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Abstract

This report gives an overview of microwave radiative transfer modeling in clouds and
precipitation. Two model packages are introduced to be made available to the NWP-
SAF which are evaluated in part II. Their range of applicability is only limited by the
availability of models for the calculation of water and ice permittivity, sea—surface emis-
sivity, and atmospheric absorption. Current models for these ingredients are taken to be
valid for the frequency intervals 1-100 GHz, 1-100 GHz, and 1-1000 GHz, respectively.
The solution to the radiative transfer equation, however, is general and applies to all
wavelengths at which contributions from solar radiation can be neglected, i.e., for which
the radiation source terms are only diffuse scattering and thermal radiation. The model
package includes pre—calculated tables containing the optical properties of hydrometeors
at all microwave frequencies currently available on spaceborne sensors.

1 Introduction

With the increasing computational efficiency of global model processing systems and with
the increasing accuracy of convection and cloud schemes the evaluation of model generated
radiances with observations and even the assimilation of observed radiances in clouds and
precipitation has become an issue. For these applications accurate and fast models for the
simulation of the radiative transfer in scattering media are required. For clear—sky conditions,
the fast model environment RTTOV (Eyre 1991) has become widely used in the global modeling
community. Recently, this package was extended to also cover non-scattering cloud profiles at
infrared and microwave wavelengths (English 1999, Chevallier et al. 2001).

This report gives a rather general introduction to the problem of microwave radiative trans-
fer in scattering atmospheres and also presents two models for an efficient and yet accurate
simulation of radiances in scattering atmospheres. The two major elements are the radiative
transfer codes themselves and the calculation of the optical properties of hydrometeors for a
range of electro-magnetic frequencies, temperatures, and hydrometeor contents per hydrome-
teor type. In part I, both theory and models are compiled while part IT (Moreau et al. 2002)
presents the model evaluation. The computer codes for all models are available through the
authors or the NWP-SAF. They have been revised and unified to Fortran—90 standard. Test
input and output files are also available.

2 Microwave radiative transfer

The radiative transfer equation can be expressed as the differential change of radiance L,
at frequency v along path s:
dL, =—L,kds (1)

In vertical coordinates and including slant paths the path coordinate ds is modified to dz/u
with zenith angle = cos 'y and altitude z. k = kus + kse; denotes the volume extinction
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coefficient comprising absorption and scattering by all relevant media in the atmosphere. All
optical quantities are frequency dependent thus subscript v’ will be omitted hereafter.

With the inclusion of source terms and the transformation to (, ¢)—coordinates on a hemi-
sphere with plane—parallel horizon at level z, (1) translates to:

dL(z; i, )

kdz L(z; p, ¢) — J (21, ¢)  (upward), (2)
_uééﬁ%égzél = L(z—p, ) — J(z—,8)  (downward)

¢ denotes the azimuth angle (the angular dependence may be combined to Q = (u, ¢),d2 =
dud@). The source term, J, covers contributions from scattering (hydrometeors) and emission
(oxygen, water vapor, dry air, hydrometeors):

Hend) =22 [ [ L P idd + (1 -0)BTE] O

w, = kset/k denotes the single scattering albedo and provides a measure for the fraction of
scattered radiation while (1 —w,) is the fraction of absorbed radiation. B[T'(z)] is the blackbody
equivalent radiance according to temperature 7" at level z. Scattering of radiance is expressed
in terms of a normalized scattering phase function:

1 2w 1
=[] s oinas = 0

describing the distribution of incident radiance (y', ¢') to observation direction (u, ¢).

The differential form of the radiative transfer equation can be integrated from the surface
(z = 0) to the top of the atmosphere, z = z*:

L(Z*; 2 ¢) = 6sch(Tsfc)T(Z*; 2 ¢) +

- /0 J (25 1, @)expl—k(z" — 2')/pulk d2' [+ (5)

+ (1_65fc)7—('2*;/1‘7¢)/ J (25 p, @)exp[—k 2' [ ulk d2' [

z*
with total atmospheric transmission:

*

(21, 6) = / " eapl—k 2/ ud (6)

and surface skin temperature, T;y., and surface emissivity, €,7., which is a function of frequency,
temperature, roughness, foam coverage, and salinity in case of sea water and a function of
frequency, temperature, moisture, soil type, vegetation, and roughness (among others) for land
surfaces.
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2.1 Scattering

In the microwave part of the electromagnetic spectrum, the dependence of scattered radia-
tion on azimuth angle can be neglected in most cases because the diffuse radiation component
is much less anisotropic than that originating from a highly anisotropic source such as solar
radiation. In this case, the phase function in (4) becomes:

27
Pp, p') = % /0 P(u, ¢4, ¢")dg' (@)
and (2) reduces to:
1
iu% = L(z,+p) — w? /_1 L(z, 1) P(p, p)dp' — (1 = wo) BT (2)] (8)

A rather accurate approximation to the phase function in (7) is given by the Henyey—Greenstein
function which is only applicable in scalar radiative transfer that is without including polariza-
tion by scattering:

1 — g2
(1 + g% — 2gcos©)3/2

P(£p, ¢; 1!, ¢') = (9)

with scattering angle ©:
c0s© = tpp' + (1= p) (1 — ) Pcos (¢ — ¢') (10)

g denotes the asymmetry parameter which represents the angle averaged phase function, i.e.,
g €-1,1]:

1! S
g= 5/ P(c0sO)cosOdcos® = cos© (11)
-1
This parameter is > 0/ < 0 if more radiation is scattered in forward/backward than back-
ward /forward direction. For Rayleigh scattering g = 0.

