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Simulation of radiometric and attenuation measurements
along Earth-satellite links in the 10- to 50-GHz band
through horizontally finite convective rain cells
Frank S. Marzano, 1 Ermanno Fionda, 2 and Piero Ciotti 1
Abstract. An iterative solution is illustrated of the three-dimensional radiative transfer
equation for a horizontally finite and vertically inhomogeneous precipitating cloud. The
method is applied to modeling a convective rain cell of cylindrical shape, characterized by
spherical raindrops having a negative-exponential drop size distribution. The realistic
model also takes into account the presence of a cloud and an ice layer above the rain cell
itself. The simulated brightness temperature, the mean radiative temperature, and the
path attenuation are evaluated in a three-dimensional geometry from a surface
observation point in order to simulate a ground-based station with a beacon receiver and
a multichannel radiometer. Numerical results are shown to illustrate the potential of the
proposed model for different sets of frequency channels, observation geometries, cloud
sizes and types, and precipitation intensities. After generating a large data set by varying
the relevant rain cell parameters, regression analysis is applied to derive a statistical
estimation of the total path attenuation from surface rain rate and ground-based
radiometric measurements together with the frequency scaling factors for cumuliform
clouds in the 10- to 50-GHz band.

1.

Introduction

Tropospheric attenuation due to precipitating
clouds has a strong impact on terrestrial and satellite
links in the microwave and millimeter-wave bands.
For the usual elevation angles (5⬚– 40⬚) and for carrier
frequencies greater than 10 GHz, strong path attenuation has been measured in the case of cumulus
clouds and convective precipitating storms [Kozu et
al., 1988; Watson and Hu, 1992]. In the last 10 years,
microwave radiometry has proved to be a valuable
tool for estimating path attenuation and atmospheric
parameters from both ground-based and satelliteborne microwave radiometers [Westwater et al., 1990;
Pierdicca et al., 1996]. In particular, the potential of
microwave radiometry in the telecommunications
field is related to the possibility of evaluating the
attenuation statistics for given frequency bands and
geographical sites, without needing to set up expensive propagation experiments for the design of the
link budget [Schiavon et al., 1993].
The estimate of path attenuation by microwave
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radiometry may be approached by using both experimental measurements and simulated data [Crane,
1985; Fionda et al., 1991]. The use of experimental
measurements is limited by their scarcity, especially if
referred to frequency bands higher than 20 GHz.
Moreover, the determination of the fundamental
parameters by best-fit of measurements makes questionable their application to other frequencies and
locations. As a compromise, semiempirical methods
have also been proposed by using both experimental
data and theoretical considerations [Capsoni et al.,
1987]. The modeling approach is generally more
versatile since it does not require a large amount of
reference data, even though it requires a thorough
insight into the electromagnetic interaction between
the microwave radiation and the scattering medium.
The radiative transfer theory has so far been the most
used approach to take into account the multiple
scattering and the vertical inhomogeneity of the atmosphere [Ishimaru and Cheung, 1980; Stamnes et al.,
1988; Smith et al., 1992]. However, the common
hypothesis of a plane-parallel medium may not be
adequate to describe the effect of horizontal finite
dimensions of convective storms [Kummerow and
Weinman, 1988]. This means that these models are
not able to realistically address the case of cumuliform
precipitating clouds and the extreme variability of rain
within the antenna field of view [Roberti et al., 1994].
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In this paper we describe a numerical solution of
the three-dimensional radiative transfer equation for
a horizontally finite and vertically inhomogeneous
precipitating cumulus. For simplicity we assume a
cylindrical rain cell characterized by spherical raindrops having a negative-exponential drop size distribution, with cloud and ice layers above it. The simulated brightness temperature, the mean radiative
temperature, and the path attenuation can be evaluated in a three-dimensional geometry along any direction from the surface observation point. Simulation results are also shown to illustrate the potential
of the proposed model for different sets of channel
frequency, observation geometry, cloud size and type,
and precipitation intensity. Finally, regression analysis is applied to derive statistical estimation of the
total path attenuation from surface rain rate and
ground-based radiometric observations together with
the attenuation frequency scaling factors in the 10- to
50-GHz band.

solid angle d⍀ along the propagation direction subtended by the cylinder differential base d¥ so that the
vertex of the d⍀ cone is pointed by . The unit vector
ˆ⬘ indicates directions other than the propagation
ones ˆ and defines the differential solid angle d⍀⬘.
Finally, the vector  i indicates the position on the
surface S, where the incident radiation couples with
the propagation direction ˆ, and  is the optical
distance along the propagation direction from the
surface boundary S at  i .
By using the above notation, the radiative transfer
equation describing the differential variations (per
unit optical length) of the unpolarized spectral brightness temperature T B (  , ˆ ) at the location  along the
direction ˆ can be written as

2. Three-Dimensional Radiative Transfer
Model

J共  , ˆ 兲 ⫽

A solution of the radiative transfer equation (RTE)
in case of nonzero albedo is given by the iterative
method by means of successive approximations
[Tsang et al., 1985]. In this scheme the zeroth-order
solution represents the case in which the multiple
scattering is neglected. The nth-order solution is then
obtained supposing the solution of order n-1 as a
source of the multiple scattering term in the RTE,
there being a correspondence between the order of
scattering and the multiple scattering paths. In the
next section an iterative method for RTE solution is
presented for three-dimensional (3-D) absorbing and
scattering media with finite geometry, thus removing
the most common assumption of plane-parallel geometry.
2.1. Theoretical Framework
Let us suppose we have a statistically homogeneous
scattering volume V and place the origin of the
Cartesian reference system on its surface boundary S.
This choice simplifies our notation but does not
reduce the generality of our conclusions.
By referring to Figure 1a and expressing all the
distance variables in optical units, we define  as the
observation vector and ˆ as the unit vector along the
propagation direction. Within the volume V the differential cylindrical volume dV, whose position is
given by the source vector ⬘, identifies a differential

dT B 共  , ˆ 兲
d

⫽ ⫺T B 共  , ˆ 兲 ⫹ J共  , ˆ 兲

(1a)

where the so-called source function J is given by
w共  兲
4

冕

p共  , ˆ , ˆ ⬘兲T B 共  , ˆ ⬘兲 d⍀⬘

4

⫹ 关1 ⫺ w共  兲兴T共  兲

(1b)

where w is the volumetric albedo, p is the scattering
phase function (normalized to 1), and T is the physical temperature distribution within the volume. We
will consider the integral form of (1a), that is,
T B 共  , ˆ 兲 ⫽ T B 共  i , ˆ 兲e ⫺兩 i ⫺兩 ⫹

