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Numerical Investigation of Intense Rainfall Effects
on Coherent and Incoherent Slant-Path
Propagation at K-Band and Above

Frank Silvio MarzanpSenior Member, IEEEand Laura RobertiMember, |IEEE,

Abstract—A model investigation is carried out to analyze the I. INTRODUCTION

impact of intense rainfall on slant-path microwave propagation, . .
using a rainfall microphysical model. The effects are evaluated | N THE LAST decade space-earth link design has been

both for path attenuation, undergone by coherent radiation, strongly oriented to tackle with the optimization of com-
and for multiple scattering phenomena, originating incoherent munication systems with large-bandwidth, high availability,
radiation along the path. Atmospheric spatial inhomogeneity is  anq |ow-fade margin [1], [2]. The request of larger channel
taken into account by considering a precipitating-cloud three-di- - o ity has lead to the exploration of channels at K-band
mensional distribution, obtained from the numerical outputs )
of a microphysical cloud-resolving model. The electromagnetic @nd above. Beacon frequencies between 20 and 50 GHz have
propagation model is formulated by means of the radiative been theoretically and experimentally investigated in order
transfer theory, rigorously defining the forward coherent multiple  to develop accurate radio-propagation models [3]-[4]. When
scattering effect within this framework. The propagation modelis ysing frequency bands above 20 GHz, the atmospheric fading

applied both to simplified rain slabs and to vertically and horizon- -0 44 clouds and rain, together with scintillation, can represent
tally inhomogeneous raining cloud structures in order to compare ’ !

the impact of atmospheric models on coherent and incoherent & Strong impairment to the link budget design [5]. Intense rain-
propagation. Beacon frequencies between 20-50 GHz are consid-fall, due to convective storms, can cause severe path attenuation
ered together with elevation angles between 20- 40° and surface  of coherent radiation at K and above [6], [7].

rain rates from 1 to 100 mm/h. Appropriate sensitivity analys_ls The growing interest toward the accurate modeling and pre-
parameters are defined to present and discuss the numerical diction of instantaneous rainfall path attenuation is justified by
results. The main conclusion of this numerical study is that the im- . . .
pact of the convective rainfall structure can be significant both in the emergence of effective countermeasure techniques to mit-
determining total attenuation and to quantify multiple scattering igate outage periods on a short-term basis (if not in near-real
contribution to the received power. For intense rainfall, the use of time) [5]. The estimate of instantaneous rainfall attenuation can
a rain slab model can overestimate coherent attenuation and, at pe accomplished by adopting various models, essentially based

the same time, underestimate incoherent intensity. The analysis : . . .
of realistic raining clouds structures reveals the significance of on forward coherent single-scattering calculations and rain slab

modeling the volumetric albedo of precipitating ice, particularly ~Models [8]-[11]. In many circumstances these assumptions can
at V-band. Total path attenuation can strongly depend on the result to be unrealistic [12], [13]. The role of precipitating ice

pointing direction of the receiving antenna due to the intrinsic scattering can be significant above 20 GHz so that neglecting
variability of the precipitating cloud composition along the slant  jts contribution can lead to an erroneous evaluation of the total

path. Coupling cloud-resolving models with radiative transfer . - . . et
schemes may be foreseen as a new approach to develop statistica?ath attenuation [14]. With respect to rain, ice spatial distribu

prediction methods at Ka-band and above in a way analogous to 10N can be highly variable and difficult to be micro-physically
that pursued by using weather-radar volume data. described.

Index Terms—Cloud and rainfall modeling, earth—satellite mil- A way to approach the Chara.Ctenzatlon of precipitating
limeter-wave links, microwave propagation, multiple scattering Clouds is to resort to the analysis of weather-radar volume
effects, radiative transfer theory, rain attenuation. data processed in such a way to retrieve rainfall spatial grid

[12]. Polarimetric S-band radar techniques are suitable to this
aim as the uncertainty of raindrop size distribution within

each radar bin can be partially resolved and the identifica-
tion of hydrometeor category along the range be possibly
accomplished [13]. Inherent limitations of using radar data