2.2 Polarization

Another important source of information is polarization because surfaces polarize incom-
ing unpolarized radiation by reflection and particles polarize by scattering. In both cases, a
strong dependence of illumination vs. observation geometry exists, and the degree and angular
distribution of the polarized radiation is determined by surface reflectivity and roughness, and
particle scattering efficiency and shape. Polarization calculations require the expansion of ra-
diances into vertically and horizontally polarized components which are elements of the Stokes
vector L = (I,Q, U, V):

I = I,+1,

Q = Ii—1, (12)
U = Icos2asin2f

V = Isin2p3



NWPSAF-EC-TR-005
Microwave radiative transfer Version 1.0

NWP SAF modeling in clouds and precipitation May 10, 2004

The (v,h) are defined by a plane between the incoming and scattered /reflected radiation beams.
v’ represents the vertical component and ’h’ the parallel component to this plane. Angle (3
defines the orientation of the vector L with respect to the ’h’-direction while « stands for
the ellipticity of the polarization. The sign of o describes the sense of rotation, i.e., the sign
of the phase (®) difference between I, and I,. Elliptically polarized radiation represents the
most general definition form for polarized radiation with special cases of unpolarized, linearly
polarized, and circularly polarized radiation thus I, = I, = 0; I, = I,,®, = ®,; and
I,/I,=1,%, = &, + 7/2, respectively.

The consequence for the radiative transfer equation (8) is that all radiance terms become
(Stokes) vectors, scattering and extinction coefficients become matrices while the scattering
phase function also becomes a matrix:

d o ! ! ! ! ! ! !
iuw — L(z, 5, ¢)_%/ I(z, 1, ¢")P(£p, ¢; 1, ¢')dp'dd’ — (1-wo)B[T(z)] (13)

-1

L is the Stokes vector representation of the scalar intensity, B is in fact scalar because blackbody
emission is unpolarized [B = (B,0,0,0)], M denotes the 4 x 4 scattering matrix (Mueller
matrix), and w, has also become a 4 x 4 matrix determining the amount of scattering per
component. The latter expansion is only required if scattering by non-spherical particles is
included, otherwise w, remains a scalar.

Since scattering is always described in the local scattering geometry (as is the polarization),
i.e., in reference to the plane determined by the incoming and scattered radiation beams with
a particle at the center, a coordinate transformation has to be carried out before and after the
scattering event with respect to the (u, ¢; i', ¢') coordinate system:

P(u, ¢4/, ¢') = F(iz — m)Q(cosO)F (ir) (14)

F represents a rotation matrix:

1 0 0 0
: 0 cos2t —sin2i 0
F(i) = 0 sin2i cos2i 0 (15)
0 0 0 1
The most general form of the scattering matrix Q is:
M2+M3-5M4+M1 Mz—M3;-M4—M1 523 + 5'41 —D23 _ 1)41
Quoso) = | g T g 2 Smm g Dt ba (16)
Sos + Sa1 Sos — Sa1 So1 —Sza —Day + D3y

Dyy + D3y Dyy — D3y Dy + D3y S91 — S3a

with amplitude functions M;, S;;, and D;; to be obtained from Mie—calculations (van de Hulst
1957).
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(16) can be reduced to a more simple form for spherical particles:

Ma+M; Ms—M,; 0 0
2 2
Ms—M;  Ma+M; 0 0
Q(cosO) = (2) (2) Sy —Da (17)
0 0 Dy Sy

Other simplifications apply for particles with less general symmetry than spheres.

