters is only calculated once and afterwards storedinto the scattering database.The database itself consists of two parts: The data block is a �le on a hard disk inwhich all scattering data (phase matrix, extinction matrix, absorption vector) are storedin the sequence of calculation. Since one single scattering calculation produces somehundred kilobytes of data, the �le is far too large to be ordered. Instead of ordering thedata, the second part of the database keeps track of the positions of a certain calculationwithin the data block. This part holds all information that is needed to store data in andretrieve data from the database. It is encoded as an hierarchical tree structure (Fig. 3.4).The tree consists of nodes in di�erent levels. Any node may have a number of sub-nodes, but only in the following layer. At least one sub-node always exists. One layer ofnodes within this tree is provided for each variable that is used to distinguish the singlescattering calculations.When storing data into the database, a parameter vector of 6 numbers that fullydetermine a calculation is generated. Each layer of nodes is checked against the corre-sponding value of the parameter vector. If a sub-node with this value exists, this nodeis followed one level down and the following level is compared. If no matching sub-nodeis found, such a node is generated and then followed one level down. Upon creation of
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Figure 3.4: Hierarchical structure of the database information source tree. Each nodeis represented by a �lled dot, the sub-nodes ("childs") of each node are connected to theabove node ("parent") by lines. The tree itself is ordered in the meaning that every listof sub-nodes below one node is ordered.a new child node the overlaying parent node is reorganized so that it always contains anordered list of its sub-nodes. When all parameters are checked, the �nal layer is reached.Final nodes do not contain a list of sub-nodes, but the position of the corresponding datablock within the �le.The tree structure is updated whenever new data is added to the database. It mayeasily be searched for the existence of a scattering calculation with a certain set of pa-rameters. In addition to the prevention of unnecessary repetitions of the same singlescattering calculation by looking for exact matches, an interpolating retrieval of data isimplemented: If the phase function for particles of a certain size and shape is knownfor a su�ciently large set of frequencies, the result for an intermediate (and up to nownon-existing) frequency can be calculated with su�cient accuracy by interpolating fromthe nearest neighbours.The size of the database depends on the number of stored targets and the size ofeach target itself. The latter is de�ned by the angular resolution of the single scatteringcalculations. With an angular discretization of 12 angles for the relative azimuth angle(particles with azimuthal symmetry can be described by one relative azimuth angle ��instead of incident and scattered azimuth angles � and �0) and 16 angle for the discretiza-tion of the zenith angles (� and �0) each element of the scattering matrix has to be stored3072 times. With 16 elements in the scattering matrix and 8 Bytes per element the sizeper scattering matrix easily cumulates to 393216 Bytes. For 10 frequencies, 50 refractiveindices, 50 sizes and 5 aspect ratios the database will contain approximately 50 Gigabytesof data.



3.3 Radiative transfer 39The access time to this database is limited by the average speed of the hard disksystem, but clearly is much faster than single scattering calculations for nonsphericalparticles. Especially for large particle sizes, frequencies, and aspect ratios the interactionparameters can be supplied a hundred to a thousand times faster by the database system.A standard calculation with 6 di�erent frequencies, 8 di�erent layers of hydrometeors(each with a di�erent refractive index) and 40 di�erent particle sizes in each layer willload 1920 data sets. The entire radiative transfer program (with an angular resolutionof 8 zenith angles per hemisphere) consumes 60 seconds CPU time on a DEC Alphaworkstation with 333 MHz CPU.3.3 Radiative transferThe previous steps described in this chapter are the foundations for the solution of theradiative transfer equation. The remaining task is to �nd a radiation �eld �I(r̂;
) thatsolves the VRTE, which itself depends on the spatial position r̂ and the direction 
 =(�; �).Since the VRTE is solved with boundary conditions, a non-zero solution (�I 6� 0) needsto be determined. For the one-dimensional solution any non-zero radiation �eld �I(z; �)that solves the VRTE within a given accuracy will be accepted as the aspired result. Theexact way of �nding the solution is, aside of numerical e�ciency, of no importance to theproblem itself.A variety of algorithms is capable of �nding solutions of radiative transfer problems.Problems without scattering can be integrated analytically. The matrix operator method(MOM) is mainly applied to one-dimensional problems (Liu et al., 1991) while the discreteordinates method (DOM) and spherical harmonics DOM (SHDOM) are also applied tothree-dimensional problems (Haferman et al., 1996; Evans and Stephens, 1995a,b). MonteCarlo methods are used mainly for 3-D modeling (Liu et al., 1996; Roberti et al., 1994;Roberti , 1997; Roberti and Kummerow , 1999).3.3.1 Solving methodThe radiative transfer model MWMOD is capable of solving by two methods, an iterativemethod and the sucessive order of scattering (SOS) method, which itself is also iterative,but in a di�erent way. Both models start up with the same initialization: Beginning fromthe top of the atmosphere the downwelling radiation is calculated for all levels. Duringthis initialization the scattering source term is zero, thus the �rst step gives only theemission and absorption contribution. When reaching the lower boundary, the re
ectionof downwelling radiation is calculated and added to the surface emission. The upwelllingradiation is then calculated for all layers and directions without the scattering sourcefunction.For non-scattering atmospheres this procedure provides the full solution. All othersituations need further calculations including the scattering source function. The iterativemethod calculates the scattering source function by applying the scattering coe�cient tothe radiation �eld from the �rst iteration (the initialization). The second iteration startsagain from the top, uses the lower boundary and ends at the upper boundary in exactly



40 Numerical Solution of Radiative Transferthe same way as before, except that the source function resulting from the previousiteration is included. The emission, absorption, and re
ection contributions remain thesame, but the scattering source term is adjusted after each iteration. After each iterationthe new radiation �eld is compared to its predecessor. If the maximum di�erence at alllayers and all directions is below a certain value, then iterations are stopped and the lastradiation �eld is converted into brightness temperatures by the inverse Planck functionand the result written to a �le.In case of the SOS method the iteration scheme is more physically motivated: Theemitted radiation from all emittents is used for the �rst scattering processes and does notneed to be re-calculated. The amount of radiation that is scattered after emission is cal-culated from the initial �eld as in the iterative method and then distributed through theatmosphere but without the main contribution from the initialization. The resulting ra-diation �eld from the second iteration is added to the �rst result. The following iterationssimply calculate the amount of scattered radiation from the previous iteration and addit, after transfer through the atmosphere, to the previous results. So this method simplygives the radiation �eld which includes the non-scattered radiation and all radiation thathad undergone a certain number of scattering processes. In an absorbing environment ora semitransparent medium with open boundary conditions the higher orders of scatteredradiation will be smaller than the �rst ones so that the adjustment of the total radiation�eld by higher orders gets smaller and smaller. The convergence check is the same as forthe truly iterative (or self-consistent) method.In order to obtain multiple scattering solutions both algorithms use an automaticre-scaling of the vertical grid. The above algorithms assume single scattering within eachlayer and include multiple scattering by the number of iterations being performed. Thesealgorithms obtain correct multiple scattering results as long as the assumption of singlescattering within each layer is correct. The optical thickness resulting from the scatteringcross section is a good indicator of the probability for a scattering process taking placein the layer. Because the model MWMOD does not calculate the optical thickness solelyfrom the scattering coe�cient the total optical thickness (absorption plus scattering) isused to estimate the probability of scattering. If a single layer has an optical thicknessabove a threshold the layer is divided into sublayers until the required optical thin stateis reached. The threshold value is set to � = 0:01 throughout this study. This nadiroptical thickness is increased by the slanted path through the atmosphere for angle closeto the horizontal. At 85 degrees zenith angle the optical thickness is increases to 0.11,thus the transmission is (1= exp(��)) = 0:896. The probability of an extinction processeither due to absorption or due to scattering is roughly ten percent at angles closest tothe horizontal. Even if this probability is produced only by scattering (in non-absorbingmedia), the probability of two scattering processes within the layer is only one percent.The single scattering approximation within each optical thin layer treats the scatteringin a su�cient way.3.3.2 Examples of convergenceThe convergence of the multiple scattering solution is illustrated in Fig. 3.5 by showingthe variation of the upwelling TB results with increasing numbers of iterations of the SOS



3.3 Radiative transfer 41method. Here, a model atmosphere showing rain below 3 km height, a mixture of rain andice between 3 and 4 km height and an ice particle layer up to 5 km height was assumed.The rain rate was set to 25mm/h with a Marshall-Palmer drop size distribution. Seasurface boundary conditions were used as the lower boundary condition.
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Figure 3.5: Convergence of brightnesstemperature (at a zenith angle of 54 de-grees) with order of scattering (iterationnumber).
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Figure 3.6: Convergence of polarizationdi�erence with iteration number (at azenith angle of 54 degrees).
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Figure 3.7: Convergence of polarizationdi�erence with iteration number for down-welling radiation at 97 degrees zenith an-gle (7 degres elevation angle).
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Figure 3.8: Convergence of polarizationdi�erence with iteration number for down-welling radiation at 111 degrees zenith an-gle (21 degrees elevation angle).