. . . . are due to measurement errors and to the difficulty to quantify
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and dynamics. Nevertheless, they represent a valuable datn vertically inhomogeneous (plane-parallel) raining cloud

sources which could be used to carry out model analyses atdictures are extracted, and finally vertically and horizontally

to develop rainfall prediction techniques in the same way athomogeneous cloud structures are analyzed. The goal of this

already accomplished using radar data. inter-comparison analysis is to underline the importance of
Most approaches to microwave attenuation modeling hagensidering cloud realistic geometries together with the effect

been based on the assumption of negligible incoherent effegtdntense rainfall on slant paths. Final considerations on this

due to rain multiple scattering [17]. This choice allows one tmodel analysis are eventually given in Section V.

simplify the propagation problem by considering only the ex-

tinction mechanism for computing the total path attenuation. Il. PROPAGATION MODEL

Several studies have been carried out in the last twenty years t%\tmospheric precipitation is constituted by hydrometeors in

understand and quantify the rain incoherent effects [18]—[26%.

These approaches have been based on both the Twerskii-FO %,,hqwd, and mixed phase [15], [17], [27]. Rainfall is usually

i . . deled as a continuous medium (background) filled by ran-
multiple scattering theory and on the radiative transfer (R o . . X
omly distributed discrete scatterers. A coherent signal crossing

theory [27]. The latter theoretical framework enables the eva ich a medium is affected by the random nature of the medium

uation of all orders of scattering, even though formulated on?u
9 9 itelf. At the receiver, the partially-coherent received figlgd:)

for;p}emﬁc mttensny Off the elgctr()lmsgnst|c (e.m.l) field. can be divided into an averag& (r)) and a fluctuating? ¢(r)
€ eilrrmg 'do ? ;Jhn'to.”? :_am sfa. rvl\; eriha Ip ar:g wavel art (with a zero mean), thatis(r) = (¥(r))+ ¥ ¢(r), wherer
normaily incident, that IS 1o ine-of-sights with elevation angieg position vector [30]. The average field is usually called the

(above the horizon) of 90[25], [28], the basic conclusion Of “coherent” field, while the fluctuating one is called the “inco-

most works is that rainfall multiple scattering is negligible "herent” field. In this analysis we will consider only scalar fields

the microwave and millimeter-wave links for rain rates up t us avoiding the description of the medium effects on the po-
150 mm/h [28]. Indeed, most earth—satellite links general ¥rization state of the field

are operated with much lower elevation angles [2], [4], [29].
Available numerical results for slant-path microwave ProPag&d- Theoretical Considerations
tion have showed that, for intense precipitation and frequencies
above 20 GHz, the multiple scattering effects of a rain slab canSeveral methods have been devised in the last two decades
be significant for path attenuation larger than 100 dB [22], [2410 analytically formulate the problem and find approximate so-

The coupling of a propagation model, which includes multip! tions for the scattered field. Excellent review works descr_lbe
scattering of hydrometeors in different phases, with a numdpese efforts _[17]’ [23], [_24]’ [27]. A W?” known aperoach IS
ical cloud-resolving model simulation can open the possibili&:z one described by the integral equation of Twerskii-Foldy for
of a thorough analysis of coherent and incoherent propagati¢ coherent field [31]. Supposing a low particle density and
properties including the impact of spatially inhomogeneo&negl'g'ble particle size so tha_lt the location and the c_harac-
precipitation [26]. The capability to model (and possibly pret_erlsncs of e_ach scatterers are mdependent of the location qnd
dict) the additional receiver noise, due to precipitating-cloLRParaCte”St'CS of other scatterers (thus simplifying the statis-
incoherent effects, can be a valuable tool for a more acdif@l averaging), it can be shown thait(r)) behaves locally as
rate link budget design. This is especially true if an adapti\?e("a”e wave and satisfies the Helmhol_tz homogeneous equation
processing of the instantaneous received intensity, and not(¥ +K){(¥(r)) = 0, where the effective (complex) propaga-
average (coherent) value, has to be taken into account [5§ON constant is given by [23], [30]

In this work, a model investigation is carried out to eval-
uate the impact of intense rainfall and ice spatial distribution K=K, —jK; =k+ 2m
upon slant-path microwave coherent and incoherent propaga- " J k.
tion along earth—satellite links in the 20-50-GHz band. In