冕

i



J共  ⬘, ˆ 兲e ⫺兩⬘⫺兩 d  ⬘
(2)

where T B (  i , ˆ ) is the radiation incident on the
boundary surface at  i , coupled through the scattering phase function along the propagation direction
[Tsang et al., 1985].
Since the source function J contains the unknown
T B (  , ˆ ), equation (2) represents an integral equation whose solution is not trivial. In general, numerical and analytical approaches can be used to solve it
under the assumption of a plane-parallel scattering
medium, that is, in case of a one-dimensional (1-D)
RTE. The most used method is the discretization of
T B directions both zenithally and azimuthally, for
example, adopting the discrete-ordinate eigenvalue
method [Stamnes et al., 1988; Tsang et al., 1985]. If a
first-order zenithal and azimuthal expansion of T B in
Legendre and Fourier series, respectively, is accomplished (Eddington’s approximation), an analytical
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Figure 1. (a) Geometry for the general formulation of the radiative transfer equation (RTE) for
scattering finite volumes. All the variables are supposed to be expressed in optical units. (b) Reference
systems for the particular case of a finite circular cylinder.

solution of a 1-D RTE can be derived [Wu and
Weinman, 1984; Smith et al., 1994]. The Eddington
approximation has also been applied to three-dimensional (3-D) RTE problems having a simple volume
geometry [Kummerow and Weinman, 1988]. For more

general volume shapes the finite difference Monte
Carlo method has proved to be a valuable technique
to solve the RTE, even though requiring a large
amount of computing time [Roberti et al., 1994].
Following the theoretical framework of Brussaard
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[1985], here we want to illustrate a method to solve an
RTE for 3-D scattering problems under the simplifying hypothesis of isotropic scattering within the volume, i.e., p(  , ˆ , ˆ ⬘) ⫽ 1. The validity of the latter
assumption for atmospheric propagation will be discussed later. We also assume a constant volumetric
albedo w and a constant physical temperature T
within the volume V. The rationale of the method is
to find a solution for the source function J by a
recursive technique and then to use (2) to calculate
the observed brightness temperature. In order to do
this, it is convenient to define the angular average of
T B as
1

U共  兲 ⫽

4

冕

T B 共  , ˆ ⬘兲 d⍀⬘

(3)

4

and to reexpress the integral form of the RTE in
terms of U(  ), supposing for simplicity a null incident
radiation (this hypothesis will be removed later on),
that is,
U共  兲 ⫽

冕

function. By recognizing in the second member of
(5b) the summation of a geometrical series in the
Laplace domain, we obtain by antitransforming the
third member of (5b) [Brussaard, 1985]

冕

冘
⬁

w n关H共  兲兴 n⫹1 ⫽

n⫽0

n⫽0

(6b)

U n 共  兲 ⫽ wU n⫺1 共  兲 䊟 H共  兲

n ⬎ 0.

(6c)

Thus, using (1b), the unknown source function J can
also be expressed as a series expansion:

冘
⬁

J共  兲 ⫽ 共1 ⫺ w兲T ⫹ wU共  兲 ⫽

J n 共兲

using the following recursive relationships:
n⫽0

J n 共  兲 ⫽ wU n⫺1 共  兲 ⫽ wJ n⫺1 共  兲 䊟 H共  兲
(4a)

e ⫺兩⫺⬘兩
4  兩  ⫺  ⬘兩 2

.

(4b)

In order to solve (4a), a more compact form of
U(  ) can be written by using the convolution operator
V so that [Brussaard, 1985]
U共  兲 ⫽ 共1 ⫺ w兲T 䊟 H共  兲 ⫹ wU共  兲 䊟 H共  兲

(5a)

冋

冘

h共s兲
1 ⫺ wh共s兲

册

n ⬎ 0.

(7c)

J共  兲 ⫽

n⫽0

J n 共兲 ⫹

J N⫺1 共  兲
关1 ⫺ J N 共  兲/J N⫺1 共  兲兴

.

(8)

The physical interpretation of (7a) is that each term
J n (  ) corresponds to the nth order of multiple scattering within the volume V.
In case of the presence of the incident radiation
T B (  i , ˆ ) on the surface S of the volume, it is easy to
show that (7b) and (7c) must be replaced by the
following recursive relationships:
J 0 共  兲 ⫽ 共1 ⫺ w兲T

n⫽0

(9a)

J 1 共  兲 ⫽ w关 J 0 共  兲 䊟 H共  兲 ⫹ U共  ,  i 兲兴

n⫽1

(9b)

J n 共  兲 ⫽ wJ n⫺1 共  兲 䊟 H共  兲

n⬎1

(9c)

where

⬁

⫽ 共1 ⫺ w兲T ␦ 共s兲

冘

N⫺2

which can be easily Laplace transformed, obtaining
u共s兲 ⫽ 共1 ⫺ w兲T ␦ 共s兲

(7b)

The series truncation at the Nth term gives [Brussaard, 1985]

where dV⬘ is the differential (cylindrical) volume such
that dV⬘ ⫽ d¥⬘d  ⬘ ⫽ 兩  ⫺  ⬘兩 2 d  ⬘d⍀⬘ and the
kernel function H is given by
H共兩  ⫺  ⬘兩兲 ⫽

(7a)

n⫽0

J 0 共  兲 ⫽ 共1 ⫺ w兲T

wU共  ⬘兲 H共兩  ⫺  ⬘兩兲 dV⬘

(6a)

U 0 共  兲 ⫽ 共1 ⫺ w兲T 䊟 H共  兲

共1 ⫺ w兲TH共兩  ⫺  ⬘兩兲 dV⬘

V

U n 共兲

n⫽0

where U n is the nth term of the average brightness
temperature expansion. For (6) the following recursive relationships hold:

V

⫹

冘
⬁

U共  兲 ⫽ 共1 ⫺ w兲T 䊟

n

w h共s兲

n⫹1

(5b)

n⫽0

where u(s) and h(s) are the Laplace transforms of
U(  ) and H(  ), respectively, with s being the transform vectorial variable and ␦(s) being the Dirac

U共  ,  i 兲 ⫽

冕

T B 共  i , ˆ ⬘兲e ⫺兩⫺ i 兩 d⍀⬘

4

⫽

冕

S

T B 共  i , ˆ ⬘兲 H共兩  i ⫺  兩兲 dS⬘

(10)
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where U(  ,  i ) is the irradiance over the boundary
surface S, calculated at the input location  i .
2.2.