42 Numerical Solution of Radiative TransferThe self-consistent TB result is reached at small numbers of scattering order for thelower frequencies. At 85GHz the ice particle scattering is more e�ective: at least 40iterations are required to obtain an accuracy better than 1K.The polarization signal (Fig. 3.6) shows the same frequency dependence as the bright-ness temperature. Since hardly any radiation is originating from the polarizing surface,all PD in 85GHz channel is produced from subsequent scattering processes. At the lowerfrequency regime the attenuated PD from the sea surface is adjusted to the stable solutionwithin 5 to 8 scattering orders.The polarization results of the downwelling radiation reveals an interesting feature:At a zenith angle of 97 degrees (7 degree elevation for a ground-based radiometer) theemission by the raindrops itself is polarized (Fig. 3.7). Scattering processes modify thisPD signal towards negative polarization di�erences. Furthermore, the emitted PD signaldepends on the observation angle as illustrated in Fig. 3.8 for an elevation angle of21 degrees. Both, positive and negative values of PD are obtained by the emission ofliquid drops depending on frequencies. A detailed discussion on the angular dependenceof polarization di�erences at di�erent frequencies and rain rates is given in section 4.2 onpage 44.



43
Chapter 4E�ects of Nonspherical ParticlesThe modi�ed radiative transfer model is used to analyze the e�ect of particle shape onthe radiation intensity and polarization within the atmosphere. Model atmospheres arede�ned with di�erent assumptions of hydrometeor shape. Calculations assuming sphericalhydrometeors serve as test cases for the results obtained by more realistic nonsphericalparticle shapes.4.1 Oblate spheroid shapeWe assume a very simpli�ed rain event in the lower troposphere. The temperature andhumidity pro�les are set to a mean midlatitude summer pro�le. Between 2 km height andground level a vertically constant rain rate of 20mm/h is assumed. A water cloud withan LWC of 0.5 g/m3 reaches from 1km up to a cloud top of 3 km. Ice particles are placedabove the raining layer to a height of 3 km with the same mass per volume compared tothe rain. For both rain and ice particles the Marshall-Palmer DSD is applied by de�ningthe radius of nonspherical particles as the radius of a sphere with equivalent volume.The approximation of raindrops by oblate spheroids with their rotational axis alignedto the vertical is a very realistic assumption, but applying the same sizes, shapes, andmasses to large precipitating ice particles is not meant to be a perfect approximation ofthe ice particles. Our intention is to investigate the basic e�ects of ice particle scatteringabove raining layers. Certainly, the ice particle shapes vary much more than those of waterdrops but the assumption of oblate particles is still valid. The high amount of ice thatwe use in this study is rather extreme. For smaller ice masses the signal from the raininglayers will be less disturbed by the ice scattering. With the chosen atmospheric setup weare able to understand the fundamental e�ects of rain and ice particle scattering. Morerealistic calculations on which retrieval schemes may be set up, need to take into accountthe speci�c shapes of ice particles in more detail (e.g., Evans and Vivekanandan (1990);Turk and Vivekanandan (1995); Evans and Stephens (1995a,b)). However, even thosecalculations still do not account for realistic three-dimensional scenarios and thereforestill lack the desired degree of highest accuracy.For reasons of comparison the clear atmosphere (without any hydrometeors) and thecloudy atmosphere (only the water cloud) are calculated as test cases. Radiative transferresults of the rainy atmosphere are calculated in the presence of the ice particle layer



44 E�ects of Nonspherical ParticlesTable 4.1: De�nition of test cases. All cases include a water cloud between 1 and 3 kmheight with an altitude constant LWC of 0.5 kg/m3 and a MGD particle size spectrumwith a modal radius of 5.5�m. The raining layer is positioned between 0 and 2 km height,the ice particle layer starts at 2 km and ends at 3 km.Name Shape of Shape ofof case Raindrops Ice ParticlesA Spheres (No Ice Particles)B Oblate Spheroids (No Ice Particles)AC Spheres SpheresAD Spheres Oblate SpheroidsBC Oblate Spheroids SpheresBD Oblate Spheroids Oblate Spheroidsand without. Table 4.1 de�nes the di�erent atmospheric states that are modeled. Thewater cloud is always present in the six precipitating cases and modeled with sphericalparticles.The following situations were calculated for the hydrometeor shapes: (A) sphericalraindrops only, (B) oblate raindrops only, (AC) spherical raindrops and spherical iceparticles, (AD) spherical raindrops and oblate ice particles, (BC) oblate raindrops andspherical ice particles, (BD) oblate raindrops and oblate ice particles.All six situations were calculated for two di�erent surface conditions with a variingrain rate between 0 and 100mm/h. Using the surface emissivity � = 1:0 assumes aperfect blackbody and results in a unpolarized but dominant emission from the bottomof the atmosphere. It allows to study the polarization e�ects of the hydrometeors withoutpolarization e�ects by the surface. This situation of strong upwelling radiation interactingwith hydrometeors is an approximation to land surfaces. Alternatively, the frequencydependent re
ection of a water surface is used to study the polarization e�ects in thepresence of large PD from surface emission.4.2 Angular dependenceThe variation of total intensity with zenith angle is shown as an example in Fig. 4.1afor a rain rate of 20 mm/h and �=1:0. At zero angle the radiation is emerging straightupward for nadir observation. The opposite direction (180�) is the uplooking geometry fordownwelling radiation. The horizontal direction (90�) is unde�ned for the one dimensionalmodel: In a plane parallel medium with no boundaries at the sides the geometric paththrough the layer and therefore also the optical thickness tends to become in�nitely largeas the direction approaches the horizontal. For upward directions TB is taken from thetop of the model atmosphere (TOA, which is 15 km in this case), for downward directions



4.2 Angular dependence 45TB is taken at ground level (bottom of the atmosphere, BOA).
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  85.6 GHzFigure 4.1: Total intensity versus zenith angle of propagation at di�erent frequencies for20mm/h rain rate for di�erent situations: (a) case B, emissivity is set to � = 1:0, (b) caseBD, � = 1:0, (c) case B, but with polarizing sea surface below. The upwelling radiation(angles 0 to 90 degree) is taken at the top of the atmosphere, downwelling radiation (90to 180 degree propagation direction) at the bottom of the atmosphere.When observing the atmosphere from above (angles 0� to 90� in Fig. 4.1a, the maincontribution is the thermal emission from the surface. With increasing opacity to higherfrequencies the radiation originates from higher layers of the atmosphere, leading toreduced TB results.At downward directions (angles 90� to 180� in Fig. 4.1) the atmosphere is mostlytransparent for the lower four frequencies even with a 2 km thick rain layer. Due tothe minimal signal from space and only small contributions from the atmosphere, theresulting TB remains rather cold. At 37.0 GHz and 85.6 GHz the atmosphere starts tobecome opaque and produces increasing TB.Adding a further precipitating layer with ice particles of the equivalent hail rate from2km to 3 km height (case BD) leaves the results at downward directions nearly unchanged.Only the upwelling radiation is a�ected by the well known brightness temperature de-pression (Fig. 4.1b) due to scattering, showing the highest e�ciency for 85GHz.Figure 4.1c shows the e�ect of sea surface emission at the lower boundary by a Fresnelsurface using the refractive index of water according to the parametrization of Ulaby et al.(1986): the averaged emission is signi�cantly smaller than one, leading to lower brightnesstemperatures at upward directions. For long optical path lengths (at angles close to thehorizontal) and at higher frequencies the atmosphere becomes opaque enough to reachhigher TB close to the physical temperature of the surface.The distribution of intensity with direction for 37 GHz and � = 0 is given in Fig. 4.2.Previous investigations (e.g., Liu and Simmer (1996); Czekala and Simmer (1998)) haveshown that polarization e�ects caused by hydrometeors require a non-isotropic distri-bution of intensity with zenith angle. This situation is given when either the surfaceemission depends on direction or the total intensity is dominated by the atmosphericemission. The latter is directly linked to the line of sight total optical thickness whichitself depends on direction. We can observe from Fig. 4.2 that much more radiation ispropagating upward than in the opposite direction. The resulting PD is given in Fig. 4.3.It is clear from Fig. 4.3 that the PD originates from within the precipitation layer.At downward directions close to the horizontal, especially at lower layers where humidity
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downward radiationupward radiationFigure 4.2: Brightness temperature for 37 GHz (case BD, �=1:0) versus zenith angle andvertical position. The rain layer with 20mm/h rain rate reaches up to 2 km height, theice layer is placed between 2 km and 3 km.