Section I, some theoretical con.sic_ierations are iIIustrate_d iR (1) K, andK; are the real and the imaginary partief k is
order to frame .the' RT 'theory.wnhln the'multlple scatteringye wave number(Q,, D) is the complex scattering amplitude
theory and to highlight its basic assumptions. Incoherent aggle single particle dependent on the scattering solid dngle
forward c_oherer_nt r_nult|ple scattering are discussed and r98fd on the particle diametd, and N (D) is the particle size
ously defined within the RT framework. The RT propagatiogjstripution per unit volume. Obviously, the terfit0, D) indi-
model is described together with the solution method basgghes forward scattering amplitude. We can apply the “forward

on the application of a finite-element technique. In Section 'Qcatteringtheorem" to the forward-scattering amplititie D)
the atmospheric model is illustrated by using the 3-D ougg re-expres&; as follows:

puts of a numerical simulation of a detailed microphysical

cloud model. Cross sections of single-scattering parameters

are shown to better interpret the subsequent RT outputs. Ser}(j = Im[K] = 1
sitivity analysis parameters are defined in order to effectively 2
plot and discuss the numerical results. The latter are exposed in

Section 1V, following the idea of an increasing complexity ofvherek. is the volumetric extinction coefficient of the medium.
the cloud geometry for RT computations. First, an equivalentConsidering that the solution for the coherent intensity
rain slab is derived from the cloud three-dimensional grid(¥(r))|? is straightforward in an uniform medium, in this

8

F(0,D)N(D)dD. (1)

(=}

47 T ke
Im ?'/f(&D)N(D)dD -5 ©
0
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case the transmission coefficieéfitof the coherent field can be holds for a medium having a volumetric density fraction less

written as follows: few percentage; the atmosphere with precipitation satisfies these
(T(ra))] ' . assumptions [34], [35]. Notice that in (5) phase effects (field

T(ra,rg) = DA ‘e‘J(K—’“)S =e~2° (3) interference) are neglected so that we are allowed to carry out

(% (r0))l the sum of the intensity due to each atmospheric contribution.

where the coherent field is supposed to be incident-atr, As usual in the context of wave propagation, in the second
with amplitude| (¥ (rq))|, while r 4 is the position vector at the member of (5) we have neglected the pseudo-source term due
receiving antenna location andthe propagation coordinateto the thermal emission of the medium [27], [32], [35].

within the medium. It was pointed out by Olsen [23] that, by

expanding the exponent of the transmission coefficieatong B- Forward Coherent and Incoherent Multiple Scattering

the propagation coordinate, the terms involvingf™ (0, D) In analogy to field amplitude, we can decompds@to a
account exactly for the coherent contribution of all forwardoherent parf. and incoherent patt;, that is from (4)

multiple scattering processes of order The denomination

“forward coherent” multiple scattering was then introduced to <|\IJ(1-)|2> = |(T(r))]* + <|\1;f(r)|2>
indicate that the multiple scattering paths between the scatterers . .
have all an in-phase component in the forward direction. = /Ic(r,s)dQ + / I;(r,s)dQ @)

If we deal with the intensity of the received field, we can de-
duce that the total intensity¥(r)|?) is the sum of the coherent
intensity|(¥(r))|2 and incoherent intensitj¥ ;(r)[2), thatis With I(r,s) = I.(r,s) + I;(r,s). Thus, substituting (7) in (5)
(T(r)?) = [(T(r)]? + (|Ts(r)]?) [24]. A set of two inte- gives rise to the following set of equations for the coherent and
gral equations for the total intensifj (r)|2) has been derived incoherent intensity, respectively:
inrogral equations have ot sppeared i Ieratire 4o far, oven{ 3 1-(F) = ~Hx1: (19 &)