The theory, illustrated so far, is valid for any
volume geometry in 3-D space. For specific applications it is interesting to refer to some canonical
problems, where the volume geometry can be easily
described in a conventional reference system. Stratiform precipitation is generally modeled by horizontally infinite slabs so that the plane-parallel assumption may be applied [Slobin, 1982]. In case of
atmospheric precipitation, convective rain cells can
be idealized as finite volumes whose section and
height may depend on the precipitation intensity itself
[Capsoni et al., 1987; Mass, 1987; Kummerow and
Weinman, 1988].
In order to formally approach this problem, we will
refer to the observation and volume geometry depicted in Figure 1b. The observation point (antenna
site) is supposed to be in the origin of a spherical
coordinates system (, , ) at a distance d (d  in
optical units) from the axis of the volume V, having a
cylindrical form with radius r (r  in optical units) and
height h (h  in optical units). The observation vector
 is chosen with its extreme on the cylinder surface,
and, with respect to Figure 1a,  becomes parallel to
the source vector ⬘. Within the finite cylinder, a
cylindrical coordinate system ( z c ,  c ,  c ) is assumed
so that if  c and  ⬘c are the observation and source
vectors with respect to the cylinder origin in  ⫽ d  ,
 ⫽ /2,  ⫽ /2, respectively, then holds: c ⫽  ⫺ d ŷ
and ⬘c ⫽ ⬘ ⫺ d ŷ, with ŷ being the y-coordinate unit
vector.
Let us rewrite the recursive relationship given in
(9c) in the cylindrical coordinate system of Figure 1b,
that is,
Jn共 zc, c, c兲 ⫽ w

冕

w

冕冕 冕
0

2

⫹1

⫺1

0



J n⫺1 共  ⬘P ,  ⬘P ,  ⬘P 兲e ⫺P⬘ d  ⬘P d  ⬘P d  ⬘P .

0

(12)

It is worth noting that the advantage in using (12)
instead of (11) is that we can avoid the singularity due
to the kernel function H.
The calculation of the triple integral in (12) can be
carried out by discretizing the finite cylinder into
subvolumes, using the circular symmetry around the
vertical axis and the assumed homogeneity of the
volume. In particular, in order to derive the firstorder expansion J 1 we need to evaluate the following
integral I 1 :

冕

I1共 zc, c, c兲 ⫽

H共兩  ⫺  ⬘兩兲 dV c

Vc

⫽

冕冕 冕
0

0

⫹1

⫺1



0

e ⫺P⬘
4

d  ⬘P d  ⬘P d  ⬘P .

(13)

Dividing the homogeneous cylinder into two parts
with respect to its half height, if z̃ c is the height
symmetric to z c with respect to the half-height plane,
we can express
I 1 共 z c ,  c ,  c 兲 ⫽ Ĩ 1 共 z c ,  c ,  c 兲 ⫹ Ĩ 1 共 z̃ c ,  c ,  c 兲

(14a)

where
Ĩ 1 共 z c ,  c ,  c 兲 ⫽

冕冕冕
0

0

0

⫺1



0

e ⫺r⬘P
4

d  ⬘P d  ⬘P d  ⬘P .

(14b)

Thus, in case of incident radiation and noting that J 0
is constant (see equation (9a)), the first-order term of
the source function, given in (9c), can be calculated by
J 1 共 z c ,  c ,  c 兲 ⫽ wJ 0 I 1 共 z c ,  c ,  c 兲

J n⫺1 共 z⬘c ,  ⬘c ,  ⬘c 兲

Vc

䡠 H共 z c ,  c ,  c , z⬘c ,  ⬘c ,  ⬘c 兲 dV⬘c

Jn共 zc, c, c兲
⫽

Case of Cylindrical Finite Volume
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(11)

where V c is the finite cylinder volume. A simplifying
choice is to express (11), using a further spherical
coordinate system (  P ,  P ,  P ) with origin in the
source point P( z c ,  c ,  c ). If  P ⫽ cos  P and  0 ⫽
 0 ( z c ,  c ,  c ) is the optical distance between the
generic source point P and a point on the cylinder
surface, then we explicitly have in P

⫹ wU共 z c ,  c ,  c , z ci ,  ci ,  ci 兲

(15)

where U( z c ,  c ,  c , z ci, ,  ci ,  ci ) is the incident
average radiation on the surface border. It is easy to
show that the latter term can be derived from
U共 z c ,  c ,  c , z ci, ,  ci ,  ci 兲 ⫽ U共 z ci, ,  ci ,  ci 兲
䡠 关1 ⫺ Ĩ 1 共 z c ,  c ,  c 兲 ⫺ Ĩ 1 共 z̃ c ,  c ,  c 兲兴

where

(16a)
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U共 z ci ,  ci ,  ci 兲
⫽

1
4

冕冕
⫹1

⫺1



T B 共 z ci ,  ci ,  ci ,  ⬘P ,  ⬘P 兲 d  ⬘P d  ⬘P .

(16b)

0

For higher-order terms the recursive relationships
given in (9c) can be evaluated by
J n 共 z c ,  c ,  c 兲 ⫽ w 共1 ⫺ w兲T

⫹ w nU共 z ci, ,  ci ,  ci 兲
䡠 关Ĩ n⫺1 共 z c ,  c ,  c 兲 ⫹ Ĩ n⫺1 共 z̃ c ,  c ,  c⫺ 兲
(17a)

where
(17b)

In conclusion, (9a), (15), and (17a) allow us to
calculate the unknown source function J within the
cylindrical volume V in case of incident radiation.
Thus, by using (2), we can compute the observed
brightness temperature T B (  ,  ,  ) for any direction
(, ) and position  on the cylinder surface. In order
to derive the brightness temperature T B (  ⫽ 0,  ,  )
at the origin of the observation coordinate system of
Figure 1b, the atmospheric attenuation and emission
between the cylinder surface and the origin itself have
to be taken into account.
In many applications it is useful to introduce the
mean radiative temperature T mr (  ,  ,  ) of the
scattering volume. Referring to Figure 1b, from (2)
we can define

T mr 共  ,  ,  兲 ⬅

⫽

冕

i

J关  ⬘,  ,  兴e ⫺共⬘⫺兲 d  ⬘



1 ⫺ e ⫺共 i ⫺兲

T B 共  ,  ,  兲 ⫺ T B 共  i ,  ,  兲e ⫺共 i ⫺兲
1 ⫺ e ⫺共 i ⫺兲

冋

T mr 共  ,  ,  兲 ⫺ T B 共  i ,  ,  兲
T mr 共  ,  ,  兲 ⫺ T B 共  ,  ,  兲

册

(19)

where A is expressed in decibels. Note that the
attenuation depends on the zenithal and azimuthal
angles, i.e., on the geometry of the observation in the
3-D space.