 0.25

 0.62

 1.00

 1.38

 1.75

 2.12

 2.50

 2.88

 3.25

 3.62

 4.00

 4.38

 4.75

 5.12

 5.50

 5.88

 6.25
 6.25 6.62

0 20 40 60 80
Theta / degree

     

0

1

2

3

4

H
ei

gh
t /

 k
m

 

 

 

 

 

 

  0
.2

  2.1
  2.5

  1.4
  1.8

  0.6
  1.0
  2.9
  3.2
  3.6

 -0.1

 -0.1

 -0
.5

 -0.5

 -0.9

 -0.9

 -1.2
 -1.6

 -2.0
 -2.4

100 120 140 160 180
Theta / degree

     

 

 

 

 

 

0

1

2

3

4

H
ei

gh
t /

 k
m

  

 

downward radiationupward radiationFigure 4.3: Polarization di�erence (corresponding to Fig. 4.2).and temperature are higher, the optical thickness is increased and the PD changes fromnegative to positive values, very similar to those at upward directions.Figure 4.4 gives the resulting PD from four calculations with 20 mm/h rain rateand blackbody surface emission (� = 1:0). The atmospheric conditions are set to thecases A, B, AC, BD, respectively (Table 4.1). The most evident feature for nonsphericalparticle shapes (cases B and BD) is the negative PD at downward directions. This featuremay have large impacts on ground-based observations; the details have been discussedelsewhere (Czekala and Simmer , 1998).
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48 E�ects of Nonspherical Particleslayer, pointing out the necessity of taking the shape of raindrops into account.
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Figure 4.7: PD versus rain rate for dif-ferent frequencies (case B, rain layer withoblate spheroids).
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Figure 4.8: Change in PD versus rain ratewhen using oblate raindrops and ice parti-cles instead of spheres for both (case BDminus AC).The di�erence of PD calculated with realistic rain and ice on the one hand and spher-ical particles on the other hand also varies with rain rate (Fig. 4.8). The di�erence ishighest for 22 and 37GHz when assuming spherical hydrometeors. This forces us tomodel the hydrometeors shape accurately since the PD induced by the precipitation isalso strongest at 22 and 37GHz. A small amount of linear polarization is induced by iceparticles at 85 GHz. The small absorption and high scattering e�ciency for ice parti-cles enables scattering e�ects for this high frequency. However, the PD signal at 85GHzdepends very much on the selected size and shape distribution of the hydrometeors. As-suming larger sizes and aspect ratios together with lower particle density for a simulationof large snow
akes will lead to much larger PD signals at 85GHz with only small e�ectsaround 20GHz, since the low frequencies are most sensitive to liquid water and only havea small scattering e�ciency for ice particles.Above sea surfaces the total PD is dominated at low rain rates by the surface inducedpolarization (Fig. 4.9). With increasing rain rate the atmosphere becomes opaque and thePD is damped. After saturation, when no PD from the surface is reaching the cloud top,we observe an increasing PD. This polarization is induced by scattering on nonsphericalhydrometeors of both phases, liquid and frozen. At 25mm/h rain rate the 37GHz channelreceives 10K PD with a saturation around 15K.Finally, the changes in PD calculated by using the oblate shapes instead of the spher-ical shapes over water surfaces are much more complicated than in the case of perfectblackbody emission (Fig. 4.10).At small rain rates the spherical calculation will overestimate the PD. This happensbecause the nonspherical particles produce negative PF in a situation where the intensitydistribution is very non-isotropic. This negative PD leads to a decrease of the largepositive PD from the surface. Spherical scattering particles will not produce this negativefraction of PD and therefore result in higher values.
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Figure 4.9: PD versus rain rate over watersurface. Oblate raindrops and oblate iceparticles are used (case BD).
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Figure 4.10: Change in PD versus rainrate when using oblate raindrops and iceparticles instead of spheres for both (caseBD minus AC, similar to Fig. 4.8, butwith sea surface emission).With increasing rain rate the atmosphere becomes opaque, the intensity distributionbecomes more isotropic and the negative PD caused by nonspherical particles changes topositive values. This point is reached at lower rain rates for higher frequencies. Furtherincrease of rain rate makes the surface invisible from above. The only resulting PD(at frequencies above 10.7GHz) is coming from the raining layers. In this situation thenonspherical particles polarize the radiation more e�ciently than spheres. Calculationsneglecting the aspherical shape will underestimate the PD.4.4 Sensitivity to drop sizeThe polarization e�ects due to nonspherical raindrops exhibit the surprising feature ofbeing very sensitive to the lower frequencies, especially 22 and 37GHz. Investigations onthe sensitivity of radiative transfer result on the maximum size of particles in the DSDreveal the reason for this behaviour.The variation of TB as a function of the maximum drop radius which is used as theupper limit of the integral over the particle size distribution is shown in Figure 4.11. Thetotal water mass is left unchanged by adjusting the total drop numbers, the rain rate isset to 20mm/h with a rain layer of oblate rain drops only (similar to case B, but with ahumidity pro�le that contains less moisture). The surface emissivity is set to � = 1:0.Figure 4.12 gives the di�erence of oblate drops minus spherical drops. The corre-sponding PD for oblate drops and the di�erence to spherical shape is given in Figs. 4.13and 4.14, respectively.The lowest frequency (6.6GHz) is insensitive to particle size (Figs. 4.11 and 4.13).With increasing frequency the sensitivity rises, but saturation e�ects are reached at
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52 E�ects of Nonspherical ParticlesWhile the di�erences in TB are small for all frequencies (Fig. 4.12), the di�erences forPD are signi�cant (Fig. 4.14). The additional PD caused by nonsphericity depends onthe particle sizes, and again the 85GHz and 37GHz channels are insensitive to particlesabove 2 and 3mm diameter while the signals around 20GHz are still in
uenced by dropsof 4mm diameter.

0 1 2 3 4 5
Hydrometeor Radius / mm

0

1

2

3

4

5

E
ffi

ci
en

cy

-1.0

-0.5

0.0

0.5

1.0

A
sy

m
m

et
ry

 P
ar

am
.

0 1 2 3 4 5

0 1 2 3 4 5

Extinction (solid), Absorption (dotted), and Scattering (dashed)

Frequency: 
Temperature: 

 85.500 GHz
 20.0    oC

Refr.Index (Real): 
Refr.Index (Imaginary): 

 2.08119
 3.48451

Figure 4.15: Scattering, absorption, ex-tinction e�ciencies (dashed, dotted, andsolid) and asymmetry parameter for DSDat 85GHz.
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Figure 4.16: Scattering, absorption, ex-tinction e�ciencies (dashed, dotted, andsolid) and asymmetry parameter for DSDat 19GHz.The reason for this insensitivity to large water drops for 85GHz is found in the highabsorption coe�cient of microwaves for water. The absorption is large for all frequencies,but the size of the particles (measured in wavelength units of the considered frequency)is four times larger at 85GHz compared to 22GHz. This leads to a smoothed curve ofscattering and absorption e�ciency (which is the total absorption coe�cient normalizedwith the particles geometric cross section, de�ned by the volume equivalent radius) thatreaches its maximum at small drop sizes (Fig. 4.15). For large particles the extinctione�ciency approaches the optical limit of 2, which means that the extinction in a beamof light by a particle is twice its geometric cross section (e.g., van de Hulst , 1981).At 19GHz (Fig. 4.16) the situation is di�erent: The e�ciencies are still increasing upto drop diameters of 5mm. Looking at the interaction parameters for 19GHz we clearlysee the di�erence between both frequencies. The asymmetry parameter, describing thebalance of forward and back scattering, rises around 1 mm radius for 85GHz to itsmaximum. So all scattering e�ects by larger drops will only be seen in the forwarddirection.Due to the larger wavelength of 19GHz, the asymmetry parameter stays around zero(indicating equal amounts of scattered intensity in both directions). It even drops belowzero (indicating backscattering) because of the high refractive index of 6.8, which causeslarge phaseshifts of internal and external �elds, resulting in resonant scattering behaviour



4.5 Comparison of di�erent shape approximations 53(Deirmendjian, 1969). This makes small frequencies very sensitive to backscattered ra-diation from a non-isotropic radiation distribution, as it is found in an atmosphere withweak surface emission.4.5 Comparison of di�erent shape approximationsThe following calculations are dealing with the question how speci�c or realistic the shapedescription of a hydrometeor should be.For the calculations we used an atmospheric rain layer between the surface and 2 kmheight with 3 layers of di�erent temperature. The polydisperse interaction parametersare computed with a Marshall-Palmer drop size distribution for a constant rain rate of 25mm/h (Marshall and Palmer , 1948). Some calculations have an additional layer of large,precipitating hail above the rain layer, reaching from 2 km to 3 km. The aim of thisatmospheric setup is to model realistic raindrop scattering on one hand and the possiblescreening of these results by a hail layer above the rain on the other hand. The purposeof the ice layer is not to model real thunderstorm conditions, but to study the principleradiative transfer e�ects of such ice particle layers. For such a rough estimation the exactmicrophysical parameters are of minor importance; basic processes can be understoodwith these simple model assumptions. The size and shape distributions of the hail arenot meant to be realistic in any other way than to produce a strong scattering signal:The nonspherical ice particles will lead to high polarization and depolarization e�ciencieswhich modify the upwelling radiation emerging from the rain.In order to determine the ice particle contribution to the total signal the hail layeris calculated without the underlying rain layer. The comparison of the results for rain(without ice), ice (without rain), and rain (with ice) allows to estimate the screeninge�ect of ice particles above rain layers. The results clearly state that the polarizationsignal produced by nonspherical raindrops emerges to the top of the atmosphere withoutbeing substantially attenuated by ice particle layers.Surface boundary e�ects were examined by using three di�erent surface conditions:blackbody boundary condition (� = 1:0), sea surface boundary (using Fresnel re
ection)and a �xed emissivity of � = 0:5 (Lambertian surface). The latter case gives an enhancedangular variation of the radiation in the lower layers due to the reduced emissivity, whichis very similar to the sea surface emission, but does not polarize the surface emission.This is useful for a separation between polarization e�ects that originate from either thehighly polarized emission of a Fresnel surface or from the angular distribution of theintensity.4.5.1 Intensity resultsAn example of the total radiation intensity (the sum of vertically (Iv) and horizontally (Ih)polarized intensity), expressed in terms of equivalent blackbody brightness temperatures,versus zenith angle of propagation is given in Fig. 4.17. Zero angle is the directionof upwelling radiation at nadir direction. At the horizontal direction (90 degrees) theone-dimensional model is not de�ned.
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(a)
Intensity  (Spheroids - Spheres)