For low microwave frequencies (<20 GHz) and little precipitation, the scatterers may be
treated as dipoles thus the Rayleigh scattering formulae for the azimuthally averaged phase
function apply with:

3 ] !
P (ps ') = 7 |200= ) (1= %) + 4 (18)
3 3, 3
Pio(tps, ') = 427, Por (s, ) = 107%, Poo(kp ) = 5

2.3 Boundaries

Downwelling radiation from space is commonly approximated by B(2.7K) for all incidence
angles. Surfaces can be treated as reflectors which are specular for, e.g., a calm water surface.
In that case, the Fresnel equations apply which translate to a reflection matrix:

(rof+ /2 (ol =2 o 0
_ | Urel® = [ral®)/2 (Iro® + [ral?)/2 0 0
Rage (i, ') = 0 0 Re(ryrpx)  —Im(ryry*) (19)
0 0 Im(ryrp*)  Re(ryrpx)

Superscript '*’ denotes the conjugate complex. With reflection coefficients for a medium with
complex permittivity e = ¢ —i¢€”:

_ p=pr+e
i) = p+p)?+ ¢
_ @p=p’+('p—0q)’
N 7R T .
1 ! 2 12 12 ! 2 2
p = E{[(e—u—l)—i-c] +(e—u—1)}

q = i { [(6, —u— 1)2 + E//2] 1/2 B (GI — - 1)2}1/2
V2

Surface transmissivity is neglected in most cases assuming a penetration depth d, = v/¢'\/(27¢")
which is & 0 so that €;. = 1 — Rgge becomes a matrix in (5). Most natural surfaces, however,
are rough so that —at least theoretically— bistatic reflection coefficients have to be calculated
giving the fraction of scattered radiation for any incidence and scattering angle combination.
Another approximation to surface reflection is represented by a Lambertian reflector for which
the distribution of reflected radiation is isotropic over all angles.

7
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3 Radiative transfer models

3.1 Principles

The major problem for radiative transfer modeling is the solution of (3) with (5) because
layer interaction can not be solved analytically in case of scattering. Here, simplifications
and numerical approaches are required. So far, the radiative transfer equation was expressed
by scalar radiances or Stokes vectors in dependence of e.g. zenith angle. Depending on the
application and the required accuracy (in particular when multiple scattering is included),
even plane—parallel radiative transfer —which assumes constant medium properties in horizontal
directions— requires the integration of scattered radiances from the upper and lower half-space
into the observation direction. This already appeared in (3).

The angle dimension is treated in the same way as the elements of the Stokes vector or the
Mueller matrix so that the dimension of the vectors/matrices does not change. Then:

r I(Mz‘)
L(M) )
L= | .. ] Lw-= 8&‘; (21)
L) V()
P(,Ullvlu'l) P(,U'n;,ul)
P(u, i) =
P(u1, pin) oo Plpin, pn)

This aims already at the numerical integration of incoming and scattered radiances into the
observation direction by a simple matrix—vector multiplication. To replace the integration by
a summation, the Gaussian quadrature formula provides an accurate means for integration in
the interval of [-1,1]:

/ S 3 o f(n) (22)

t=—m

At microwave wavelengths, usually less than 16 discrete angles provide enough accuracy, at
infrared /visible wavelengths a higher number is required to resolve the stronger anisotropy of
the radiance fields.

As mentioned above, the azimuthal dependence is mostly neglected due to the lesser degree
of anisotropy. If included, it involves a separation of angle dependencies for the phase function
and intensities:

WE
M=

Pu, o34, ¢') = GPT () Pl (1) cos(¢' — ¢)
m;Ol:m
L(zp ) = D L"(zm)cos(¢' - 0) (23)
m=0
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where the P/™ denote the associated Legendre polynominals and:

(I —m)!
(I+m)l’

Som = {1 m =0 (24)

o = (2= 0om)@y l=m.N, 0<m<N

0 otherwise

Egs. (2) and (3) would be formulated for each mode I™ and summed according to (23) after
integration in the y—dimension. However, in our case this costly procedure was avoided through
the azimuthal averaging.

The equations for the differential radiative transfer have to be formulated for discrete layers
assuming that the optical properties do not change through the layer (e.g. by following the
layer structure of the input data). Most of the time, the layer temperature is taken to be
the average between the bounding levels; however, for optically thick media this assumption
produces uncertainties (see below).

The basic formulation originates from the interaction principle, i.e., the linear superposition
of contributions from adjacent layers:

L; = T Ly+RLf+S (25)
L = T'Ly +R'L, +S*
where '+’ and ’-’ denote the upwelling and downwelling radiances, respectively, and T, R,
and S denote the transmission, reflection, and emission operators. At bottom and top of the

atmosphere, Ly (z*) = B(2.7K) and at the surface T~ = 0, R~ is taken from (19) while
St = €stc[B(Tsfes 141),0,0,0;...; B(Ty e, 1), 0,0, 0].

3.2 Emission

In case of pure emission all reflection matrices are zero and all transmission matrices only
contain the diagonal elements so that (neglecting polarization at this point):

L; = T Ly+S (26)
L{ = T'L{ +S*
with:
exp(—kAz/ £ 1) ... 0
T = 0 0 (27)
0 o.exp(—kAz/ + py)

11— eop(—kAz/ % )] B(T)
(1 — eap(—kAz/ % 1)) B(T)

9
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For optically thin layers 1 —exp(—kAz/ 4 ;) ~ kAz/+ ;. This can be further simplified if only
one zenith angle is used, so that if only the first two elements of the Stokes vector are needed
(e.g. to include polarization introduced by surface reflection) (26) has only two elements. This
is the form used in current numerical prediction models. Please note, that for the source terms
in (27), it was assumed that temperature is constant within the discrete layers. More accurate
is a modification to a linear change of temperature with depth. In case of no scattering this
can be directly calculated from (46) while for scattering atmospheres, this has to be explicitly
included in the numerical integration of layer properties (for details see following chapters).