䡠 关Ĩ n 共 z c ,  c ,  c 兲 ⫹ Ĩ n 共 z̃ c ,  c ,  c 兲兴

Ĩ n 共 z c ,  c ,  c 兲 ⫽ 1 䊟 H n共 z c ,  c ,  c 兲.

A共  ,  ,  兲 ⬅ 4.343共  i ⫺  兲
⫽ 4.343 ln

n

⫺ Ĩ n 共 z c ,  c ,  c 兲 ⫺ Ĩ n 共 z̃ c ,  c ,  c⫺ 兲兴

On the other hand, from brightness temperature
measurements it is also possible to derive the total
path attenuation A(  ,  ,  ). Referring again to
Figure 1b, from (18) we can define

(18)

where  i is the optical distance along the propagation
direction between the radiation incidence point on
the cylinder surface and the observation point. For a
partially scattering volume, we have (1 ⫺ w)T ⱕ
T mr ⱕ T, where the lower and upper limits correspond to the case of single scattering approximation
(i.e., J ⫽ J 0 as in equation (9a)) and nonscattering
medium (i.e., w ⫽ 0), respectively.

2.3. Convective Rain Cell Characterization
Convective precipitation is usually attributed to
cumulonimbi whose main features are to be horizontally finite (some kilometers) and strongly vertically
extended (up to the tropopause) [Houze, 1981; Smith
et al., 1992]. Cylindrical shape for convective rainfall
is a common idealization, and this is the reason why
we have specialized our 3-D model for finite circular
cylinders. Because of their large vertical extension
which goes across the zero-degree isotherm, cumulonimbi present liquid and ice phase in a precipitating
and nonprecipitating form [Wu and Weinman, 1984;
Basili et al., 1995]. However, as a first step, in order to
analyze the impact of the finite horizontal extension
of the rain cell on the simulated observables, we have
dealt with a simple reference case.
The reference case consists of a cylinder of radius r
and height h, having a distance d from the groundbased observation point at  ⫽ 0. The cylinder and the
space outside have been supposed to be filled with
humid air whose atmospheric profiles have been
derived from the U.S. Standard Atmosphere (1962)
[Ulaby et al., 1982], choosing a ground surface temperature T s of 21⬚C and a relative humidity of 80%.
The cylinder radius r has been fixed at 1 km, while its
height h has been fixed equal to the zero-degree
isotherm altitude, i.e., about 3 km if the thermal
gradient is ⫺6.5 K/km; the distance d has been set to
3 km so that the observation is outside the cylinder.
The rain cell was assumed to be filled by spherical
raindrops, having a Marshall-Palmer particle size
distribution (PSD) as a function of the surface rain
rate [Olsen et al., 1978] with a drop temperature equal
to the average of the rain cell bottom and top surface
temperatures (i.e., 10.5⬚C). The microwave spectral
absorption of gaseous constituents has been computed by the Liebe model [Liebe et al., 1989], while
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the extinction coefficient and scattering phase function of spherical raindrops have been derived from
the Mie theory [Wiscombe, 1978] and by integrating
over the given PSD. The emissivity model of the
ground surface (lower boundary condition) has been
chosen of Lambertian type, as a function of surface
humidity [Smith and Mugnai, 1988]. On the surface of
the cylinder a cosmic background radiation was assumed to be incident.
Aiming at more realistic simulations, we have also
adopted different schemes as modifications of the
reference case. We have assumed a horizontally infinite layer of spherical cloud particles of thickness
determined by the distance between the ⫹5⬚C and
⫺5⬚C isothermal (about 1.5 km with standard thermal
gradient) so that liquid and supercooled (above the
zero thermal) droplets have been considered. The
liquid water content of the cloud layer has been set
equal to 1 g/m 3 [Ulaby et al., 1982], and its absorption
has been derived from a relation given by Slobin
[1982]; also, cloud content values of 0.5 g/m 3 have
been considered. Above the cloud droplets a layer of
equivalent-spherical ice particles having a thickness
determined by the distance between the ⫺5⬚C and
⫺20⬚C isothermal (about 2.3 km with standard thermal gradient) has been added. A Sekhon-Srivastava
PSD has been used for ice particles in order to
compute extinction and albedo from the Mie theory
[Gasiewskii, 1993]. Multiple scattering within the
cloud and ice layers has been neglected for simplicity.
In conclusion, the realistic case of a convective cloud
consists of three parts: a cylindrically shaped rain cell,
a nonprecipitating cloud layer, and an ice-crystal layer.
The cylindrical rain cell properties have been further varied in order to extend the sensitivity studies. A
parametric form of the cylinder radius r has been
adopted in order to simulate the reasonable decrease
of rain cell horizontal dimension with the increase of
the surface rain rate R. Several models are available
in the literature [Misme and Waldteufel, 1980; Mass,
1987; Capsoni et al., 1987]. Since we were interested
in a deterministic relation between r and R for a
cylindrical rain cell, we adopted the following formula
given by Misme and Waldteufel [1980]:
r ⫽ 1.1

