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Abstract. In the present paper, the problems of formation and obser-
vation of spatial and angular distribution of thermal radiation of raining
atmosphere in the millimeter wave band are addressed. Radiative trans-
fer of microwave thermal radiation in three-dimensional dichroic medium
is simulated numerically using high performance parallel computer sys-
tems. Governing role of three dimensional cellular inhomogeneity of the
precipitating atmosphere in the formation of thermal radiation field is
shown.
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1 Introduction.

Investigation of atmospheric precipitation with space borne instrumental obser-
vations (see the Fig. 1) is one of most important problems in remote sensing. The
possibility of retrieving rain intensity from microwave observations was demon-
strated in 1968 with the results of Cosmos-243 space-borne experiment [1]. Rain
precipitation zones over the sea were identified and rain intensity was estimated
from radio brightness temperatures at wavelengths 0.8, 1.35 and 3.2 cm.

Further development of techniques of space-borne precipitation observations
was related to the DMSP satellite with the microwave radiometer SSM/I [2] on
board, operating in the wavelength band 0.35 — 1.6 cm. Precipitation zones have
been determined as low radio brightness areas at 0.35 cm wavelength because of
high single scattering albedo of big rain droplets. Also, microwave radiometry
of rain precipitation has been performed from the TRMM satellite. At present,
the GPM (Global Precipitation Mission) project is under development.

Due to this and other directions of research, the interaction of microwave ra-
diation with precipitation and clouds of various types is now extensively studied
[3,4]. Many of them consist of non-spherical particles, having prevalent orien-
tation like falling raindrops. In contrast to macroscopically isotropic media, in
these media dichroism plays a key role in the generation and propagation of the
radiation. These effects together with spatial inhomogeneity of the medium and
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underlying surface require consideration of radiation fields in three-dimensional
inhomogeneous dichroic media.

The flat layered medium model, which has been widely used for simulations
during long time, is now well studied and developed [5-8]. However, it does
not completely describe radiative fields in spatially inhomogeneous atmospheric
precipitation. Understanding of impact of the three-dimensional effects on the
microwave radiative transfer (RT) is critically important for correct interpreta-
tion of the passive radiometric measurements.

Three-dimensional RT codes were first applied to the microwave atmospheric
studies [9]. Since that, there have been several published studies considering mi-
crowave RT in space-borne remote sensing, and how it is effected by inhomo-
geneity [3] and dichroism [6].

However, to the authors’ knowledge, only a very few numerical studies of
vectorial RT in three dimensional anisotropic scattering media are published [4].
This paper is motivated by the need for theoretical assessments of intensity and
polarization of thermal radiation of rain precipitation, observed by a space-borne
microwave radiometer. The focus of the present study is on rain instead of cloud
ice mostly studied by [4]. This work also differs from [4] in that it was largely
an algorithm comparison study focused on ground based viewing geometry of
rain, rather than space-borne one. In addition, several different wavelengths are
used in simulations to investigate capabilities of multi-spectral radiometry for
retrievals of rain intensity.

MICROWAVE
RADIOMETER

Fig. 1. Schematic view of the space-borne radiometry experiment.
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2 Physical model of radiative characteristics of the
medium.

In the present study, two models of raining atmosphere (uniform flat layer and
three dimensional cubic rain cell) are investigated and compared.

In the rain cell model, the contribution of vertical side walls in radiative
balance between the cell and surrounding medium is essential. Following to [4],
we chose a cubic rain cell model (3 x 3 x 3km ), uniformly filled with falling
raindrops. These dimensions are close to the typical size of realistic rain cells
[10] and characteristic scales of spatial inhomogeneity in stochastic RT models
in rain [11].

Physical (thermodynamic) temperature in the atmosphere is non-uniform
and decreases with height T = (300 — 7z) K, where z is a height in km.

The underlying surface (Fig. 2) is approximated with a horizontal flat nearly
isotropically radiating gray surface with partial lambertian reflection. Thermal
radiative emission of the heated underlying surface is slightly vertically polarized
[12]. In the millimeter wave band, this model provides a reasonable approxima-
tion for most terrestrial soils and vegetation covers. Radiative absorption by
the liquid phase water clouds [13] and atmospheric gases is taken into account
separately.

Underlying surface in the flat layer model is either black ( lambertian re-
flection coefficient R = 0) or gray (R = 0.25). In the cubic rain cell model, the
underlying surface within the square bottom of the cell is also black or gray as
well as in the uniform slab model. Outside the bottom surface, it is totally black
(R = 0). The temperature dependence of dielectric properties of liquid water
have been ignored, thus the properties of the medium have been assumed to be
constant in the whole height range of the cell or the slab. All the dielectric prop-
erties of the water have been evaluated for T' = 0°C. Accounting for the height
gradient of the temperature in the problem under consideration thus reduces
to the temperature dependence of the Planck function in the RT equation and
boundary conditions on the rain cell side walls.