0 50 100 150
zenith angle / degree

-5

0

5

T
B

 / 
K

el
vi

n

   6.6 GHz
  10.7 GHz
  19.4 GHz
  22.2 GHz
  37.0 GHz
  85.6 GHz (b)

Intensity  (Chebyshev - Spheres)

0 50 100 150
zenith angle / degree

-5

0

5

T
B

 / 
K

el
vi

n

   6.6 GHz
  10.7 GHz
  19.4 GHz
  22.2 GHz
  37.0 GHz
  85.6 GHz (c)

Intensity  (Chebyshev - Spheroids)

0 50 100 150
zenith angle / degree

-5

0

5

T
B

 / 
K

el
vi

n

   6.6 GHz
  10.7 GHz
  19.4 GHz
  22.2 GHz
  37.0 GHz
  85.6 GHzFigure 4.18: Brightness temperature di�erences vs zenith angle (rain only and black-body emission at the surface): (a) Spheroids minus Spheres, (b) Chebyshev drops minusspheres, (c) Chebyshev drops minus spheroids.Figure 4.18 shows the di�erences of calculations obtained by the three di�erent as-sumptions on particle shape. A raining layer of oriented oblate particles (spheroids orChebyshev drops) produces more radiation in downward directions and less radiation inupward directions (Figs. 4.18a and 4.18b). Since the results calculated with blackbodyemission and �xed orientation of the particle are strongest for the low frequencies (22 and37 GHz), this result indicates enhanced backscattering or emission for oblate particles



4.5 Comparison of di�erent shape approximations 55compared to spheres. However, the di�erence between the spheroid approximation andthe more realistic Chebyshev drops is minimal.
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  85.6 GHzFigure 4.19: All settings as in Fig. 4.18, but with the ice particle layer only (no rain).When considering only ice particle scattering (isolated from the corresponding rainlayer), Fig. 4.19 clearly shows that the basic e�ect is the same, but this time morepronounced for larger frequencies. The 37 and especially the 85 GHz channel, whichwere very insensitive to the change of shapes for rain, exhibit remarkable changes ofthe intensity. At the latter frequency the spheroid shape suppresses additional 5 K ofthe upwelling radiation compared to spheres. The di�erence of the two oblate shapes(Chebyshev minus spheroids, Fig. 4.19c) states that the Chebyshev shaped particles leadto smaller changes in comparison to spheres.

(a)
Intensity  (Spheroids - Spheres)

0 50 100 150
zenith angle / degree

-5

0

5

T
B

 / 
K

el
vi

n

   6.6 GHz
  10.7 GHz
  19.4 GHz
  22.2 GHz
  37.0 GHz
  85.6 GHz (b)

Intensity  (Chebyshev - Spheres)

0 50 100 150
zenith angle / degree

-5

0

5

T
B

 / 
K

el
vi

n

   6.6 GHz
  10.7 GHz
  19.4 GHz
  22.2 GHz
  37.0 GHz
  85.6 GHz (c)

Intensity  (Chebyshev - Spheroids)

0 50 100 150
zenith angle / degree

-5

0

5

T
B

 / 
K

el
vi

n

   6.6 GHz
  10.7 GHz
  19.4 GHz
  22.2 GHz
  37.0 GHz
  85.6 GHzFigure 4.20: All settings as in Fig. 4.18, but with the ice particle layer additional to therain layer (both layers present).Combining rain and ice layer in one calculation (Fig. 4.20) straightforward gives a'mean' result from the single cases of Fig. 4.18 and Fig. 4.19. At upward directions theresulting di�erences for the low frequencies are fully determined by the raining layer andare not a�ected by ice particle scattering above. The opposite is true for 85 GHz, whichhas a signi�cant sensitivity to ice particle scattering only. This separation of high andlow frequencies is more di�cult at 37 GHz, where the e�ects of both hydrometeor phaseshave an impact on the signal. The downwelling radiation is nearly the same as in thecase of rain only because most of this radiation is emitted by the rain itself and mayonly interact with the liquid phase hydrometeors on the path to the surface. Again, thedi�erences between the spheroid shape and Chebyshev drops (Fig. 4.20c) are very small,giving a similar result as in the case of ice scattering only.



56 E�ects of Nonspherical Particles
(a)

Intensity  (Spheroids - Spheres)

0 50 100 150
zenith angle / degree

-5

0

5

T
B

 / 
K

el
vi

n

   6.6 GHz
  10.7 GHz
  19.4 GHz
  22.2 GHz
  37.0 GHz
  85.6 GHz (b)

Intensity  (Chebyshev - Spheres)

0 50 100 150
zenith angle / degree

-5

0

5

T
B

 / 
K

el
vi

n

   6.6 GHz
  10.7 GHz
  19.4 GHz
  22.2 GHz
  37.0 GHz
  85.6 GHz (c)

Intensity  (Chebyshev - Spheroids)

0 50 100 150
zenith angle / degree

-5

0

5

T
B

 / 
K

el
vi

n

   6.6 GHz
  10.7 GHz
  19.4 GHz
  22.2 GHz
  37.0 GHz
  85.6 GHzFigure 4.21: All settings as in Fig. 4.20 (both layers, rain and ice), but with sea surfaceconditions at the lower boundary.These results indicate a sensitivity of the low frequencies to changes in surface emis-sion. Figure 4.21 gives the results for the combination of rain and ice layer (as in Fig. 4.20),but with an underlying sea surface with re
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  85.6 GHzFigure 4.24: PD di�erences vs zenith angle (rain only and blackbody emission at thesurface): (a) Spheroids minus Spheres, (b) Chebyshev drops minus spheres, (c) Chebyshevdrops minus spheroids.only those calculations with surface emissivity � = 1:0. As for the total intensity, theresults for the PD are very similar (Fig. 4.24c) for the two oblate shapes, which bothshow large di�erences to the spherical shape. The low frequency range, which producesthe largest positive change in PD of up to +5 K when switching to oblate shapes is notsensitive to the small deviation in particle geometry between spheroids and Chebyshevparticles. Only the 85 GHz channel, which has a positive (but small) PD for spheroids



58 E�ects of Nonspherical Particleschanges to small negative values. The PD of downwelling radiation is more sensitiveto small changes of the particle shape: Chebyshev drops produce about max. 4 K lessnegative PD (which gives a positive change) than the spheroid particles. In general, themain �ndings for PD are similar to the �ndings for total intensity: The more realisticChebyshev particles show very similar results to the spheroids on the large scale, butsomewhat less changes compared to spheres than the spheroids.
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  85.6 GHzFigure 4.25: All settings as in Fig. 4.24, but with the ice particle layer only (no rain).When considering ice particle scattering by the single layer with hail, the trend of thecalculation with rain only is reproduced. The PD at upward directions is increased (e.g.+10 K for 37 GHz) when either spheroids (Fig. 4.25a) or Chebyshev particles (Fig. 4.25b)are used instead of spheres. At opposite direction of propagation, oblate particles producea smaller PD. The Chebyshev shapes reduce the changes at 37 GHz originating from theuse of spheroids (Fig. 4.25c).The combination of liquid and frozen precipitation in one calculation leads to a simpleaddition of the di�erences at upward directions (not shown here). Since the total PDat upwelling directions is not determined by the intense scattering contribution of iceparticles alone, the e�ect of raindrop shape will be of interest for the remote sensing ofprecipitation. Polarization di�erence will be best suited for such applications because itis a�ected by all hydrometeor layers instead of only the uppermost ice particle layer.
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4.5 Comparison of di�erent shape approximations 59described by the Chebyshev shapes add only little to the changes that can be obtainedby a spheroid approximation, but the di�erence (up to an amount of 2 K for 25 mm/hrain rate) is still in the range of detection limits (usually �T< 1 K) and may vary withhigher and lower rain rates.
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61
Chapter 5ValidationIn order to validate the previous results one needs measurements of microwave radiationin the presence of rain under certain conditions. These conditions have to be chosenin such a manner that a �nal conclusion can be drawn from the results whether thenonspherical scattering theory is more realistic than Mie-scattering or not.First of all, the environmental conditions need to be as close as possible to the as-sumption of a homogeneous plane parallel atmosphere. Otherwise the developed radia-tive transfer model would not be applicable. Obviously, the observation geometry andfrequency are of major importance: A situation is desirable with large and easily observ-able di�erences between the model predictions for spherical particles on the one handand oblate particles on the other hand. These di�erences have to be measured withoutambiguity about their origin. Ice particles, an inhomogeneous �eld of view and three-dimensional e�ects can lead to observations that di�er from the one-dimensional modelpredictions, thus making it impossible to focus on e�ects of particle shape.With these requirements satellite data cannot be considered for validation purposes:The entire scene within the �eld of view will not ful�ll the one-dimensional assumption inmost cases. Furthermore, the di�erences between both cases for intensity and polarizationare not as large in upwelling directions as for the downwelling direction and may as wellresult from inhomogenities in the surface properties within the �eld of view.Ground-based sensors receive radiation which is mainly in
uenced by the atmosphere.Downwelling radiation exhibits large di�erences in the predicted PD for spheres andoblate spheroids especially at elevation angles close to the horizontal. Furthermore, due tothe much smaller distance between the radiometer and the targeted measurement volume,the �eld of view is several orders of magnitude smaller for ground-based radiometersthan for satellite observations, resulting in a better concordance with the assumption ofa horizontally strati�ed atmosphere.5.1 MeasurementsAt the Institut f�ur Hochfrequenztechnik of the Deutsches Zentrum f�ur Luft- und Raumfahrt(DLR, Oberpfa�enhofen, Germany) a 19GHz dual polarization radiometer (vertically andhorizontally polarized radiation is measured simultaneously with the same antenna) isoperated. With a time resolution of �t = 10 s the vertically and horizontally polarized