冉 冊
R

100

⫺0.4

(20)

where r is in km and R is in mm/h. Finally, we have
also changed in other cases the raindrop PSD, selecting the Joss one for thunderstorms [Olsen et al., 1978].
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Let us finally consider some aspects of the solution
method illustrated in the previous section. The iterative solution given in equations (9) has been derived
under the restrictive assumption of isotropic scattering. This means that the scattering phase function is
unitary, that is, its volumetric asymmetry factor g is
zero [Mugnai and Smith, 1988; Gasiewskii, 1993].
Thus it is interesting to analyze in our application to
convective rain cells the limits this condition imposes
on the simulation parameters in the 10- to 50-GHz
band, which we are interested in.
Figures 2a and 2b show the volumetric albedo w
and asymmetry factor g at 13.0, 23.8, 31.6, and 50.2
GHz as a function of the surface rain rate R for a
polydispersion of raindrops with a Marshall-Palmer
PSD. For R up 75 mm/h the albedo is always less than
0.5 and increases monotonically due to the increase of
scattering. Correspondingly, the asymmetry remains
between ⫺0.10 at 13.0 GHz, meaning that the backward scattering is dominant, and 0.15 at 50.2 GHz,
where the forward scattering is the prevailing effect.
For the intermediate frequencies at 23.8 and 31.6
GHz it is between ⫺0.05 and 0.05. Thus we can
conclude that for R less than 75 mm/h and in the 10to 50-GHz frequency band the error due to the
isotropic scattering assumption is, on average, less
than 10%.
To compute the source function J through (15) and
(17), the cylindrical volume has been divided into
subvolumes, determined by the interception of concentric cylindrical surfaces with horizontal parallel
planes. In particular, the diameter has been subdivided into 10 intervals and the height has been
divided into 20 intervals. For media with w ⬍ 0.6,
which is the rain cell case, it has been verified that a
cutoff number N of the series expansion of J, given in
(7), equal to 4 is sufficient to ensure the series
convergence. After computing J within each subvolume, the integral of (2) (or equation (18)) has been
computed through a Gauss-Legendre quadrature by
selecting the subvolumes intercepted by the propagation direction line.

3.

Simulation Results

The numerical simulations have been carried out at
various frequencies in the 10- to 50-GHz band, mainly
considering the operational ground-based microwave
radiometers at 13.0, 23.8, 31.6, and 50.2 GHz [Schiavon et al., 1993] and current experimental satellite
links, as the Italsat beacons at 18.7, 39.6, and 49.5
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elevation angles, and the impact of the geometrical
and microphysical properties of the convective rain
cell. A comparison with a plane-parallel rain cell
simulation has been also considered.

Figure 2. (a) Volumetric albedo and (b) asymmetry factor
at 13.0, 23.8, 31.6, and 50.2 GHz as a function of the surface
rain rate for a polydispersion of raindrops with a MarshallPalmer particle size distribution (PSD) in the reference
case.

GHz [De Angelis et al., 1994]. In any case, we have
supposed ground-based radiometeric and attenuation
measurements, even though the solution method
illustrated in section 2.1 could be applied also to
spaceborne observations. We have analyzed several
geometries of observation, varying the azimuthal and

3.1. Impact of Observation Parameters
Let us start by considering the reference case as
described in section 2.3, referring to Figure 1b. Figures 3a and 3b show the simulated brightness temperature T B and mean radiative temperature T mr at
13.0, 23.8, 31.6, and 50.2 GHz against rainfall rate R
for a 20⬚ elevation angle and 90⬚ azimuthal angle (i.e.,
 ⫽ 70⬚ and  ⫽ 90⬚).
For a given value of R, in Figure 3a the effect of
emission and multiple scattering due to the raindrops
increases as the channel frequency increases. Note
that the value of R, for which T B saturates, is
inversely related to frequency. The simulation results
show also distinct T B initial values for each frequency, corresponding to a rainfall rate value of 0.01
mm/h, due to the different frequency-channel sensitivity to gaseous and raindrop emission. Moreover, up
to 5 mm/h, T B values at 31.6 GHz are lower than
values at 23.8 GHz, due to water vapor emission.
The mean radiative temperature T mr of the rain
cell itself has been calculated using (18), which explains the behavior shown in Figure 3b. As R increases, the T mr generally decreases following the
decrease of the rain cell transmittance (which is
associated with an increase of the albedo). However,
as the precipitation becomes intense and at frequency
greater than 30 GHz, there appears a minimum after
which T mr tends to increase with R. This can be
explained by considering that as the albedo increases,
the additive contribution of multiple scattering to
total radiation becomes dominant with respect to the
single-scattering decreasing effect.
Figure 4a shows the simulated total path attenuation A at 13.0, 23.8, 31.6, and 50.2 GHz, derived from
(19), against rainfall rate R for a 20⬚ elevation angle
and 90⬚ azimuthal angle. It is interesting to compare
what total path attenuation we would expect if instead
of using the simulated T mr plotted in Figure 3b, which
takes into account the multiple scattering effects, a
fixed value were used. Elsewhere, such an attenuation
has been called “apparent” total path attenuation
[Ishimaru and Cheung, 1980].
Figure 4b shows the same as for Figure 4a, but for
the apparent total path attenuation. The curves,
indicated by solid lines, refer to a value equal to the
physical rain cell temperature, that is, T mr ⫽ 283.5 K

MARZANO ET AL.: RADIOMETRIC SIMULATION OF CONVECTIVE RAIN

Figure 3. (a) Simulated brightness temperature and (b)
mean radiative temperature at 13.0, 23.8, 31.6, and 50.2
GHz against rainfall rate R for a 20⬚ elevation angle and 90⬚
azimuthal angle in the reference case.

at any frequency and rainfall rate. The dashed lines in
the same plot are derived by choosing a T mr value
variable with frequency, i.e., equal to 273.4, 261.8,
251.4, and 252.6 K at 13.0, 23.8, 31.6, and 50.2 GHz,
respectively. These T mr values are obtained from
Figure 4a by averaging T mr for R ⬎ 5 mm/h at each
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Figure 4. (a) Simulated total path attenuation and (b)
“apparent” total path attenuation at 13.0, 23.8, 31.6, and
50.2 GHz against rainfall rate for a 20⬚ elevation angle and
90⬚ azimuthal angle in the reference case. In Figure 4b the
curves, indicated by solid lines, refer to T mr ⫽ 283.5 K
(equal to the physical rain cell temperature) at any frequency and rainfall rate, while the dashed lines are derived
by choosing a frequency-dependent T mr value equal to
273.7, 261.8, 251.4, and 252.6 K at 13.0, 23.8, 31.6, and 50.2
GHz, respectively (attenuation values for R ⬎ 50 mm/h at
31.6 and for R ⬎ 30 mm/h at 50.2 GHz are not shown
because T mr ⬍ T B and equation (19) is undefined).