3.3 Scattering: Doubling/adding

In case of scattering atmospheres, the reflection and transmission matrices include terms
of the scattering phase function. The numerical procedure called ’doubling-adding’ treats the
multiple scattering in layers and the integration of radiances throughout the atmosphere along
the following line (e.g. Plass et al., 1973):

1. Starting point is a layer with constant optical properties in the atmosphere (say the up-
most layer). This layer has to be divided into sublayers for which single scattering can be
assumed. This is usually the case for optical depths < 107°. For a sublayer initial reflec-
tion and transmission matrices are calculated. There are various initializations available
which produce less different results in the microwave region than at shorter wavelengths
(Wiscombe, 1976a). Here, the single-scattering initialization of Chandrasekhar (1960)
was implemented:

- %M‘IPJ"AA& (28)
T = E— M '%kAz+ %M‘lPHAkAz
M1 .. 0 ar ... 0
M =0 ... 0, a=[0 ... 0
0 ... U, 0 ... a,

where the a; are the weighting coefficients of the Gauss quadrature as in (22). The
notation of P** represents the phase function at discrete angles y; where the first sign
stands for the direction of the incoming radiance and the second for the scattered radiance.
Positive signs refer to the lower half space while negative signs refer to the upper half
space. The initial operators are independent of viewing direction so that an exchange of
viewing direction has no effect. The source term vectors remain as in (27).

2. If two adjacent layers are added (or doubled in case their optical properties are identical)
the exiting radiances at top and bottom are:

L; = T12LI + R21L—2'— + Si2 (29)
L = Tiol] +RoiLg + S1o

10
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and those at the layer interface are:

LI = TOILE + R10L—1|_ + SOI (30)
Lir == T21L; =+ R12LI + Sl()

L, and L§ can also be formulated using combined layer operators:

L, = To2Ly + RaoLj + So2 (31)
La— == T20L—2|— + R02L6 + Szo

By inserting (30) in (29) and rearrangement, the combined operators from (31) can be
obtained from:

Rzo = Ra; + T2 RyoT2 (32)
Toz = Ti2I'Ton
So2 = Siz2+ T12I' (So1 + R10S21)

o0

' = [E — R,10:R12]_1 = Z(RIORH)i
=0
and
Ro2 = Roi+ T10T R12To1 (33)

Ty = Tl Toy
S20 = Si0+ T10I'"(S21 + R12S01)
rt = E — R12R10]_1 = Z(RIZRIO)i

i=0
The factors I'* can be interpreted as a multiple reflection / scattering factor.

3. This is carried out successively until the full layer operators are calculated. The sublayer
combined operators are computed for optical depths which double the optical depth of
the previous layers (starting with the initial layer with kAz < 107°), thus this procedure
is called 'Doubling’. All layers of the atmosphere can be treated in the same fashion.
As mentioned above, for optically thick media the assumption of an average temperature
throughout the doubling process produces errors. For a temperature that changes linearly
with optical depth, the adaptation of B(T') = By+ B;z with z at each doubling step gives
much better results.

4. Layers with different optical properties for which the doubling procedure was carried out
previously are then combined using the same formulae thus this step is called ’Adding’.

In case of strong scattering, small deviations from the normalization condition given in (4)
may occur which may amplify during the doubling process and violate the flux conservation.

11
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This is due to the increasing complexity of the phase function with increasing g which may
be undersample by the chosen number of discrete angles. The flux conservation condition is
expressed as:

D a(Pft+ P =2, j=1m (34)
i=1
Wiscombe (1976b) compiles several correction methods of which the scheme proposed by Grant
is used here:
PC_;:JE = (1 + €j5ij)PZ~ji (35)
210
(P + P )

b = > a(Pit+P)
=1

Gj:

Obviously, the correction increments are only added to the diagonal elements which is where
they are small compared to the diagonal elements themselves.

3.4 Scattering: Eddington approximation

The Eddington approximation to radiative transfer represents an example for an approxi-
mative method. The approximation lies in the development of the radiance vector and phase
function to the first order so that only one angle (i.e. the observation angle) is needed and the
anisotropic radiance field is decomposed into an isotropic and anisotropic component, respec-
tively:

L(Z, “) = Lo(z) + /vLLl(Z) (36)
P(cos®) = 14+ 3gcosO

so that the source function translates to:
J(z, 1) = [1 = wo(2)] BT (2)] + wo(2)[Lo(2) + 9(2) L1 (2)] (37)
for azimuthally averaged fields. ¢ is again the asymmetry parameter.