62 Validation

Figure 5.1: The 19GHz radiometer ontop of the roof: The antenna is aligned to southwarddirection with an elevation of 30 degree. On the right hand side the meteorological sensorscan be seen.brightness temperatures TB;v and TB;h are recorded. For some intervals in 1996, there existdata recordings (see Tab. 5.1). From autumn 1998 on the recording became operational,leading to continuous time series with only small interruptions due to calibration ormaintenance.Table 5.1: Temporal coverage of the data available from the 19GHz radiometer of theDLR Oberpfa�enhofen. Observed days per monthYear Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec1996 { { { 10 { { 31 { 21 31 25 {1998 { { { { { { { { { { 14 311999 27 25 31 28 29 29 29 17 29 n.a. n.a. n.a.Table 5.2 gives an overview of the radiometer speci�cation. The antenna patternwith 1.2� resolution (full width at half maximum, FWHM) gives high spatial resolutionmeasurements. Although the absolute accuracy is only around 2K, the estimation ofpolarization di�erences can be performed better than 0.5K. This precision is reached be-cause calibrating errors of both channels cancel out: Vertical and horizontal polarizationuse the same hot load for calibration.Several meteorological sensors are collocated with the radiometer on top the roof ofa DLR building (Fig. 5.1). Temperature, pressure, humidity and rain rate are recordedfor the same time as the radiometric observations. However, the temporal resolutionof the environment recording is limited to intervals of 60 s. Observation of wind speedand wind direction started November 1998 and is not available for the 1996 data. The



5.2 Data processing 63Table 5.2: Radiometer description.(transl. from http://www.op.dlr.de/~igex98op/monitor/radiometerdaten.html)Parameter Value Parameter ValueFrequency 19 GHz Bandwidth 100 MHzIntegration time 1 s Resolution < 0:5KAccuracy 1{2K Beamwidth (FWHM) 1.2�Side lobes < �32 dB Cross polarization < �32 dBAzimuth angle 180� Elevation 30�Polarization horizontal/verticalTable 5.3: Description of sensors.(translated from http://www.op.dlr.de/~igex98op/monitor/sensordaten.html)Sensor Vendor Bezeichnung Accuracy RangeTemperature Rotronic RTD Pt 100 ohm 0.5K [�40�C;+60�C]Humidity Rotronic Hygromer-C94 2.0 % [0; 100]%Pressure Sensortechnics D/C 414 1.0 hPa [800; 1100] hPaRain gauge Thies Clima Ombrometer HP 0.3mm/h [0; 120]mm/hUltrasonicanemometer MESASystemtechnik WNT 2 % [0; 360] �
di�erent sensors are listed in Tab. 5.3 together with the manufacturer, sensor resolutionand sensor accuracy.Data recording is done automatically with direct transfer to the University Bonn. Incase of ambient temperatures below zero degree a heating mechanism clears the antennafrom snow or ice particles (e.g., hoarfrost). Major problems that may arise during themeasurements with this setup originate from the viewing geometry and the �nite raindetection limit: Rain rates cannot be quanti�ed to better than 0.3mm/h. In case ofslight rainfall the onset will be recorded too late or even completely missed although theradiometer receives radiation a�ected by precipitation due to its oblique line of sight.5.2 Data processingBefore relating the measured TB and PD to the observed surface rain rate (RR) thedata are subject to a calibration procedure. From sequences which are classi�ed as rainfree by looking at the observed RR and TB, the PD signal is adjusted to zero. Thisprocedure is justi�ed by the fact that under clear sky conditions no source for polarizedradiation exists. Observations with a zero RR from the meteorological sensors may alsobe contaminated by rain due to the viewing geometry: The radiometer is oriented to thesouth with an elevation angle of 30 degrees above the horizontal. With such a low viewingdirection the radiometer may observe distant clouds and rain events that move beside the



64 Validationrain gauge due to wind directions which are not parallel to the south-looking azimuthalorientation of the instrument. Even if the observed RR corresponds to observed cloudand precipitation features there will be a time lag between the ground observation ofprecipitation and the radiation signal. Unless the atmosphere is strictly homogeneous(perfectly one-dimensional), this time lag depends on wind speed, wind direction andthe average height from which the radiation originates. The time lag reaches from zero(homogeneous atmosphere) up to 3 to 5 minutes and may even be in�nitely large whenthe wind direction is perpendicular to the viewing direction, and the atmosphere is highlyinhomogeneous. In addition, a beginning rain event will not be recorded immediately butwith a time lag that depends on rain intensity and the fabrication of the precipitationsensor. This instrumental delay adds to the geometric delay and needs to be correctedas well.For some data periods the wind direction and speed were not available, but even forsituations with known wind conditions it was nearly impossible to calculate the time lagfrom auxilliary data. Instead, a statistical method was applied for the determination ofthe time lag. Sections of two hour length of the time series (Fig. 5.2) of RR were shiftedalong the time axis and correlated with the TB time series. The correlation curve alongthe time shift was searched for a peak of maximum correlation: If a clear maximumcorrelation above a certain threshold could be found (Fig. 5.3a), then the width of thispeak was determined at 70 percent of peak height. The center of the peak width was thentaken as the position of maximum correlation and used to calculate the time lag betweenboth observations. This method avoids the selection of misleading peaks at the maximumof the correlation function, especially if the top of the peak is rather 
at (Fig. 5.3b).
Figure 5.2: Time series of TB, PD and RR at July 12, 1999.If the threshold value was not reached or the time lag exceeded a maximum value of5 minutes, the data set was excluded from the analysis. Otherwise the RR measurementswere shifted in time and matched with the TB and PD data. Such triples (RR,TB,PD)of all two hour sections of the 60 days which were selected as homogeneous rain eventswere classi�ed by rain rate and averaged for each speci�c rain rate. The result is shownin Figs. 5.4 to 5.6. The selection of the 60 days was based on the minimum durationof the rain event: at least 30 minutes continuous rainfall had to be present in order toassure a quite homogeneous atmosphere.The averaged TB and PD results as a function of rain rate show a clear dependenceon the rain rate (Fig. 5.4 and Fig. 5.5). However, the surface RR is not the variableof choice when examining the radiation of a rainy atmosphere if the height of the rainlayer is unknown. Radiation e�ects in both signals, that is TB and PD, respectively,
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(a) (b)Figure 5.3: Two examples correlation between TB and RR as a function of time shift(solid line). Example (a) gives a clear maximum with an symmetric shape of the peakcorrelation. The absolute maximum of example (b) may be misleading, so the center ofthe peak width at a certain threshold value is used for the determination of the time lag.will be linked more closely to the total liquid water content of the lower atmosphere andtherefore be sensitive to the rain layer extension: The total LWP may be the same for twodi�erent rain rates, while a constant rain rate may correspond to a doubled LWP if therain layer thickness is doubled. This e�ect of water amount is (partially) cancelled outby representing the polarization signal as a function of TB (Fig. 5.6). Since both signalsare proportional to LWP, the functional dependence on the unknown LWP is e�ectivelysupressed.5.3 Comparison with the modelModel calculations show the in
uence of rain layer thickness even clearer. Figure 5.8gives the resulting TB for di�erent rain rates in an idealized atmosphere. A water cloudwith 0.5 g/m3 liquid water content between 1 and 3 km height attenuates the polarizationoriginating from the rain layer. The rain rate is assumed to be constant with height for9 di�erent rain layer top heights from 1 to 3 km. The variation of the rain layer heightresults in a large variation of the polarization signal at the bottom of the atmosphere.The reason for this variability is the strong impact of rain columns height on the total
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 TB vs. RR (60 day average)
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Figure 5.4: Measured brightness temper-ature as function of surface rain rate for60 selected days. Observations were madeat 30 degrees elevation and 19 GHz fre-quency. The standard deviation of the av-eraged value is indicated with error bars.
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Figure 5.5: Measured polarization di�er-ence as function of surface rain rate (sameobservations as in Fig. 5.4).
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Figure 5.6: Measured polarization di�er-ence as function of brightness temperature(same observations as in Fig. 5.4).
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Figure 5.7: Measured polarization di�er-ence as function of brightness temperature(same observations as in Fig. 5.6, but withhistogram function with respect to TB in-stead of RR).optical thickness. Only rain layers with non-isotropic radiation produce the polarizationwhile all rain layers attenuate the polarization signal. With high rain columns only thetopmost layers will have a non-isotropic distribution of radiation at high rain rates, whilethe lowest layers receive the same amount of radiation from all directions.The cloud drop size distribution (DSD) is a modi�ed gamma distribution with amodal radius of 5.5 micron. For the rain layer the Marshall-Palmer DSD is selected.Surface emission is set to 0.9 while the atmospheric temperature pro�le is adjusted to6 di�erent temperatures in the lowest layer, ranging between 273.15 and 298.15K. Thepro�le is calculated with a constant tropospheric lapse rate and a constant pro�le of



5.3 Comparison with the model 67relative humidity. Increasing the atmospheric temperature leads to an increasing amountof water vapour in the troposphere and thus to an increased optical thickness at highertemperatures. All situations were calculated with either spherical or oblate raindrops.
TB vs RR (Model at 25.7 degree elevation angle)
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Figure 5.8: Modeled TB versus rain rate. The size of the plot symbols indicates the rainlayer height (from 1 to 3 km). The colour gives the atmospheric temperature at lowestlevel from 0 (dark green) to 25 degree centigrade (red).The in
uence of atmospheric temperature (indicated by the colour of the plotsymbolsin Fig. 5.8) is much smaller than the change in TB caused by di�erent rain layer heights(indicated by the size of the plot symbols). Both e�ects are almost identical for spheres(square symbols) and oblate spheroids (diamond symbols).The PD results (Fig. 5.9) reveal large di�erences between spherical and nonsphericalparticles. While spheres produce small positive PD under all circumstances, the non-spherical drops produce large negative results which reach a maximum value at high rainrates and saturate with increasing optical thickness. This saturation process is mostlydetermined by rain rate and rain layer thickness.
PD.vs.RR (Model at 25.7 degree elevation angle)
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Figure 5.9: Modeled PD versus rain rate. Squares (upper branch) indicate sphericalparticles, diamonds (lower branches) indicate oblate raindrops.