Complex dielectric permittivity of the liquid water obeys the Debye formula

(14]
Es — €0
— -5 =0 1
=St T AN e
where
gs+ 2
AN =277, —— 2
WTp&‘o—'—Z’ ( )

g5 — static dielectric permittivity of liquid water (at frequencies v <« 1/7,), g9 &~
4.9 — optical dielectric permittivity of liquid water (at frequencies v > 1/7,),
and relaxation time

2
Tp = exp {9.8 <T—|—7§73 — 0.955)} 210712 s . (3)
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The static dielectric permittivity if the liquid water is described by an approxi-
mate formula [12]

£4(T) = 88.045 — 0.4147T + 6.295 - 10~ T2 + 1.075 - 1075 T* . (4)

Geometrical model of non-spherical falling raindrops shape can be found, e.g. in
[15]. With a reasonable degree of approximation falling raindrops can be regarded
to be oblate spheroids with vertically oriented rotational axis of symmetry. The
ratio of axes of the spheroid approximately is [5]

b
—=1-0.091a )
. a, (5)

where @ — is the radius of the spherical raindrop of the equivalent volume in mm.
Raindrop sizes are distributed statistically according to Marshall-Palmer dis-

tribution [16]
n(a) = No exp(—qa), (6)

where Ny = 16000 m—3mm~!, ¢ = 8.2R~%2! R — rain intensity, mm/h.

Extinction and absorption matrices of the spheroidal particles of fixed orien-
tation can be evaluated by publicly available T-matrix codes [17].

Thus, radiative properties of the rain precipitation medium (volume extinc-
tion and absorbtion matrices) were evaluated within the physical model formu-
lated above. Obtained radiative properties are close to those evaluated in [18, 4].
It can be seen that the volume extinction coefficient decreases with the increase
of the wavelength. Simultaneously, single scattering albedo decreases, which is
in qualitative agreement with the known results for the small absorbing parti-
cles (in clouds). In addition, the longer the wavelength, the more pronounced
is dichroism (difference of the absorption and extinction between the horizontal
and vertical polarization).

3 Radiative transfer in the anisotropic scattering
medium.

Spatial and angular distribution of the intensity and polarization of thermal
radiation in the rain precipitation medium is governed by the vectorial radiative
transfer equation

(2-V)I(r, Q) = f&EI(r,Q)Jr&aB,\(TQ(z))Jr%/fc(Q, 2)I(r, £2)d82, (7)

where £2 = (g, [y, f1») — unit vector of arbitrary direction, I(z, £2) = {I,Q, U, V'}
— Stokes parameters vector of polarized radiation, 6. = 6.(§2) — extinction ma-
trix of polarized radiation in the medium, &, — vector of true absorption in the
medium, #(42,$2') — scattering matrix, By(T) — Planck black body radiation

function. Formulae for evaluation of the true absorption vector components &,
can be found, e.g., in [16].
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In the millimeter wave band at temperatures about 300 K, typical for lower
terrestrial atmosphere, Planckian black body radiation at the given wavelength
is roughly proportional to the black body temperature (Rayleigh-Jeans law).
This allows the Stokes parameters to be expressed immediately through the
equivalent black body temperature (radio brightness temperature).

Boundary problem for the vectorial radiative transfer equation in three di-
mensional cubic rain cell consists of the equation (7) and boundary conditions
for the incoming radiation at bottom and top sides of the cubic cell, respectively,
and boundary conditions at the side walls of the cube. Boundary condition on
the top surface of the rain cell is just zero boundary condition for the incoming
radiation. Boundary conditions on side walls and bottom of the rain cell account
for the thermal radiation coming from the heated underlying surface and lossy
gray surrounding atmosphere. For their exact fomulation the reader is referred
to [19].

radiometer

outgoing radiation

: - X—s absorbin
T’/// // atbmost::)hgre
' i

underlying surface

Fig. 2. Schematic view of the rain cell model geometry.

4 Radiative transfer equation in three dimensional rain
cell.

The boundary problem for the vectorial radiative transfer equation in a three
dimensional cubic rain cell consists of the equation (7)and boundary conditions
for the incoming radiation on the bottom and top sides of the cubic cell, and
boundary conditions at the side walls of the cube. Boundary conditions on the
top and bottom sides of the cube are

I(O, 2. -z > 0) = {2T1 + QTDanaOaO}a (8)
(20, £2 -z < 0) = {0,0,0,0}, (9)
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where z — unit vector of positive direction of z axis, 77 and @;— radio brightness
temperature and polarization of the underlying surface emission, Tp — radio
brightness temperature of diffuse reflection from the underlying surface, defined

by an equation
1

0
Jb/uw=—R/TWMWL (10)
0 —1

at 2 =0.