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

N ClLEErE e (39
W) 3k [1 - wl)] {Lele) -~ BITE)])
The second derivative of e.g. L, provides:
TLE) — n(e) (L) - BT (39
N() = 32 [ - ()] [ - () () (40

12
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with the general solution:

L,(z) = Dyexp(Az) + D_exp(—Az) + B[T,] + Bidz (41)

A linear dependence of temperature with optical depth is assumed, i.e. B(T) = B(T,) + B1Az
with lapse rate B;.

The coefficients D are to be obtained from the boundary conditions, i.e., space background
radiation, surface emission and reflection as well as with the requirement of flux continuity at
the layer boundaries:

(LO — %)H* = 27 (42)
(Lo + 25;’)@ = euB(T)+ (1 —-%,4) (LO - %2)220 (43)
J Jj+1
(i) = (i)
where 1
Eoh =2 /0 €u,h (1) pdpt (44)

andh = 1.5 k(1 — w,g) and 7 denotes the i—th layer interface between j-th and (j+1)—th layer.

The Delta—approximation modifies k, w,, and g as a consequence of the approximation of
the fractional forward peak of the phase function by a delta—function:

1—g)w,
P T N (45)
1+g 1 — ¢%w,

which has proven to significantly improve the treatment of radiative transfer in two-stream—
type models in strongly scattering media. Another modification can be introduced to adapt
this model to three—dimensional problems. In that case the upward and downward directed
radiances are calculated along the slant path of satellite observations providing a first order
approximation to three-dimensional radiative transfer. For media with significant scattering,
however, large contributions to the observation originate from outside this beam, i.e., from a
larger volume than represented by a single path, so that the accuracy of this approach has
limitations.

Having derived the D, for each layer, the source terms, J, are obtained. For those layers
where no scattering occurs, the derivation of J is more exact if also the linear dependence of
temperature with optical depth in that layer is included. This dependence is usually neglected
(i.e. the layer averaged temperature is used) in clear—sky calculations. However, with increas-
ing optical depth, for example in non—scattering clouds, the effective layer temperature may
considerably differ from the layer averaged temperature. Therefore, the following solutions are

13
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obtained for upward and downward directed sources:
Az
/ J(z, 1) exp[—k(2)(Az — 2) /pldz/p = B[TL|(1 —7) + Bi[Az + p/k(r —1)]  (46)
0

/A J(z, 1) expl—k(2)z/pldz/u = BIT)(1— 1) — BylrAz + p/k(r — 1)]

with 7 = exp(—kAz/p).

4 Optical properties

4.1 Atmosphere

At microwave wavelengths, the main atmospheric absorbers are oxygen (Os) through ro-
tational line absorption between 50-60 GHz as well as 118 GHz; water vapor (H2O) through
rotational line absorption at 22.235 GHz and 183.31 GHz; continuum absorption by water va-
por and dry air. Between 1-200 GHz, stratospheric contributions are less important so that
the total atmospheric absorption can be computed from profiles of temperature, pressure, and
humidity. Models for the simulation of atmospheric absorption are based on laboratory and
field measurements under various environmental conditions and have to cover the line intensity,
width, and overlap for line absorption as a function of temperature, pressure, and humidity.
There are several databases of these measurements available as well as so-called ’line-by-line’
models which include contributions from all known absorption lines at the desired frequency.
As an example, the Millimeter Propagation Model (MPM) computes local absorption, &, (in
km~!), in terms of a complex atmospheric refractive index m, = m/, — im/ at frequency v in
GHz:

me = my+m'(v)+im"(v) (47)
ke = 0.04197vm"(v)

The above mentioned contributions are summed up in the imaginary part, m”(v) over all
absorption lines (in the case of MPM these are 44 oxygen and 30 water vapor lines).

The largest unknown in this frequency range is the water vapor continuum which is rather a
correction of a line absorption model. Since these fits are aimed at high accuracy at frequencies
near the absorption lines, there may be larger uncertainties in the window regions where the
continuum contribution dominates. Another problem is the compatibility of laboratory and field
measurements when synthesized in unified models due to representativity of measurements and
technical constraints.

4.2 Surface

For a flat sea surface, the emission and reflection could be calculated from the permittivity
of water as in (48) and from the Fresnel equations (19) and (20). Surface roughness in case

14
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of non—zero windspeeds as well as foam generation contribute significantly to the modification
of the equations. These are treated in different ways. For large gravity waves, the waves are
approximated by probability distributions of facet orientations with respect to the viewing
angle. For each facet, the Fresnel equations are applied. The distributions depend on wind
speed and direction. Facet contributions are integrated to yield the total emission / reflection.
Important to notice is that multiple reflection and shadowing of facets at larger roughnesses
may be significant

Two-scale models also account for capillary waves and small gravity waves which are su-
perimposed on the large gravity waves. Both components are treated independently where
the latter maybe obtained from perturbation theory. Important is the choice of the cut—off
frequency to distinguish between the two states. Foam contributions mainly increase ocean
emissivity and are parameterized by their fractional coverage and the permittivity of the foam
itself. Salinity plays only a role at frequencies below 5 GHz.