68 ValidationThe modeled PD is also given as a function of TB (Fig. 5.10). Comparing Fig. 5.10with Fig. 5.6 clearly shows that the radiative transfer model and the selected drop shapesexplain the measured data very well. However, TB and PD do not only depend on raincolumn height and rain rate but also on the drop size distribution, which can signi�cantlydi�er from the Marshall-Palmer distribution for rain rates above 10mm/h. In particular,the in
uence of DSD on PD is not cancelled out if PD is plotted versus TB as it is thecase in Fig. 5.10 for a �xed Marshall-Palmer distribution. In Hornbostel and Schroth(1995) and Hornbostel et al. (1995) it was shown that it is possible to derive an pathaveraged DSD from PD and TB if a �xed rain layer height is assumed.
PD vs TB (Model at 25.7 degree elevation angle)
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Figure 5.10: Modeled PD versus TB. The variation in PD for nonspherical particles dueto rain layer height is cancelled out, the remaining di�erence is simply the variabilityin atmospheric temperature and a more pronounced saturation due to increased opticalthickness with warmer atmospheres.5.4 ConclusionsThe remaining di�erences between the modeled and measured data can be attributed tothe uncertainties in the state of the atmosphere: The exact vertical pro�les of tempera-ture, humity, liquid water content and drop size spectra are unknown. Water drops maytumble around their preferred vertical orientation and undergo oscillations around theirequilibrium shapes (Beard , 1984; Beard and Tokay , 1991). Finally, the melting layer atthe 273K temperature level is not taken into account.This imperfect knowledge forces simpli�cations and assumptions for the radiativetransfer modeling. Keeping in mind that the observed data shown here are an averageover 60 days with di�erent weather situations, the result is an encouraging con�rmationof the radiative transfer model.



69
Chapter 6Implications for Remote Sensing ofPrecipitationWithin the previous chapters the impact of raindrop shape on forward model calculationswas quanti�ed. An important question is the relevance of these �ndings for currentand future remote sensing applications. Since the consequences of particle shape arevery di�erent for di�erent observation platforms, the following discussion is divided intoground-based measurements and observations from either airborne or spaceborne sensors.
6.1 Ground-based observationsPassive microwave radiometry is a method well suited and often used for the retrievalof cloud liquid water path (LWP) (e.g., Westwater , 1978). Ground based radiometersmeasure the radiation emitted by the atmospheric constituents, which are gases, liquidwater and ice. The equivalent brightness temperature obtained at one or more frequenciescan be related to the LWP by either statistically derived algorithms (based on trainingdata with observed brightness temperatures and the measured LWP) or by physicallybased algorithms. The latter are based on accurate modeling of the atmospheric radiativetransfer.Both types of algorithms perform well as long as the LWP is produced only by smallcloud droplets. In the presence of rain the situation is worse: Rain and cloud dropsboth emit microwave radiation and therefore increase the observed TB. Unfortunately,the sensitivity of TB to rain and cloud particles shows signi�cant di�erences due to theirparticle sizes: The absorption coe�cient of rain droplets increases much stronger thanproportionally to the drop volume, which is the case for small cloud droplets and the basisof most algorithms. In addition, the larger raindrops tend to have a much higher singlescattering albedo than the smaller cloud particles. However, the TB signal is the sum ofboth and decomposition of the signal contributions from rain and cloud fractions is notpossible without an additional source of information which will allow for an estimationof the rain water fraction.



70 Implications for Remote Sensing of Precipitation6.1.1 Sensitivity to cloud and rain particlesIn order to investigate the use of polarized microwave measurements for the remotesensing of LWP and the discrimination of cloud and rain water in the received signal,a sensitivity study was carried out. The frequency of 22.235GHz was selected in thisexample because it is the lowest (and therefore best-suited) dual-polarized frequencyof the MICCY radiometer (Crewell et al., 1999b). All calculations were performed fornonspherical raindrops and spherical cloud droplets of a cloud between 1 and 2 km heightand a ground-based radiometer with a 36 degree elevation angle. The cloud LWP wasmodeled with a DSD given by a modi�ed gamma distribution with a modal radius of5.5 micron. The rain LWP was produced by a Marshall-Palmer distribution. The LWPdue to cloud water is varied between 0.0 and 1.3 kg/m2 while the LWP due to rain isvaried between 0.0 and 1.6 kg/m2. All possible combinations of both kinds of LWP werecalculated, resulting in total LWP values between 0.0 and 2.9 kg/m2.Figure 6.1 shows the resulting brightness temperatures as a function of total LWP.The symbol size indicates the amount of LWP caused by to the rain water fraction. Theincrease in TB is strongest for pure rain LWP (uppermost symbols in each column) andsmallest for the pure cloud LWP (lowest symbols). As a consequence, mixtures of cloudand rain water cannot be identi�ed unambiguously by monospectral TB measurements.
Frequency:  25.235 GHz at  36.0 degree Elevation Angle

0.0 0.5 1.0 1.5 2.0 2.5
Total LWP (Rain and Cloud) / (kg/m2)

0

50

100

150

200

250

B
rig

ht
ne

ss
 T

em
pe

ra
tu

re
 / 

K

LWP Rain = 0.0 kg/m2

LWP Rain = 0.2 kg/m2

LWP Rain = 0.4 kg/m2

LWP Rain = 0.6 kg/m2

LWP Rain = 0.8 kg/m2

LWP Rain = 1.0 kg/m2

LWP Rain = 1.2 kg/m2

LWP Rain = 1.4 kg/m2

LWP Rain = 1.6 kg/m2

Figure 6.1: Brightness temperature versus total LWP of cloud and rain mixtures. Thesymbol size indicates the rain LWP fraction of the total LWP.Assuming a �xed cloud LWP for the retrieval of total LWP may be justi�ed at veryhigh amounts of rain LWP where the sensitivity to cloud LWP is small (Fig. 6.2). This isnot the case for small rain LWP, say less than 0.5 kg/m2. Especially when cloud and rainLWP are similar the variation of the mixture leads to large changes in the TB signal.
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Frequency:  25.235 GHz at  36.0 degree Elevation Angle
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Figure 6.2: Brightness temperature versus LWP caused by rain water. At high rain ratesthe sensitivity to cloud LWP is decreased.
Frequency:  25.235 GHz at  36.0 degree Elevation Angle
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72 Implications for Remote Sensing of PrecipitationThe corresponding PD results of Fig. 6.1 and Fig. 6.2 are shown in Fig. 6.3 andFig. 6.4, respectively. Increasing rain water amounts cause the negative PD values witha nearly linear slope for small amounts of rain. At higher rain LWP, the PD signalsaturates and diminishes again. The overall sensitivity of PD to rain LWP is reducedwith increasing cloud LWP.
Frequency:  25.235 GHz at  36.0 degree Elevation Angle
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Figure 6.4: PD versus rain LWP: At low rain amounts the PD is determined by the rainLWP with no impact from the cloud LWP. At higher rain fractions the saturation causedby the rain liquid water is dominant and the additional saturation by cloud liquid waterleads to a variation of PD with cloud LWP.The variation of the radiometric signal with cloud LWP shows a contrary behaviourfor TB and PD signal: While the TB variation due to cloud water is strongest at lowrain water amounts, the variation of PD with cloud water is strongest at large rain wateramounts.6.1.2 Proposed methodFigure 6.5 illustrates the information content of polarized measurements concerning theLWP of cloud and rain. The di�erent combinations of cloud and rain LWP are posi-tioned by their response in TB and PD in this diagram. Cloud water variations result ina horizontal displacement with no PD signal. Rain water variations result in a strongerhorizontal displacement and an additional vertical displacement to negative PD. Mathe-matically speaking, these vectors of sensitivity are a linear independent combination andallow the retrieval of two degrees of freedom by the measurement.
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Frequency:  25.235 GHz at  36.0 degree Elevation Angle
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Figure 6.5: Sensitivity of PD and TB to rain LWP, cloud LWP and total LWP. Alongsolid lines the total LWP is constant, dashed lines indicate constant rain LWP and dash-dotted lines indicate constant cloud LWP.By giving a measured pair of TB and PD and by assuming a �xed rain layer heightand DSD, it should be possible to retrieve the rain LWP and cloud LWP separately.The accuracy of such an algorithm will depend on the representativeness of the modeledatmospheric conditions and the calibration of the radiometer. Recently build radiometershave an accuracy of 1K or better. With such instruments, the retrieval of small rainwater amounts within a cloud will be possible. Small rain rates may occur in and belowclouds without being associated with a surface rain rate. If the LWP due to rain exceeds0.1 kg/m2, the PD will reach a value below �1K and, therefore, allow the detection anddiscrimination of rain in the presence of cloud water.Further information will be gathered by additional frequencies (most radiometers forLWP retrieval are multi-channel radiometers) and observations at several elevation angles.The sensitivity of PD to raindrop shape which is used in this study varies with frequencyand viewing angle since both parameters a�ect the optical thickness. Figure 6.6 gives thePD signal as a function of rain LWP for a �xed total LWP. Six di�erent elevation anglesare shown.