Boundary conditions on the side walls determine intensity and polarization of
the radiative fluxes, incident on the wall of the cube from the underlying surface
and heated absorbing atmosphere, surrounding the cell from side directions, as is
schematically shown in the Fig. 3. If the physical temperature of the atmosphere
is stratified vertically, fluxes going up consist of attenuated thermal radiation
coming from the periphery of the underlying surface and thermal radiation of
the atmosphere itself,

Z Z Z
d d
I(Z) = I,(0) exp 7/&2 +/mﬂ@%m f/“Z dz, (1)
Mz Hez
0 0 z

Z
QZ) = Qu(0)exp | — / j 7 (12)
0

where k is the volume extinction coefficient in the surrounding atmosphere.
Corresponding fluxes going down consist of the atmospheric thermal radiative
emissions only

z z
!
I1(Z) = /2T2(z)mexp —/ rdz dz, (13)
zZ0 z 'LLZ
Q(2) = 0. (14)
Horizontal fluxes, incident on the side walls of the cube, are

1(2) = 215(2), (15)

QZ)=0. (16)

For linear dependence of the atmospheric temperature 75 from the height
To(z) = T(0) + gradT; - z, (17)

the formulae given above yield explicit expressions, convenient for practical usage
in computer simulations.
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AZ

underlying surface

Fig. 3. To the formulation of the side wall boundary condition for the rain cell model.

The vectorial radiative transfer equation was solved by the DO method.
Corresponding discretized three dimensional equation is

b ) 0 .
Mwi%li + Myi%li + Hzi&li = —0. L + 2#%:36(91‘7 2;)a;1; + SF;(z), (18)

where £2; = {gi, fyi, 12} 1S a unit vector of direction of ¢ — th node of the
quadrature formula.

In practice, observed radiometric data are in fact a convolution of the ob-
served radiation field with the receiving antenna pattern of the instrument. [20]
concluded that inhomogeneity effects could be largely explained by the beam-
filling effect, which is essentially a straightforward consequence of averaging over
radiances that have a non-linear response to hydrometeors. In [21] this was also
demonstrated for polarized RT by comparison with the independent pixel ap-
proximation. However, the footprint size of the space-borne microwave radiome-
ter [22-25] is notably larger than typical size of the rain cell [10]. For this reason,
averaged contribution of rain cell in the registered radio brightness temperature
can be well approximated by an integral over the whole projection area of the
top and two side surfaces of the cube, as is shown in the Figure 2:

J Wz, y, Z, Q). dedy + [ W(X,y,z, 2)p, dzdy + [ I(,Y, 2, 2)p, dudz

2= 0 @) () _
[ pedady + [ pgdzdy + [ pydedz
(1) (2) (3)

(19)
| Xz,y, Z, Q). dedy + [ (X, y, z, 2)pugy dzdy + [ I(x,Y, z, 2)p, drdz
(€D) (2 (3)
XY i + X Zpiy + Y Zpt ’
where the indices (1),(2) and (3) denote integration over the top and two side

surfaces of the rectangular cell, respectively, X,Y, Z are horizontal dimensions
of the cell. For the cubic cell, which is considered here, X =Y = X = 3km.
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Assuming typical values of total water vapor and liquid water content 2 g/ cm?
and 0.5 kg/ m2, respectively, and accounting for the absorption by the molecular
oxygen [19], additional absorption coefficients 0.33, 0.066 and 0.013 km ™' for
wave lengths 3, 8 and 22.5 mm have been assumed for simulations. These val-
ues are relatively small and do not play significant role in millimeter wave band
thermal radiation field of rain, except of the weakest ones (less than several
mm /h)

5 Simulation results.

The set of simultaneous differential equations (18) together with the proper dis-
cretized boundary conditions for all the sides of the cubic cell has been solved
by the finite difference (FD) scheme (upwind differences [26]) by iterative con-
vergence to the stationary regime. Scattering integral has been approximated
by the Gaussian spherical quadrature formula of 29th order G29 [27] with 302
discrete ordinates.