’ LT (r) = keI (v.8) + [ ka(s,s) I (r,s") dQY
4

47 4

though several approximate solutions have been proposed an
compared with experimental data [27]. + [ ka(s,s') L. (r,s") dSY. (8b)
From the Twerskii integral equations for the total intensity e

a}nd, more generally, fgr the porrelatiqn functio_n ,Of the tOt%Jhe interpretation of (8a) is such that the coherent specific in-
field W(x), t_he integro-differential equation of radiative trar?Sfefensity is decreased by extinction due to the medium particle
can be derived under some hypotheses [30]. The most 'MPRstribution. This is the reason why is also called reduced in-

tant of the_latter |s_that _the co_rrelatlon functm*)m_r./ rd? is a tensity [22]. Beingl,o(ro,s) the incident coherent intensity at
slowly varying function withr, beingry the correlation distance r = ry, the solution of (8a) fo. is simply given by

vector. If this assumption holds (as for atmospheric precipita-
tion crossed by microwave radiation), the total intensity can b _ —r(ro,ra) _ = [ ke (s")as'
expressed in a mathematical form through the specific intensizf(r“" 8) = Leo(ro, s)e = Leo(ro,s)e o

9)

I(r,s) wherer 4 is the position vector at the antenna locatiofrg, ra )
9 is the optical thickness betweep(s’ = 0) andr, (wheres’ =
(le)P) = 1(r.0) = /I(r,s)dQ @ o)
dr It is important to stress that (9), also referred to as the

where dQ is a differential solid angle in the direction ofBeer-Bouguer-Lambert law [32], is identical to the solution
the unit vectors. If the intensity (|(r)[?) is expressed in of 'Fhe Twerskii Q|ﬁerentlal equation for th_e coherent |r_1ten3|ty.
[W m~2Hz"1], clearly I(r,s) is given in[W m~2Hz"lsr1]. This can _be S|mp_ly_ shqwn by expressing for the _|ntenS|ty
Using (4), the Twerskii integral equations can be convertdignsmission coefficient in case of a uniform scattering layer.
into the following integro-differential equation for the specifiét holds

IntenSItyI(L S) [30] T2( ) |<\IJ(I'A)> |2 f47r Ic(rA; S)dQ
rp,rg) = 5 =

I.(rg,s)dQ

di](r> — —k’eI(I'./S) + /kd(s7s')l(r,s’)dﬂl (5) |<\II(I'O)>| j47r (rO S)

5 P Comparing (10) with (3), the previously mentioned “forward

_ ) ) ) ] ~ coherent” multiple scattering results to be fully described by (8)
wherek,(s,s’) is the differential volumetric scattering coeffi-\yithin the RT theory.

=e k5. (10)

cient, defined by From (8b), we also realize that the incoherent specific inten-
oo sity, also called diffuse intensity, is created within the medium

ka(s,s') = / |f(s7s’7D)|2 N(D)dD. 6) by in.coherent multiple scatter_ing phenomena (second .ter.m on

the right side) and by the equivalent source due to the incident

0 coherent intensity (third term on the right side).

We can easily recognize that (5) has the form of the classicalProper boundary conditions at= ry, andr = r, should
RT equation [27], [33]. Its validity is generally ensured fobe coupled with (8). Moreover, in order to take into account the
nondense nontenuous scattering media so that, in practice,ré&eiver characteristics, we can introduce the antenna equivalent
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areaA. so that the received powélz (ra,ss) atr = r along converging [39], [40]. For the FEM solution, the specific inten-
the antenna orientation unit-vects can be expressed as [27]sity is represented by a Fourier cosine series, that is

Pr(ra;sa) = Pre(ra,sa) + Pri(ra; sa) L, 1, ) = f " (r, ) cosfm(d — do)].  (14)
- / Ao(54,8)L(r,5)d92 m=0
4 Using (14), the integro-differential equation in (13) splits
+ /AE(SA,S)Ii(r,s)dQ (11) up in M + 1 independent equations, one for each harmonic
I™(r, ). Inaccordance to FEM, the solution for eaéh(r, ¢)

ar is searched in the form [41]
wherePr has been splitinto a cohereft. and incoherenpy;

2N
component.