74 Implications for Remote Sensing of Precipitation
Total LWP of 1.2 kg/m2 at  25.235 GHz
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  7.2 degreeFigure 6.6: PD as a function of rain LWP at a �xed total LWP of 1.2 kg/m2 for sixdi�erent elevation angles.Without rain (left side of the graph) the PD is zero at all observation angles. Atdirections closer to nadir the polarization signal is very small. Lowering the radiometerviewing angle to the horizontal increases the sensitivity and the total optical thicknessuntil a saturation is reached for large rain amounts. Such a saturation is more pronouncedat higher frequencies because of the increased absorption of liquid water. Using non-saturating and saturating combinations of viewing angle and radiometer frequency willadd information to the retrieval process.However, this is only a sensitivity study. A possible retrieval algorithm may be de-rived from radiative transfer calculations which have to be based on realistic atmosphericpro�les. The consistent set of microphysical cloud properties could be obtained from adetailed cloud model. Even then the applicability of such an algorithm nevertheless willdepend on the question of how good the one-dimensional assumption is ful�lled in the ob-served rain event. The impact of three-dimensional e�ects on the downwelling radiationand especially the polarization signal is not yet determined.6.2 Observation of upwelling radiationThe consequences of nonspherical particle shape for algorithms that evaluate upwellingbrightness temperature are less clear than for ground-based observations. The mainreason for this is the origin of the radiation: Downwelling radiation either originatesdirectly from the atmosphere or has undergone at least one scattering process withinthe atmosphere on cloud or precipitation particles. Surface emission may a�ect thepolarization measurements for ground-based sensors by changing the degree of isotropyin the atmosphere, but even then the information content of the observed signals is stillconnected to the hydrometeors present.In case of measurements from above with airborne or spaceborne radiometers thetotal signal often contains a part which is mainly una�ected by hydrometeors. Espe-cially at frequencies below 50 GHz the total atmospheric optical thickness is low enoughfor observations of surface e�ects from space. Under such circumstances the observedbrightness temperatures include contributions from both, surface and atmosphere. If the



6.2 Observation of upwelling radiation 75contribution from the atmosphere cannot be identi�ed unambiguously within the mixedsignal, the retrieval of atmospheric parameters such as liquid water path and rain rate issubject to large errors.6.2.1 Current methodsA separation of atmosphere and surface e�ects is often di�cult. Only if the contributionfrom precipitation di�ers signi�cantly from the microwave signature of the surface thedistinction is possible and the retrieval of precipitation can be performed. When lookingat the �rst order e�ects of precipitation over water surfaces such a situation is given:� In terms of TB the sea surface is a cold and rather homogeneous background signal� In the low frequency regime (37 GHz and below), the atmospheric water contentproduces an increasing warm signal with increasing water amount� Sea surfaces emit a large positive PD� Polarized surface emission is depolarized by scattering and absorption at cloud andprecipitation (more e�ectively at higher frequencies)� At 85 GHz (and higher frequencies) the optical thickness for saturation of the rainemission signal is reached at low rain rates: The emission signal at 85 GHz originatesmainly from the uppermost rain layer� Scattering on ice particles at 85 GHz e�ectively decreases brightness temperaturesabove the rain layersBased on these e�ects, most algorithms can be grouped into emission based methods(looking at the warm emission by rain water on the low frequency range) and scatteringbased methods (looking at the brightness temperature depression caused by ice particlescattering in the higher frequency range). Some algorithms use the full information ofthe seven SSM/I channels or even data from additional sensors (AVHRR). A commonfeature of the rain retrieval algorithms is that the observed PD is assigned to the oceansurface. Thus, the screening of this PD by precipitation is an indirect estimation of therain rate.Rain retrieval over land is much more di�cult due to the high emissivity, its largerspatial variability, and the low polarization signal of land surfaces. The warm emissionfrom liquid water cannot be distinguished from the warm background emission from thelower boundary. Polarization signatures of vegetation, soil and soil moisture are small(compared to water surfaces) and not very well known, so an obvious signal of polarizationdepression that may be used for the retrieval of precipitation does not exist. Only theindirect method of TB depressions observed in the high frequency channels may serve forrain retrieval techniques over land. Rain which is not associated with large amounts ofice particles of a certain size above the rain layer (warm rain events) will go undetected.



76 Implications for Remote Sensing of Precipitation6.2.2 Polarization as an additional atmospheric signalThe e�ects of scattering particles in radiative transfer can neither be described as "polariz-ing" nor as "depolarizing", they are evident both at the same time. Completely polarizedradiation will be depolarized by scattering e�ects on hydrometeors, but scattering willalso polarize a beam of completely unpolarized light under most circumstances. Naturalradiation can always be split up into two parts, polarized and unpolarized radiation.The largest source of polarization is the emission of water surfaces. This polarizationsignal is attenuated by absorption and scattering, but a signi�cant amount of polarizationis added by the scattering process. Neglecting this e�ect may lead to errors in the retrievalof rain rates.In the following section the possible retrieval error induced by false assumptions ofmodel calculated brightness temperatures will be estimated. For that purpose the e�ectson six widely used rain retrieval algorithms will be studied:� Bauer and Schl�ussel(Bauer and Schl�ussel , 1993),� NOAA/SRL(as described in Conner and Petty (1998), based on Grody (1991); Ferraro et al.(1994); Ferraro and Marks (1995)),� NASA/GSCAT(as described in Conner and Petty (1998), based on Adler et al. (1994)),� Ferraro(Ferraro et al., 1996),� Adler(Adler et al., 1993),� Ferriday(Ferriday and Avery , 1994).A model atmosphere with the following properties is considered: The sea surfacetemperature is 293K, the melting layer with 273K is located at 3 km height. Below 3 kma vertically constant rain rate is assumed. Above 3 km height up to 4 km height theprecipitation is split up into a mixture of liquid and frozen precipitation. Above 4 kmup to a height of 6 km only frozen precipitation particles are used. A calm water surface(Fresnel re
ection) is used as the the lower boundary condition. The size distributionfor all types of precipitation is set to the Marshall-Palmer distribution. Rain is modeledby oblate spheroids with size-dependent aspect ratio. The ice particles are switched to3 di�erent geometries: A �xed aspect ratio of 1.7 (which means oblate particles) for allsizes of hydrometeors ("Type-I"), the same size-dependent aspect ratio as used for rain("Type-II"), and a �xed aspect ratio of 3.0 regardless of particle size ("Type-III"). Thesechoices are not meant to be valid descriptions of the hydrometeor type that can be foundin hail, graupel, or snow, but they bear some relation to the parameters of natural iceparticles in clouds and allow for a rough estimation of the extremes that may a�ect the
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Figure 6.7: Rain rate retrieval with six dif-ferent algorithms (see text for details) fora simulated rain layer (without ice): Re-sults obtained by using spherical raindropsare indicated by small plot symbols, oblateraindrops by large plot symbols.
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Figure 6.8: Rain rate retrieval in the pres-ence of rain and ice particles. Large sym-bols indicate nonspherical particles (Type-I), small symbols indicate spherical shape.
rain retrieval: In the presence of large snow
akes the scattering e�ect at 85 GHz certainlywill be very di�erent from the scattering on hail or graupel particles.For a more realistic treatment of ice particle scattering the e�ect of the melting layershould be as well included as the density e�ects for mixtures of ice and air: Snow
akeshave a large dimension and also a large aspect ratio, but contain only a small amountof frozen water. Furtermore, the terminal velocites of snow
akes will be smaller thanthose of raindrops. If the liquid precipitation below the melting layer originates from iceparticles, then the absolute number of ice particles per volume and the size of the iceparticles will be increases (compared with the DSD of raindrops) to compensate for thee�ects mentioned above.Figure 6.7 gives the retrieval results for the atmosphere with the rain layer only(without any ice particles). Large plot symbols give the result obtained with oblateparticles, small symbols indicate the spherical result. Although the rain layer reachesup to 3 km, all algorithms underestimate the rain rate. This result cannot be used toassess the quality of the algorithms since the model calculations are very simpli�ed anddo not take into account the �eld of view averaging and the e�ect of inhomogeneousbeam-�lling. However, there is a large deviation between the di�erent algorithms. Thee�ect of raindrop shape on the retrieval is small compared to the algorithm uncertainty.This result could be expected due to the nature of the algorithms: Most of them usethe scattering information from the 85GHz channel which is not a�ected very much byscattering at liquid water.The results for rain and hail combined (Fig. 6.8, nonspherical particles shown again