850

MARZANO ET AL.: RADIOMETRIC SIMULATION OF CONVECTIVE RAIN

283.5 K for frequencies greater than 13.0 GHz, while a
better agreement is obtained when selecting a more
appropriate frequency-dependent Tmr value. The difference between the true and apparent attenuation is again
due to the multiple scattering process, which becomes
dominant for rain intensities higher than 10 mm/h.
The impact of varying the elevation angle is illustrated in Figures 5a and 5b, which show the simulated
brightness temperature T B at 13.0, 23.8, 31.6, and
50.2 GHz against the elevation angle for rainfall rate
R ⫽ 1 mm/h and R ⫽ 30 mm/h, respectively, again
for a 90⬚ azimuthal angle. In the absence of multiple
scattering for R ⱕ 1 mm/h the simulation exhibits a
monotonic decrease of T B with the elevation angle.
Conversely, in Figure 5b the simulation shows maximum values at  equal to 35⬚, associated with the
largest path length through the 3-D rain cell volume.
Note that this effect cannot be derived from a 1-D
RTE simulation [Ishimaru and Cheung, 1980].
Figure 6 shows the simulated brightness temperature T B at 13.0, 23.8, 31.6, and 50.2 GHz against
rainfall rate R for a 20⬚ elevation angle and two values
of the azimuthal angle, 90⬚ and 75⬚. At any frequency
the T B values for  ⫽ 75⬚ are lower than those at  ⫽
90⬚, a fact mainly dependent on the shorter optical
path length through the 3-D rain cell associated with
the received radiation in the case of  ⫽ 75⬚.

Figure 5. Simulated brightness temperature at 13.0, 23.8,
31.6, and 50.2 GHz against the elevation angle for rainfall
rate of (a) R ⫽ 1 mm/h and (b) R ⫽ 30 mm/h for a 90⬚
azimuthal angle in the reference case.

frequency; note that attenuation values for R ⬎ 50
mm/h at 31.6 GHz and R ⬎ 30 mm/h at 50.2 GHz are
not shown because T mr ⬍ T B and (19) becomes
undefined.
From Figure 4b it is noted a significant underestimation of the “true” attenuation when using T mr ⫽

Figure 6. Simulated brightness temperatures at 13.0, 23.8,
31.6, and 50.2 GHz against rainfall rate R for a 20⬚ elevation
angle and two values (90⬚ and 75⬚) of the azimuthal angle in
the reference case.
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3.2. Impact of Rain Cell Properties and Geometry
The choice of the PSD strongly affects the extinction of the raindrop polydispersion and thus the
simulated brightness temperature. Actually, rain PSD
varies with the geographic region and seasonal period, and even within the same precipitation event in
time and space. Considering again the geometry of
the reference case, Figures 7a and 7b show the
volumetric albedo and attenuation (in decibels) at
13.0 and 50.2 GHz against rainfall rate, using the
Marshall-Palmer (MP) PSD and Joss-thunderstorm
(J–T) PSD [Olsen et al., 1978], for a 20⬚ elevation
angle and 90⬚ azimuthal angle, while Figure 8 shows
the simulated brightness temperature at 13.0 and 50.2
GHz against the rainfall rate.
The behaviors in the previous figures can be explained if it is noticed that on one hand, the J–T PSD
prescribes less small drops and more big drops than
MP and, on the other hand, the J–T PSD is characterized by a much lower number of particles than MP
PSD for the same rain rate. Thus the albedo and the
optical thickness of the J–T distribution are higher
and lower, respectively, than those of the MP one so
that the corresponding T B and total path attenuation
A are smaller than the ones computed using the MP
PSD.
The impact of having a variable rain cell radius,
parameterized as in (20), is shown in Figure 9, where
the simulated brightness temperatures at 13.0, 31.6,
and 50.2 GHz against the rainfall rate are shown for
a variable and 1-km fixed rain cell radius, considering
the configuration of the reference case with a 20⬚
elevation angle and 90⬚ azimuthal angle. Equation
(20) provides values of the rain cell radius ranging
from 1.23 km for R ⫽ 75 mm/h to 43 km at R ⫽ 0.01
mm/h. Up to rainfall rates of 125 mm/h the simulated
T B with variable radius are greater than the values
obtained with a constant radius of 1 km due to larger
rainfall volumes. Conversely, for rain intensities
higher than 125 mm/h, the T B is lower since the
cylinder radius becomes less than 1 km.
Finally, a realistic convective cloud with rain, cloud,
and ice structures, as described in section 2.3, is
considered in Figure 10, considering the simulation
parameters of the reference case for the cylindrical
rain cell for a 20⬚ elevation angle and 90⬚ azimuthal
angle.
Figure 10a shows the simulated T B at 13.0, 31.6,
and 50.2 GHz due to the rain cell plus the droplet
layer, as a function of the rainfall rate. As expected,
when adding the cloud layer having a liquid content of
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Figure 7. (a) Volumetric albedo and (b) total path attenuation at 13.0 and 50.2 GHz against rainfall rate, using the
Marshall-Palmer (MP) PSD and Joss-thunderstorm (J–T)
PSD, for a 20⬚ elevation angle and 90⬚ azimuthal angle in
the reference case.

1 g/m 3 above the rain cylinder, the T B further
increases and the difference is larger for optically thin
rain cells and high frequencies. However, the cloud
effect is relevant up to values of rain rate, depending
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Figure 8. Simulated brightness temperature at 13.0 and
50.2 GHz against the rainfall rate, using the MarshallPalmer PSD and Joss-thunderstorm PSD, for a 20⬚ elevation angle and 90⬚ azimuthal angle in the reference case.

Figure 9. Simulated brightness temperature at 13.0, 31.6,
and 50.2 GHz against the rainfall rate for a variable rain cell
radius and 1-km fixed rain cell radius, for a 20⬚ elevation
angle and 90⬚ azimuthal angle in the reference case.