The above introduced radiative transfer models employ the fast emissivity model FASTEM-
2 (English and Hewison 1998) for an ocean surface-land surfaces are not yet included. An
evaluation of FASTEM-2 can be found in Deblonde (2001). The advantage of FASTEM-
2 is that it parameterizes the above effects so that computationally efficient simulations of
sea surface emissivity for most windpeeds and atmospheric conditions are possible (for 1-100
GHz). However, FASTEM-2 only generates emissivities for one observation direction and not
bistatic reflection coefficients. Therefore the off-diagonal elements in (19) are zero which is
slightly inaccurate for the doubling-adding model but insignificant for the Eddington model.
FASTEM-2 is available through the NWP-SAF and is part of the RTTOV-7+ package.

4.3 Hydrometeors
4.3.1 Particle permittivity

For conducting materials the complex permittivity, ¢ = ¢ — i€”, determines the effect of
an external dielectric field on the internal distribution of charges (over time). It is connected
to the complex refractive index of that material, m = m' — im”, through m? = ¢ thus ¢ =
m'>—m"?, " = 2m'm". Away from the relaxation frequency and for a medium in which friction
effects dominate its polarizability the Debye-equations apply:

, €5 — €0 n (€5 — €0o)WTe o

6—600+Tw27_62, G—W-Fw—eo (48)
with w = 27v and frequency v, and where 7, denotes the effective relaxation time, €, the static
permittivity (¥ — 0), €5 the high frequency permittivity (v — o0), €, the permittivity in
vacuum and o the ionic conductivity, respectively. The main effect of ¢ is the dispersion of the
phase delay induced on an electromagnetic wave passing through a medium, while €” represents
the loss of energy.

The available models for the permittivities of water and ice present parameterizations of
the above equations with respect to the dependence of their ingredients on temperature and
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frequency. Another influence is the effect of soluble materials such as salt as expressed by the
second term in (48) for €” which is only important at frequencies below 5 GHz.

For temperatures above 270 K, most liquid water permittivity models give very similar re-
sults. Beyond, their performance depends on how the sparse laboratory measurements were
fitted thus how stable the extrapolation is (see difference between permittivity models in Fig-
ures 1-3). Among the currently used models, the liquid water model of Liebe et al. (1989)
and the ice model of Hufford (1991) were chosen for all permittivity calculations (see model
compilation in Métzler (2001)).

4.3.2 Clouds

The parameterization of the microwave properties of water and ice clouds is based upon
two major assumptions: (1) maximum particle size is well below the wavelength thus the
Rayleigh approximation to particle scattering and absorption applies and the shape of the size
distribution has negligible effects on the derived properties; (2) scattering is negligible thus
clouds are treated as pure emitters and transmission, 7, depends only on cloud absorption,
thus 7 = exp(—kqps Az cos 1) with absorption coefficient kg, layer depth Az, and zenith
angle 6.

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

4 o 4
w = ’0”’§7T/ n(r)dr’ = pwgm“o’N (49)

where p,, denotes water density, r particle radius, and N total particle number obtained from
particle number density, n(r):

N = /0 o )dr (50)

The absorption and scattering coefficients, kqps,sct, are obtained from the integration of particle
absorption and scattering cross sections, Qs sct, Over the same distribution:

o 3w
kabs,sct = 7T/ Qabs,sct(rl)TIQn(T,)drl = 7rr2NQabs,sct(7n) = EQabs,sct (51)

If the Rayleigh approximation holds the cross sections are given by (van de Hulst 1957):

m?—1 m2 — 1|
Qabs = —4zIm |:m2 +2

m2 + 2

8
3

}  Qui= (52)

which are the first terms of the series expansion used in Mie calculations. z = 277/A denotes
the size parameter with wavelength A = ¢/v, speed of light in vacuum ¢, and frequency v.

After some manipulation, Eq. (52) for the absorption coefficient is simplified to:

kabs = @ [—Im (Zi :L ;)} (53)
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Table 1: Maximum single scattering albedo for water and ice clouds.
Frequency | Max. w, Water Max. w, Ice
10.7 0.00000274356  0.000165689
194 0.00000901326  0.000544395
22.2 0.0000118011 0.000712723
37.0 0.0000327860 0.00197650
50.3 0.0000606909 0.00364482
89.0 0.000192144 0.0112958
150.0 0.000563904 0.0312341
183.3 0.00122003 0.0457168
where ¢ = 0.06283813m2 kg~ ' GHz".
With m? = ¢, Eq. (53) is transferred to:
"
Kaps = b (54)

(6' + 2)2 + 6//2

and b = 0.18851441m? kg ' GHz ! which holds for both water and ice. Thus (54) requires
liquid or ice water contents, frequency and temperature as predictors as well as one of the
above models for the complex permittivity of water and ice as a function of frequency and
temperature.