I™(r,p) = Y b (W) (7) (15)
C. Radiative Transfer Model =

The solution of (8b) is not an easy task, especially if consiN€redy’ (1) with k = 1, 2N is a system of basis functions
ering a three-dimensional geometry of the scattering mediJifflich are nonzero only in a finite interval. A set of triangular
[36]—[38]. Under the assumption of a plane-parallel mediuff@SiS functions can be chosen. Substituting into (13) and
(horizontally stratified), the RT equation can be simplified an@i€cting onto the conjugate space, that is using FEM in the
expressed using the coordinate@istance)f (zenithal angle), Galerkin form, a system of c_oupled differential equations is
and¢ (azimuthal angle). f_ound for each harmonic, which can be eventually solved by

Let us introduce, as a boundary condition, a collimated bedtear algebra methods. )
along the directios , incident at the top of the medium for= S & particular case of the general solution, we can con-
0 (i.e..r = ro), that is a coherent incident plane-wave whos%'der the flrst—order sca_ltterl_ng s_olutlor_l Whl_ch repre_sents a mul-
specific intensity is given by tiple scattering approximation in the iterative solution method
of successive orders of scattering. It is obtained by considering
as a source function in (13) only the term relative to the inci-
dent reduced intensity thus taking into account only the inten-
Q- Qo) sity due to waves scattered once [27]. By assuming that there is
= 110)8(p — o) (12) no incoherent downward and upward intensity at the top and at

the bottom of the layered atmosphere, respectively, the trans-

whereF is the incident flux (power) density, = cos§, and mitted first-order-scattering incoherent specific intenditys
5(2 — Q) is a solid-angle delta function witft andQ, are for 7 = 74 (i.e.,r = ry) and along the incident directian,
the unit vectors in the direction= (6, ¢) andss = (Ao, ¢o), [See (12)] is expressed by [27], [32]
respectively. Notice thak;(rg,s) = 0.

Io(ro,s4) =I0(2=0,54)
— Fyd(
— Fos(

Using the optical thickness as an equivalent distance coordi- Lirs(Ta, po, ¢o) = WTAFOP(MO, b0, 1o, ¢0)67+0A. (16)
nate and by substituting (12) in (8), the latter equation for the in- Ampuo
coherent specific intensity in a plane-parallel medium becom/gsrecursive relationship can be easily deduced to provide solu-
[27], [32] tions for higher orders of scattering.
d
;LEIi(ﬂm @) = — ko I; (T, 11, 0) [ll. ATMOSPHERICMODEL AND DEFINITIONS
w(T) ronT , The radiative transfer computations in this study refer
+ A /p(T’“’¢’“ )L (7, 1, $) A0 to physically-consistent cloud profiles obtained from the
( )4" mesoscale cloud-resolving microphysical-dynamical 3-D
w\T == -
+ (T, 11, &, 10, do) Foe 0 (13) model, called Goddard cumulus ensemble (GCE) and devel

am oped by Tacet al.[15]. In order to simulate current propagation

links and experiments, radiative transfer computations have
been performed at four different frequencies between the K-
and V-band, i.e. at 19.7, 29.6, 39.6, and 49.5 GHz (hereatfter,
also called 20, 30, 40, and 50 GHz for brevity). These beacon
frequencies have been chosen by basically collecting the
to the solid angle. It holds, = k, + k. with k, the volumetric channel frequencies of the OLYMPUS and ITALSAT satellites

absorption coefficient so that< w < 1. [4], [29].
The RT equation in the form of (13) can be numerically solved . i _
by adopting various techniques [22], [39]. In this work the rfr- Raining Cloud Microphysical Model
equation is solved by using a recently developed finite-elementThe cloud-resolving model domain consists of 64 by
method (FEM), which has shown to be accurate and quickbg pixels, that is 96 by 96 km with a horizontal resolution

where g = cosfy and the volumetric albedw is defined
by w = ks/ke, being ks the volumetric scattering coef-
ficient, while the scattering phase functignis given by
p(p,dy i, @) = Arka(p, &, 1, ¢')/ks. Notice that the defini-
tion of p in (13) is such that it is normalized tbr with respect
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of 1.5 km, sampled every 15 min during the evolution of thportional to the first moment of the phase-function expansion,
simulated storm. A single time-step, representing a matueegiven by [32], [43]

squall line over ocean in the tropical region, has been chosen for 1 / ) [ p(s, 8 ) adS2,

this numerical study. Even though referred to a specific cloud g = — /p(S, s')s - s'dQ, = f}a(s—s’m (18)
event, the ensemble of cloud vertical profiles can statistically i 4m £ 5