Figure 10. (a) Simulated brightness temperatures at 13.0,
31.6, and 50.2 GHz due to the rain cell plus the droplet
layer and (b) difference between the simulated T B due to
the rain cell plus the droplet layer and the ice layer and to
the rain cell plus the droplet layer only, as a function of the
rainfall rate for a 20⬚ elevation angle, a 90⬚ azimuthal angle,
and a 3-km distance from the cylindrical rain cell axis.
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on frequency, beyond which the rain cell emission and
scattering completely mask the cloud contribution.
Figure 10b shows the difference between the simulated T B due to the addition of an ice layer to the
rain cell plus the droplet structure considered for
Figure 10a. In this case the difference shows a
maximum value at 5 mm/h, after which it decreases as
the rain rate and frequency increase. The maximum
in the T B difference is explained by considering the
partially scattered emission of ice, which is relatively
low and is washed out by rain and cloud extinction for
R greater than 10 mm/h.
For brevity we do not show the results obtained by
varying the surface temperature T s and consequently
reducing (T s ⬍ 21⬚C for winter conditions) or increasing (T s ⬎ 21⬚C for summer conditions) the
vertical extension of the storm structures, due to the
parameterization of the rain cell top height, as described in section 2.3. Apart from geometry the
volumetric extinction and scattering of hydrometeors
also depend on temperature. In general, brightness
temperatures and total attenuations increase in summer conditions and decrease in winter conditions with
respect to the average situation of the reference case.
3.3. Comparison With One-Dimensional Slab
Results
In order to make this comparison we consider
again the reference case for observations at 20⬚
elevation angle and 90⬚ azimuthal angle. As a solution
of the 1-D RTE, we have considered the Eddington
approximation, which also enables the evaluation of
nonisotropic scattering for T B computations [Wu and
Weinman, 1984; Smith et al., 1994]. As a result, we
have found that within the rain rate and frequency
ranges considered in this work, the effect of setting
the asymmetry factor to zero (i.e., isotropic scattering) gives rise to errors for downwelling T B due to
homogeneous rain slabs less than 1 K.
Figures 11a and 11b show simulated T B at 13 and
31.6 GHz, respectively, computed from the 3-D RTE
algorithm, and the corresponding T B derived from a
slab of 3 km height with the same raindrop temperature and the same rain extinction and albedo of the
3-D case. The values for the 1-D case are higher than
3-D corresponding ones, and this difference increases
as R increases. The T B overestimation of 1-D simulations is mainly due to the higher optical thickness
and multiple scattering contribution of the rain slab
with respect to the cylindrical rain cell.
In order to explore the possibility of fitting the 1-D

Figure 11. Simulated brightness temperature against the
rainfall rate at (a) 13.0 GHz and (b) 31.6 GHz, computed by
means of the 3-D RTE algorithm and 1-D RTE algorithm
(consisting of a slab of 3 km height with the same raindrop
temperature and the same rain extinction of 3-D case).
Dashed lines indicate the results obtained by using the
modified 1-D RTE algorithm with a slab of height equal to
h eq (see equation (21)).
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where  3D and  1D are the optical thickness computed for a 3-D cylinder and 1-D slab, respectively,
and h is the cylinder height. It is clear that h eq
depends on rain rate R, frequency f, and also on the
observation geometry; moreover, for R ⫽ 0 mm/h, we
have h eq ⫽ h since the optical thickness in both the
1-D and 3-D cases is due only to the gaseous absorption, while for higher rain rate values it always results
in h eq ⬍ h for observations outside the rain cell. The
impact of using h eq within 1-D simulations is shown in
Figures 11a and 11b by dashed lines. The agreement
between the 3-D T B and the corresponding 1-D
values is quite good at 13.0 GHz for any rain rate
value, while at 31.6 GHz the agreement is satisfactory
only for rain rates less than 20 mm/h. This means that
under the approximation of isotropic scattering, 3-D
effects on T B can be effectively approximated by a
modified 1-D RTE model of the convective rain cell
only for cases where the albedo is less than about 0.15
where the multiple scattering contribution is quite
limited. From another point of view, the 3-D geometry causes electromagnetic radiation to go outward
from the cylinder and to be lost by the ground-based
receiving antenna [Roberti et al., 1994]. In the limiting
case of a cylinder with an infinite radius, the 3-D
results tend to coincide with the 1-D slab ones for any
albedo.

4. Attenuation Prediction in the 10to 50-GHz Band

Figure 12. (a) Total path attenuation at 18.7, 23.8, 31.6,
39.6, and 49.5 GHz as a function of the total path attenuation at 13 GHz and (b) total path attenuation at 13.0, 18.7,
23.8, 39.6, and 49.5 GHz as a function of the total path
attenuation at 31.6 GHz, using all the simulated data set for
a 20⬚ elevation angle. Linear best-fittings are also shown.

slab simulations to the 3-D results, we have defined
an equivalent height h eq of the slab as follows:
h eq 共  ,  ; R, f 兲 ⫽

 3D
 1D

h

(21)

The ensemble of numerical simulations carried out
varying all the simulation parameters has allowed us
to construct a fairly large data set of total path
attenuations and downwelling brightness temperatures due to finite convective rain cells. Note that the
data set basically contains results for observations
outside the rain cell with an elevation angle of 20⬚,
also considering the presence of both gaseous and
cloud absorption. In the following equations involving
T B and A we have indicated explicitly only the
dependence on the channel frequency with respect to
the more general expressions given in (18) and (19).
4.1. Attenuation Frequency Scaling
Figure 12a shows the total path attenuation at 18.7,
23.8, 31.6, 39.6, and 49.5 GHz as a function of the
total path attenuation at 13.0 GHz using the whole
simulated data set, while Figure 12b shows the same
at 13.0, 18.7, 23.8, 39.6, and 49.5 GHz as a function of
the total path attenuation at 31.6 GHz. In these
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figures, solid lines represent the linear best-fit curve
at each frequency.
As already noted, the total path attenuation
strongly increases with frequency. Besides, a linear
frequency scaling technique seems to be suitable for
propagation purposes in the 10- to 50-GHz band.
Thus statistical relationships to estimate the total
path attenuation A (in decibels) from corresponding
values, known at other frequencies, can be expressed
in the following way:
A共 f j 兲 ⫽ a 0 ⫹ a 1 A共 f i 兲

(22)

where f i is the prediction frequency and f i ⫽ f j . Table
1 shows the values of the frequency scaling coefficients a 0 and a 1 for f i ⫽ 13.0 and 31.6 GHz. The
root-mean-square (rms) error increases with frequency, the correlation coefficients always being
higher than 0.9. Note that in order to estimate the
total path attenuation at 49.5 GHz, a quadratic best
fit would give a slightly better rms error equal to 6.114
and 3.428 dB using radiometric channels at 13.0 and
31.6 GHz, respectively.
4.2. Using Radiometric and Meteorological
Measurements
At a given frequency, attenuations greater than
10 –15 dB cannot be generally inferred from radiometric measurements at the same frequency, because
of saturation effects in T B and radiometric noise. This
problem can be tackled by using radiometric channels
affected by a low atmospheric extinction and by
adopting a frequency scaling approach.