Figures 1-3 present results for &, using several permittivity models (Klein and Swift (1977),
Ray (1972) and Liebe et al. (1989) for water and Hufford (1991) and Mishima et al. (1983)
for ice) at frequencies of 10.7 GHz, 50.3 GHz, and 150.0 GHz. Black lines indicate full Mie
calculations using modified Gamma-distributions adjusted to water contents. The red lines
represent the corresponding calculations from (54).

Most importantly, the assumptions made on Rayleigh approximation and size distribution
effects hold very well because no significant difference is observed between the curves at all
frequencies. Secondly, scattering coefficients are too low (see single scattering albedos, w,, in
Table 1) to justify a treament of water clouds as grey bodies rather than black bodies (emis-
sivity larger than 0.9988). However, ice clouds may cause problems at higher frequencies with
emissivities decreasing to 0.95. The small difference between Mie— and Rayleigh calculations
for ice stem from the temperature dependent real part of the complex permittivity which affects
mainly the scattering contribution. Here, the assumption of k.,; = kqps is slightly inaccurate.

For frozen particles a model for the treatment of air-ice mixtures has to be implemented
since for particles with densities below 0.917g cm 2 air is trapped inside the particle. Depending
on the distribution and shape of the air inclusions the permittivity of the mixture changes. In
our models, a rather general approach was chosen that is randomly distributed inclusions with
elliptical shapes (Bohren and Battan 1982). Three-component mixtures, i.e. melting particles
are not considered here. Depending on the application melting particles may be included in
future model versions (e.g. Bauer 2001).
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Figure 1: Extinction coefficient from Mie calculations and modified Gamma distributions (black
lines) vs. using the Rayleigh approximation and8nonodisperse distributions (red lines) for water

(a) and ice (b) clouds at 10.7 GHz.
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Figure 2: See Figure 1 at 50.3 GHz.
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Figure 3: See Figure 1 at 150.0 GHz.
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4.3.3 Precipitation

In contrast to non—precipitating cloud particles, liquid and frozen precipitation can not be
assumed to have a monodisperse size distribution at the considered frequencies. Size spectra
of all precipitating particles are usually calculated from hydrometeor water/ice contents by
exponential formulae:

N;(Dy) = Nogexp(—AyDy) (55)

with diameters D,. To a first order, the intercepts N, , are set to constant values, e.g., 0.08 em ™

for rain and to 0.04 em™* for snow or graupel. The index 'x’ refers to a specific hydrometeor
type. The slope, A, is then only a function of water/ice content, w,, and particle density, p,,

(both in gm™3):
o Noa |
A, = (”p ’ ) (56)

Wy

Equation (56) stems from the solution of the integral over size distribution for the calculation
of liquid water contents. The solution is found assuming diameter limits of zero and infinity.

Precipitation rate, R, and liquid/ice water content, w,, are defined as:

R, = ”gw / N(D,)V(D,)D3dD, (57)
0

w, = ”g”” / N(D,)D3dD,
0

With an assumption on V (D, ) and N(D,) direct conversion formulae may be calculated of the
form R, = ew].

4.4 Mie—tables

For our purpose, tables of hydrometeor optical properties are calculated for the relevant fre-
quencies, environmental temperatures, and hydrometeor contents. In the case of the doubling—
adding model, explicit phase functions are required unless parameterized phase functions are
preferred. For the sake of computational efficiency, only the Henyey—Greenstein phase function
was implemented so that only extinction coefficient, single scattering albedo, and asymmetry
parameter are to be included in the tables. These have to be integrated over the size spectrum
for each hydrometeor type:

Qe cost

~sct YOV 2
Qewt7 Qsct ) Qbsct (Dx)N(Dm)Ddem (58)

1)
™
kemt:woaga kbsct|z‘ = Z/ [Qemta
0

with backscattering, scattering and extinction cross sections Qpscr, Qser and Qeyy, average scat-
tering angle cosf at frequency v and temperature 7'.
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Table 2: Microwave frequencies included in Mie-tables.
No. | Frequency [GHz| Radiometer (channel)
1 1.4 SMOS
2 6.9 AMSR (1-2)
3 10.65 TMI (1-2), AMSR (3-4)
4 18.7 AMSR (3-4)
5 19.35 SSM/I (1-2), TMI (3-4), SSMIS (12-13)
6 21.3 TMI (5)
7 22.235 SSM/T (3), SSMIS (14)
8 23.8 AMSU-A (1), AMSR (5-6)
9 31.4 AMSU-A (2)
10 | 36.5 AMSR (7-8)
11 |37.0 SSM/I (4-5), TMI (6-7), SSMIS (15-16)
12 | 50.3 AMSU-A (3), SSMIS (1)
13 | 52.8 AMSU-A (4), SSMIS (2)
14 | 53.7 AMSU-A (5), SSMIS (3)
15 | 544 AMSU-A (6-7), SSMIS (4)
16 | 55.5 AMSU-A (8), SSMIS (5)
17 | 855 SSM/I (6-7), TMI (8-9)
18 | 89.0 AMSU-A (15), AMSU-B (1), AMSR (9-10), MHS (1)
19 | 91.7 SSMIS (17-18)
20 | 150.0 AMSU-B (1)
21 | 157.0 MHS (2)
22 | 184.3 AMSU-B (5), SSMIS (11), MHS (3)
23 | 186.3 AMSU-B (4), SSMIS (10), S (4)
24 | 190.3 AMSU-B (3), SSMIS (9), M ( )
25 |190.3 AMSU-B (3), SSMIS (9), MHS (5)