represent a large variety of convective cloud structures withtfe asymmetry factoy has an interesting interpretation as
freezing level between 4.5 and 5 km. it represents the averaged forward scattering @.es’ > 0)
Each pixel of the cloud-grid simulation comprises 21 verticghinus the backward scattering-s' < 0) of the particle
layers from the surface to a height of 18 km with a vertical regnsemble. From (18), it holds1 < ¢ < 1. For isotropic
olution of about 1 km. The cloud model specifies the heighcattering; = 0, while g tends to 1 £ 1) as the diffraction peak
pressure, temperature, relative humidity, cloud water, rain watgf.the phase function becomes increasingly sharpened in the
ice graupel (precipitating ice), ice crystals, and snow conteRward (backward) direction.
of each grid-cell. Rain, graupel, and snow mass densities are\n unpolarized incoming plane wave has been supposed
fixed to 1.0, 0.4, and 0.1 g cni, respectively. All hydrome- gpjiquely incident at the top boundary in= 0. A perfectly
teors’ shapes have been assumed to be spherical, even thoygibrbing surface has been considered: this assumption is
this assumption might be not appropriate especially for sngyt restrictive since only the down going radiation has to
particles. Being the simulated storm basically convective, i computed and the microwave emissivity of the ground is
mixed-phase hydrometeors (as those typical of a melting laygtherally close to 1 [12].
just below the freezing level in stratiform rain) have been con- Fig. 1 shows a GCE vertical cross sections of cloud, rain, and
sidered here. Surface rain rate has been derived by means gffpel equivalent water contents, produced by the cloud model,
rainfall model depending on the terminal velocity parameterizgsgether with the associated surface rain rate. This section refers
tion at each grid point [15]. to the liney = 48 which corresponds to the most intense con-
Cloud liquid and ice crystals have been considered to Qgctive portion of the storm.
monodisperse with a characteristic diameter of ;@28. An Values of rain and ice graupel up to 7 and 5 g#are ob-
inverse-exponential hydrometeor size distribution (HSD) hagrved aroune = 30 km where the instantaneous surface rain
been used for snow, rain and graupel. The general HSD forntige can reach about 150 mm/h. Rain spatial distribution ap-
the following N(D) = Ny exp(—AD), with the “logarithmic pears to be inhomogeneous both vertically and horizontally. The
slope” A of In[N(D)] given byA = (mpNo/L)*>°, beingL  freezing level is at about 5 km, as typical in a tropical summer
the hydrometeor equivalent water content in gnf15]. The environment. Precipitating ice graupel is mostly concentrated
“intercept” Ny of in[N (D)] is constant and equal to 0.08 T ghove the freezing level, while cloud liquid is reduced where
for rain as in the Marshall-Palmer distribution, to 0.04Cm rain water is generated by coalescence and fallout processes.
for snow and graupel. Maxima of surface rain rate are well correlated with rain and
It is worth mentioning that the assumed HSD is variable witge vertical distribution.
height if a vertical profile ofL is assigned, as in the case of a By performing the single-scattering computations as
cloud-resolving model. Using an already available hydrometeggscribed above, we can associate to the raining cloud
content necessarily imposes one of the two HSD parametefgyss-section, shown in Fig. 1, the corresponding section of
(the alternative could be to fiX and to deriveVy). The depen- the fundamental optical parameters inputs to the RT equation.
dence of the logarithmic slopeon L governs the concentrationThe top panels of Fig. 2 show the vertical cross-section of the
of larger drops (with respect to smaller ones) which signific:ant%)eciﬁC attenuatiom, in dB/km (proportional tok, through
impact hydrometeor scattering properties. This causes signi I- = 4.343 k.) at 20 and 50 GHz. At K-band4, is less
cant differences of cloud-model HSDs with respect to convefhan 15 dB/km and, by comparing with hydrometeor spatial
tional HSDs, such as the Marshall-Palmer or the Laws—Parsefitribution, it is basically due to raindrops. However, when
one [10]. oing up to 50 GHz A, can even reach values of 40 dB/km
Atmospheric gaseous absorption has been computed \pyh a predominance of rain contribution, but with a graupel
means of the Liebe model [42]. Mie theory has been usgdpact above the freezing level of the order of 10 dB/km.
for evaluating the single-scattering parameters of sphericaIBy analyzing (13), the multiple scattering source term is
hydrometeors [25]. The Heney—Greenstein (HG) approxjeighted by the volumetric albedo. Middle panels of Fig. 2
mation has been assumed for the scattering phase functigg the vertical cross-section ofat 20 and 50 GHz. Before
p(ps ¢, 1, ¢'), that is [43] commenting the figure, it should be bear in mind that, due to its
ol by ity ) = p(s,s') = p(Q) = 1—g° - de_finition,w is _relative!y small for high_ absorbing particles_ (as
(1—g2—2gu,)~ raindrops), while relatively large for highly scattering particles
(17) (as ice graupel). Indeed, numerical results confirm that values
whereg is the volumetric asymmetry factor apd = s-s’ = of w up to 0.9 are found only above the freezing level where ice
cos({2s) is the cosine of the scattering solid angle. The H@raupel is present. As expectedincreases with frequency due
choice enables an easy expansion of the phase function in tete#he fact that, when raising the frequency (i.e., decreasing the
of Legendre polynomials since the expansion moments avavelength), smaller particles begin to contribute to scattering
powers of the volumetric asymmetry factgr The latter, pro- more and more significantly [43].
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(a) CLOUD-droplet content [g/m3]