78 Implications for Remote Sensing of Precipitationwith large symbols) reveal larger di�erences between spherical and nonspherical shape.The deviation between the algorithms is less pronounced than for the rain layer only.The e�ect of particle shape reaches up 1 to 2mm/h, depending on algorithms and rainrate.
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Figure 6.9: Rain rate retrieval in thepresence of rain and ice particles. Largesymbols indicate nonspherical particles(Type-II), small symbols indicate spheri-cal shape.
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Figure 6.10: Rain rate retrieval in thepresence of rain and ice particles. Largesymbols indicate nonspherical particles(Type-III), small symbols indicate spher-ical shape.All the algorithms have a high sensitivity to ice particle scattering. Thus the shape ofthe ice particles is of major importance for the rain retrieval. Figures 6.9 and 6.10 showthe results for the Type-II and Type-III ice particles above a nonspherical rain layer. Inboth �gures the results are compared to the calculation with spherical shapes for rain andice. While the Type-II ice particle shape (aspect ratio depending on size) gives resultscloser to the spherical assumption, the Type-III shape with a much higher aspect ratioleads to signi�cant changes in the retrieved rain rate. This may be of major importancein the presence of a melting layer where large snow
akes melt down to liquid raindrops.During this process particles are produced that on one hand show the nonspherical shapeof large ice particles and on the other hand have a complex refractive index that is muchlarger than for pure ice. The latter e�ect is caused by the mixing of air, water, and icein the melting particles and thin water coatings around frozen cores.Such particles will have a strong impact on the observed brightness temperatures.However, the size and shape of ice particles are directly linked with the rain intensity,but with the synoptic situation and the cloud microphysical processes that took place inthe generation of the raining cloud.The highest sensitivity of the 85 and 37 GHz channels to the speci�c ice particle shapeis demonstrated with Figs. 6.11 to 6.14. From the calculations that are used in Figs. 6.7to 6.10 the resulting PD is given as a function of rain rate. Figure 6.11 gives the decrease
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Figure 6.11: Polarization di�erence ver-sus rain rate over a calm water surface forthe rain layer without ice (correspondingto the results of Fig. 6.7).
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Figure 6.12: Polarization di�erence versusrain rate over a calm water surface for therain layer and Type-I ice particles (corre-sponding to the results of Fig. 6.8).of ocean PD with increasing opacity, only small amounts of PD are produced by thehydrometeors.Using nonspherical rain and ice particles with size dependent aspect ratio (Fig. 6.12)gives larger PD especially for the low frequencies and 37 GHz, the 85 GHz PD remainssmall. With increased nonsphericity of the ice particles (Fig. 6.13 and Fig. 6.14) themaximum signal occurs at 37 and 85 GHz, but the general behaviour (position of themaximum, saturation with higher rain rates) depends very much on the aspect ratio.The 20 GHz frequencies also have an increase in PD (which does not saturate at highrain rates and therefore o�ers great potential for the remote sensing of heavy rain), butthe form of the signal is much more similar to the results obtained with more sphericalice particles.Since the ice particles above a rain event give only an indirect estimation of rainrate and the highest microwave frequencies show the highest sensitivity to particle shape(which itself is highly variable for ice particles and not well known), the rain retrievalwith these frequencies will introduce yet unknown errors into the retrieval.The low frequencies are more directly linked to the rain intensity and less a�ectedby ice particle shapes. The shape of liquid hydrometeors can be given by models witha much better accuracy than that of ice particles. The information content of thesechannels will produce better retrieval results if an algorithms is speci�cally designed forthis approach. Nonetheless the generally smaller sensitivity of the lower frequencies willmake the retrieval problematic for low rain rates and inhomogeneous beam�lling. Inaddition, a main error source in the connection of modeled and measured radiances is theunknown vertical extent of the precipitation system. The low frequency regime is moresensitive to path integrated liquid water (clouds and precipitation), the high frequenciesare better suited for the remote sensing of high cloud structures (mainly ice particles).
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Figure 6.13: Polarization di�erence versusrain rate over a calm water surface for therain layer and Type-II ice particles (corre-sponding to the results of Fig. 6.9).
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Figure 6.14: Polarization di�erence versusrain rate over a calm water surface for therain layer and Type-III ice particles (cor-responding to the results of Fig. 6.10).Without additional information (for example from a radar) the conversion of brightnesstemperatures to surface rain rates is questionable.6.2.3 Application to three-dimensional problemsThe e�ect of particle shape in three-dimensional applications will depend on the dis-tribution of radiation within the modeled scenario. Only in case of nearly horizontallyhomogeneous and isotropic conditions the results from one-dimensional calculations givean good estimate of the expected observations. The distribution of intensity with anglewill then be similar to the one-dimensional case.If there is a structure of broken clouds with clear air between clouds or even pre-cipitation areas with signi�cant amounts of liquid water, then these clouds will act aswarm side-boundaries and induce a non-isotropic radiation �eld in horizontal direction(in contrast to the non-isotropic �eld in upward and downward directions for the one-dimensional case).All previous investigations (Czekala, 1998; Czekala et al., 1999c) stated that the shapeof scattering particles leads to large e�ects in side-scattering to back-scattering directions.This will be the case for horizontal non-isotropic radiation, but the precise e�ect is di�cultto estimate. A three-dimensional model will ultimately be needed to solve this question.Furthermore, the averaging process of the �eld of view will a�ect the overall results. Sincea large variety of atmospheric and surface conditions can be present in the �eld of view,the total result will be a mixture of many scenes. Decomposition will only be possiblewith additional information from other sensors.
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Chapter 7SummaryThe in
uence of nonspherical hydrometeor shape on radiative transfer calculations in themicrowave spectral range was investigated. For this purpose a polarized one-dimensionalradiative transfer model was modi�ed from spherical scattering to nonspherical scatter-ing. The radiative transfer scheme had to be adjusted from scalar absorption and scat-tering cross sections to four-component angle dependent interaction parameters. Twosingle scattering models were combined with the radiative transfer model: The ExtendedBoundary Condition Method T-Matrix code from Mishchenko (Mishchenko et al., 1996b)and the Discretized Mie Formalism from Rother and Schmidt (1996).Model calculation were performed with the extended radiative transfer model to assessthe e�ect of particle shape. The shape of liquid drops was chosen according to simulatedequilibrium raindrop shapes from a dynamical model. The rotationally symmetric dropswere aligned with their axis along the vertical. The resulting brightness temperatures andpolarization di�erences were compared to control results obtained by spherical particles.In case of nonspherical rain the averaged (vertical and horizontal polarization) bright-ness temperature is very similar to the one obtained by spherical particles. The brightnesstemperature depression due to ice particle scattering, however, shows a larger sensitivityto particle shape, especially at frequencies above 85 GHz.The main di�erence is found in the polarization results. Nonspherical particles leadgenerally to higher positive polarization di�erences for upwelling radiation. The down-welling radiation shows a complex behaviour depending on frequency, rain rate and ob-servation angle. Negative polarization di�erences may occur in certain ground-basedobserving geometries. This feature is completely di�erent from e�ects of spherical parti-cles.Detailed analysis of the polarization signal with respect to the state of the atmosphereand the observation geometry showed that the shape of the particles only becomes impor-tant if the angular distribution of radiation within the atmosphere is non-isotropic. A highcontrast between radiation propagating in a speci�c direction and its counterdirectionproduces the negative polarization feature for downwelling radiation. Such non-isotropicradiation �elds can be found in transparent or semi-transparent atmospheres with dif-ferring boundary conditions (warm surface below, cold space above the atmosphere) andatmospheres with a gradient in optical thickness. If the gradient in the optical thicknessis too steep (for example above a high reaching rain column and its cloud layer with se-



82 Summaryvere rain rates), then the radiation is nearly isotropic in the vicinity of the hydrometeorsand to a high degree non-isotropic outside the region with hydrometeors. The thin layerat the cloud boundary produces only a small scattering signal.As a consequence, the high microwave frequencies (with their larger optical thickness)do not contain much information about the scattering particles inside the cloud andrain layer, thus they are also less a�ected by the nonsphericity than lower frequencies.Microwave radiation below 20 GHz is able to pass a raining atmosphere without beingtotally blocked, thus the information content due to scattering by rain may help for therain retrieval.Groundbased observations with a 19 GHz radiometer were used to validate the modelcalculations. Data taken from 60 days with rain events from all over a two year periodshow the predicted polarization signal behaviour of varying negative polarization di�er-ence with the total water content. Although the exact values were slightly overestimatedby the model, the accordance of measured and modeled data proves that the assumptionof oblate raindrop shape is well justi�ed.Based on the validation results a new method of liquid water path retrieval withpolarimetric ground-based measurements was proposed. The scattering signature of non-spherical particles makes a discrimination of cloud and rain liquid water as independentvariables possible.The implications of the nonspherical hydrometeor shape on satellite rain retrieval al-gorithms are di�cult to estimate. The 37 and 85 GHz channels of SSM/I for exampleshow a high sensitivity to the aspect ratio of ice particles. If the particle shape is notknown at the time of the retrieval, signi�cant errors may occur. Again, the low fre-quencies are more directly linked to the precipitation and the better known rain dropshapes. However, the assumption of a one-dimensional atmosphere is even less valid forsatellite observations than for ground-based measurements. Thus the one-dimensionalmodel needs to be replaced by a fully polarized three-dimensional model. Such a modelcan be used to test the valid range of one-dimensional modeling for three-dimensionalapplications.
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