Table 1. Frequency Scaling Coefficients a 0 and a 1 ,
Given in Equation (22), to Derive the Total Path Attenuation A (in Decibels), Using Total Path Attenuation for a
20⬚ Elevation Angle
f,
GHz

a0

a1

RMS,
dB

18.7
23.8
31.6
39.6
49.5

0.284
1.171
1.375
3.306
9.132

f i ⫽ 13.0 GHz
1.956
0.250
2.959
0.737
4.487
1.942
5.823
3.695
7.050
6.559

13.0
18.7
23.8
39.6
49.5

⫺0.218
⫺0.193
0.377
1.291
6.324

f i ⫽ 31.6 GHz
0.216
0.426
0.427
0.594
0.561
0.549
1.315
1.239
1.619
3.740

Correlation
Coefficient
0.999
0.995
0.986
0.970
0.938
0.986
0.993
0.997
0.997
0.980

Figure 13. Total path attenuation at 18.7, 39.6, and 49.5
GHz as a function of the simulated brightness temperature
at (a) 13.0 GHz and (b) 31.6 GHz, using all the simulated
data set for a 20⬚ elevation angle. Quadratic best-fittings are
also shown.

Figures 13a and 13b show the total path attenuation at 18.7, 39.6, and 49.5 GHz as a function of the
simulated brightness temperature at 13.0 and 31.6
GHz, respectively, using the simulated data set. We
have considered also the predictor at 31.6 GHz
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Table 2. Prediction Coefficients b 0 , b 1 , and b 2 , given in
Equation (23), to Derive the Total Path Attenuation A
(in Decibels), Using Downwelling Brightness Temperature for a 20⬚ Elevation Angle

gaseous and cloud attenuation, while the cited references only consider rainfall contribution.

f,
GHz

b0

18.7
39.6
49.5

0.7863
1.1361
3.5685

18.7
39.6
49.5

1.8416
4.0355
6.6330

An iterative solution of a 3-D RTE has been
described and applied to simulate radiometric and
attenuation observations of cylindrical rain cells at
frequencies beyond 10 GHz. The complete cloud
model takes into account the presence of liquid and
ice hydrometeors, so that it produces results representative of convective storms observed from groundbased radiometers along Earth-satellite paths. The
impact of different drop size distributions and variable rain cell radii has been also evaluated. Simulation results have shown some typical effects due to the
3-D volume properties, such as an absolute maximum
of observed brightness temperatures with elevation
scanning in case of intense precipitation and a relative
sensitivity to azimuthal variations in antenna pointing.
Comparisons between 3-D rain cell and 1-D rain
slab results have shown significant differences in
simulated brightness temperature and path attenuation values. An equivalent slab height has been
introduced in order to reduce these discrepancies for
rainfall albedo less than 0.2, an assumption which is
basically valid at 13.0 GHz for any rain rate and at
31.6 GHz for rain rates less than 20 mm/h.
On the basis of the data set of simulated observations of cylindrically shaped convective clouds, frequency scaling coefficients for estimating the total
path attenuation have been derived for Italsat channel frequencies supposing an observation outside the
rain cell. Moreover, statistical prediction of the total
path attenuation has been also proposed using either
surface rain rate or brightness temperatures measured by ground-based microwave radiometers. Dif-

RMS,
dB

Correlation
Coefficient

f i ⫽ 13.0 GHz
0.0071
0.0002
0.1032
0.0004
0.1911
0.0003

0.430
3.353
5.815

0.975
0.968
0.950

f i ⫽ 31.6 GHz
⫺0.0372
0.0002
⫺0.0833
0.0006
⫺0.0838
0.0007

1.682
2.309
2.144

0.632
0.853
0.906

b1

b2

because unlike the 13.0-GHz channel, it is available at
most ground-based radiometric stations.
From the results shown in the preceding figures, an
estimation of the total path attenuation A (in decibels) can be derived directly from ground-based
brightness temperatures T B (in kelvins) using a quadratic relationship, that is,
A共 f j 兲 ⫽ b 0 ⫹ b 1 T B 共 f i 兲 ⫹ b 2 T B2 共 f i 兲

(23)

where f i is equal to either 13.0 or 31.6 GHz, while the
total path attenuation is evaluated at one of the
operating Italsat beacons at 18.7, 39.6, and 49.5 GHz.
Table 2 shows the values of the prediction coefficients
b 0 , b 1 , and b 2 for f i ⫽ 13.0 and 31.6 GHz. Note that
because of the saturation effects noted in Figure 13b,
the regression coefficients for f i ⫽ 31.6 GHz are
valid only for T B ⱕ 230 K.
It is also interesting to derive, from the simulated
data set, statistical relationships to estimate the total
path attenuation (in decibels) from the surface rain
rate R (in mm/h) by means of a usual power law:
A共 f j 兲 ⫽ ␣ R ␤

(24)

where ␣ and ␤ have been calculated by using a
regression technique. Table 3 shows the values of the
prediction coefficients ␣ and ␤ for frequencies f j
ranging from 13.0 to 50.2 GHz. Note that in Table 3
the ␤ coefficients are smaller than the ones proposed
in the literature [International Telecommunication
Union, 1990; Maggiori, 1981], which are given for
specific attenuation, i.e., dB/km. The noted discrepancy mainly depends on the rain cell finite geometry,
which yields optical thickness values smaller than
those of an equivalent rain slab, as pointed out in
Figure 11. Moreover, in our case we also included

5.

Conclusions

Table 3. Prediction Coefficients ␣ and ␤, Given in
Equation (24), to Derive the Total Path Attenuation
A (in decibels) for a 20⬚ Elevation Angle, Using
Surface Rainfall Rate (in mm/h)
f,
GHz

␣

␤

RMS,
dB

Correlation
Coefficient

13.0
18.7
23.8
31.6
39.6
49.5

0.2072
2.2156
4.2120
5.0990
7.7919
14.970

0.8235
0.2955
0.2584
0.3166
0.2964
0.2216

0.221
0.590
0.523
0.629
0.613
0.501

0.961
0.810
0.805
0.811
0.799
0.773
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ferences with analogous relationships reported in the
literature have been mainly attributed to the impact
of 3-D geometry on the simulation results, an aspect
not generally taken into account in the considered
references. Future work will focus on comparing
attenuation predictions, based on the proposed
model, with experimental measurements of colocated
multichannel radiometers and satellite beacon receivers.
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