The contributions from co-existing hydrometeor types are integrated by:

E kewt,w; ] = r,s,g,h,w,z

J
Z]' wo,zc ke;ct,w
Z]‘ kewt,w
Zj Oz wo,w kezt,w
Zj wo,a: kext,w
Zj kbsct,z kezt,a:
Zj kewt,w

Indices (r,s,g,h,w,i) refer to rain, snow, graupel, hail, cloud liquid water and cloud ice.

The tables use the following discretization:
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25 frequencies covered by currently available passive microwave radiometers assuming
monochromatic center frequencies, i.e., negligible bandwidths (see Table 2).

6 hydrometeor types: rain, snow, graupel, hail, cloud liquid water and cloud ice. For
details on assumptions for size distributions and densities refer to Bauer (2001).

70 temperature indices: for liquid particles i = T — 233 K thus T € [234,303 K], for
frozen particles ¢ =T — 203 K thus T € [204,273 K].

401 liquid /ice water indices: j = 10-dB(w,) or j = 100-logi(w) thus w, € [0.001,10 gm3].
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A Program structure

The radiative transfer program package contains the following routines and files:

A routine for testing the models:

test_eddington.f90

a module containing global parameters:

mod_rt.f90

e the two models:
matrix_operator.f90 eddington.f90

e math routines for matrix inversion and for solving a system of linear equations:
minv.f90 math.f

e test input datasets (see chapter ’Comparison with other models’ in part II):
mt_cohmex op_cohmex

e corresponding output:
matrix_operator.output eddington.output

The package for the calculation of Mie-tables contains:

e The main program and subroutine library:
create_tables_spectra.f90 create_tables_1ib.f90

e a module containing global parameters:

mod_mie.f90
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The sequence of subroutine calls is:

program test_matrix_operator

loop over profiles
loop over frequencies

CALL doubling_adding

CALL set_stuff | set matrices M, A (28)
CALL set_prof | calculate all layer quantities
CALL henyey_greenstein | phase function (9), averaging (7)
CALL renormalize | ensure flux conservation (35)
CALL doubling | single layer operators
loop over number of doublings
CALL mrf | sublayer-sublayer multiple scattering term (32, 33)
CALL minv | matrix inversion (32, 33)
CALL add_t | sublayer-sublayer transmission (32, 33)
CALL add_r | sublayer-sublayer reflectivity (32, 33)
CALL add_s | sublayer-sublayer source term (32, 33)
CALL adding | combine layers
loop over layers
CALL mrf | layer-layer multiple scattering term (32, 33)
CALL minv | matrix inversion (32, 33)
CALL add_t | layer-layer transmission (32, 33)
CALL add_r | layer-layer reflectivity (32, 33)
CALL add_s | layer-layer source term (32, 33)
CALL mrf | surface-atmosphere multiple scattering term (32, 33)
CALL add_t | surface-atmosphere transmission (32, 33)
CALL add_r | surface-atmosphere reflectivity (32, 33)
CALL add_s | surface-atmosphere source term (32, 33)
end loop
end loop

end program test_matrix_operator
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program test_eddington

loop over profiles
loop over frequencies
loop over angles

CALL eddington
CALL set_prof
CALL boundary_conditions
CALL lulu

CALL integrate_source

CALL eddington
(as above)

end loop
end loop
end loop
end program test_eddington
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vertical polarization

calculate all layer quantities
get D+ and D- in (41)

solve system of linear equations

integrate J (37) over layer depths

horizontal polarization
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program create_tables_spectra

loop over frequencies
loop over hydrometeor types
loop over temperatures

CALL perm_water | parameterization of (47) for water
CALL perm_ice | parameterization of (47) for ice
CALL mg_ellips | dielectric mixing for ice

loop over liquid/ice water contents
loop over cloud droplet sizes

CALL mie_sphere | Mie single scattering properties
CALL mod_gamma_dsd | Modified gamma size distribution
end loop
CALL gamma_dsd | Gamma size distribution [(54) for exponentiall

loop over precipitating particle sizes
CALL mie_sphere | Mie single scattering properties
end loop
end loop

end loop
end loop
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