(b) RAIN-drop content [g/m?]
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Fig. 1. Vertical cross sections of: (a) cloud, (b) rain, (c) graupel, and (d) equivalent water cdgfenitstogether with the surface rain rais produced by the
GCE cloud-resolving model. The section refers to thejine 48 for the time step = 210, corresponding to the mature stage of the simulated squall line. Values
greater than 0.05/gn? are plotted with contour increments of 0.2bng® for cloud and snow, and 1/gn® for rain and graupel.

A quesfuon may be rals_ed_concerr_ur?g the prevailing direction — 2 [ GuG(sa,8)I(r,s)dQ  (19)
of scattering processes within the raining cloud. The answer can 4T
be obtained by looking at the volumetric asymmetry fagtor i

Bottom panels of Fig. 2 show the vertical cross-sectiory of WhereG)y is the maximum antenna gain a6 is the normal-

at 20 and 50 GHz. Values gfare higher where ice graupel isized (to the maximum) antenna gain pattern function, modeled

present and they are always greater than zero within the clo@g,[28]

meaning that forward scattering is giving the major contribution. B _ In(3) [sin_(oo—om] 2

Factorg increases with frequency, as expected from the Mie Gn(sa,8) =Gn(f,00) = ¢ ) (20)

theory since the scattered radiation is more and more peakRthg ¢, the pointing zenithal direction (coincident with

in the forward direction. Values gfare generally less than 0.15the incident one of the collimated beam) afdd is the

in the 20-50 GHz band. This aspect indicates that, even thougi-angle of the half-power beamwidth. If the specific

forward scattering is the prevailing process, we cannot negl@gfensity I(ra,s) is assumed to be uniform within the an-

specific intensity scattered in directions other that the forwaténna beamwidth, for highly directive antennas (19) yields

one when the albedo is sufficiently high. Pr(ra,sa) = (A\2/4m)GyI(ra,s)(w#3), which is the ap-

proximation used in [22]. Notice that we do not model here the

antenna noise temperature due to rainfall along the path [36],
The detection of multiple scattering effects is strongly depe[ﬁs]-

dent on the directivity of the receiving antenna. This consider- Before defining the basic analysis parameters, we can decom-

ation is easily justified by looking at (11) where the receiveBOS€ the total attenuation into a coherent and incoherent com-

power is given by the incoming specific intensity weighted bponent in analogy to (7). Incoherent effects tend to increase the

the equivalent area pattern. In order to take it into account, fReeived power with respect to considering the coherent part

have used a Gaussian azimuthally isotropic pattern function,@y- This means that incoherent attenuation is negatively de-

proposed in [20]. From the “reciprocity” theorem for a receivingned with respect to total optical thickness = 7(ro,r4).

antenna, (11) can be rewritten as From (7) and (9) in a plane-parallel medium, we have