Numerical algorithm was implemented and run on parallel computers ” Tshche-
byshev” and ”Lomonosov” of the Scientific and Research Computing Center of
the Moscow State University [28] with C++ programming language. Cyclically
repeated calculations of the iteration scheme were parallelized with OpenMP
parallel computing standard. Each scenario, dependent of rain intensity and the
wave length, has been simulated on a separate individual node of the parallel
cluster. That means, 8 or 12 processing cores were allocated for each scenario.
On the nodes with processors supporting hyper-threading technology (HTT),
it corresponds to 16 or 24 threads, respectively. Size of memory and number
of computing cores of each individual node of both parallel clusters allowed for
fully polarized radiative transfer simulations on the three-dimensional rectangu-
lar grid as large as 64 x 64 x 64 nodes with 4 x 302 = 1208 unknown parameters
at each node. Since solution in each node of the grid is updated independently
at every iteration of the FD scheme, computer code parallelization requires a
minimal effort, with the speedup nearly proportional to the number of process-
ing cores. Running time limit (72 hours) allowed to run the process until it
converged to the accuracy of the Stokes parameters 10~*K uniformly over the
whole three-dimensional domain.

There has been performed large series of numerical simulations of microwave
RT in slab layer and rectangular rain cell with different parameters (rain inten-
sity, additional atmospheric absorption and underlying surface diffuse reflection
coefficient) [29]. Angular and spatial distributions of the intensity and polariza-
tion of the outgoing thermal radiation at different wavelength has been simulated
for a number of values of rain intensity, reflectivity of underlying surface and
some other parameters, which required significant computing time on parallel
cluster with many nodes. Results of complete series of calculations are available
from the official site of the project [30]. Typical simulated three-dimensional
views of rain cell are shown in the Figures 4,5.
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Distributions of the polarization parameters Q and U of the cell with abso-
lutely black underlying surface (the Figure 4 ) do not differ significantly from the
ones of partially reflective underlying surface (the Figure 5). On the other hand,
the radio brightness temperature (the intensity, Stokes parameter I, the Figure
4) is notably impacted by the Lambertian reflectivity of the surface beneath the
cell. Roughly speaking, the cold cell bottom is partially seen through the cell’s

side walls.
300 I, K 600 -4.32391 U, K 4.70634
[ ] [ |

0 4000 m

Fig. 4. (Color online) 3D rain cell view projection. Wave length A\ = 3 mm , rain
intensity 20 mm/h, Lambertian reflectance R = 0.

Fig. 5. (Color online) 3D rain cell view projection. Wave length A\ = 3 mm , rain
intensity 20 mm/h, Lambertian reflectance R = 0.25
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From the simulation results it turns out that geometrical model of isolated
cubic rain cell, which is rough simplification of true inhomogeneous distribution
of realistic rain precipitation in the atmosphere, showed inhomogeneous distri-
bution of thermal radiation intensity and polarization. It worth also noting ap-
pearance of the third Stokes parameter U, which is observed experimentally [31],
in the simulated radiative field of the rain cell. This parameter U, which charac-
terizes the tilt angle of the radiation polarization plane, does not appear in the
layered slab medium model with the vertically oriented axes of the rotationally
symmetric particles (raindrops). The polarization plane of the thermal radiation
of layered slab medium can be tilted, if the rotational axes of the raindrops are
systematically tilted themselves [31]. The mechanisms of such raindrops’ axes
inclination (wind etc.) are, however, still questionable, and are out of the scope
of this paper. The rain cell model is therefore able to qualitatively explain the
polarization plane tilt without the tilted raindrops hypothesis being involved.

Thus, RT simulations with the cubic cell model discovered limitations of
flat layered slab model, which still largely remains the basic and most used
computational model in atmospheric radiation studies.

6 Conclusions and final remarks.

In the study presented here, extensive numerical simulations of thermal radia-
tion field in precipitating atmosphere in millimeter wave band have been per-
formed. Commonly used uniform slab model of rain atmosphere is validated
against three-dimensional rain cell model. Simulation results for intensity and
polarization of the thermal radiation have been presented and interpreted.

Obtained results can appear to be helpful for interpretation of space-borne
microwave radiometry observational data. Calculations confirm linear polariza-
tion of rain cell thermal radiation, which is about 2-3 K in average over observable
surface area of the cell.

Spatial resolution of existing space-borne millimeter wave radiometers is now
about 15-20 km, which well exceeds typical size of the rain cell. Thus, several rain
cells with different rain intensity are typically covered by the radiometer’s field
of view. Because of large contribution of underlying surface to the intensity and
polarization, it is not possible to separate it from the contribution of precipitation
(rain). To do that, one needs to improve significantly spatial resolution of the
radiometer, to make its field of view comparable to or smaller than typical rain
cell dimension. This can be acheived with millimeter wave synthetic aperture
interferometer, or with large size antenna systems with capability of electrical
or mechanical scanning.
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