B. Definitions for Numerical Analysis

Pr(ra,sa) = /Ae(SA-/S)I(I',S)dQ Tra,s) =Telra,s) +f{i(r‘47s>
i =TI.o(ro,s)e ™0 + I;(ra,s). (21)
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(a) Specific Attenuation [dB/km] at 18.7 GHz
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(b) Specific Attenuation [dB/km] at 49.5 GHz
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(d) Single-scattering Albedo at 49.5 GHz
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Fig. 2. Vertical cross sections (derived from Fig. 1) of: 1) specific attenuatioat (a) 19.7 GHz and (b) 49.5 GHz, hereafter also called 20, 30, 40, and 50 GHz,
respectively (values greater than 0.5 dB/km are plotted with contour increments of 5 dB/km); 2) volumetria@ldefined in (18), at (c) 20 GHz and (d) 50 GHz
(values greater than 0.1 are plotted with contour increments are of 0.2); and 3) volumetric asymmetyy diettioed in (30), at (€) 20 GHz and (f) 50 GHz (contour

increments are of 0.025).

By introducing an “incoherent” (negative) optical thickness
such that

r

Ii(ra,s) = Cg(ro,s)e%oi (22)

and by defining a total optical thicknesg, = 7o — 7a;, from
(21) we can obtain an explicit expression far;
1 [ I(ra,s) m}
TAi =TA—Tar=—lIn|——= —ewo |.
1o I.o(ro,s)
The following definitions are now introduced to better synthe-
size the numerical results of the next section.

1) Coherent attenuationt.. in decibels:

(23)

— €

A; < A. due to the negative contribution of incoherent
attenuation [see (22) and (23)].

3) Incoherent-to-total attenuation ratieyr in percent:

A(’ - At
prr = 100 {T}

which is a measure of the (negative) incoherent effects
with respect to the total ones. Again, by neglecting the ra-
diation pattern integration, it approximately holdg =
Tai/TAt.

4) Total-to-first-order-scattering attenuation ratiprg in
percent:

(26)

P C 7
A, = —10log {M} — 434372 (24)  pop =100 {i} — 100 As @7)
Pro(ro,s.4) Ho tFS ~10log (Plfj{Fs((rmSA)))
RO (T0,SA

wherePgr((ro,s.) is the incident power at the top-of-the-

atmosphere due to the satellite transmitter. Since in (12)

the incident intensity has been assumed to be collimated
from (lg) itis Obtainedpﬁo(ro,SA) = ()\2/47F)GTF0,

with Gt the satellite antenna transmitting gain in the
pointing directionf2,. For simplicity, we have hereafter
2) Total attenuation4; in decibels:
Pgr(r,
A, = —10log [M (25)
which represents the total attenuation due both to multiple
scattering and extinction. Neglecting the radiation pattern

assumedat = Gy.
Pro(ro, SA):|
effects, itapproximately hold§; = 4.343 75/ 1o SO that

where Airs in decibels is the first-order-scattering
total attenuation bein@rrs(ra,sa) given by (18) and
[(I‘A./S) = IC(I‘A./S) + Iips(I'A,S) and I;rs obtained
from (16).
5) Incoherent power discriminatiofiPD) in decibels:
Ppe(r 4, SA)]
Pri(ra,sa)
) Pre(ra,sa)
=10log |:PR(I'A;5A) _PRc(rA7SA):| (28)
which is analogous to the incoherent co-polar discrim-
ination (I-CPD), introduced by Ishimaret al. [22].
Neglecting the radiation pattern effects, by definition

IPD =10log [
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zero IPD values correspondtq = —7a; = In2 — 1a;.  A. Homogeneous Rain Slab
IPD negative values are indicators of the predominance

of incoherent effects at the receiving antenna location. ~ The heightH of the rain slab has been set to 5 km. Indeed,
the effective rain height, as suggested by the International

Telecommunication Union (ITU-R), is given bif = 5 km
IV. NUMERICAL RESULTS for 0° < 4 < 23 wherex is the latitude [11]. As apparent

In order to simulate a realistic earth—satellite link, we nedtP™ Fig. 1, the ITU-R slab-height value of 5 km is in a fairly
to specify the receiving antenna radiation pattern to comp#@od agreement with the freezing level height of the considered
(20). The receiving antenna has been assumed to be a par&hyid-model simulation carried out for a subtropical region. For
loid of revolution with a diameteb 4 of 1.5 m. The approximate each selected surface rain rate, eight rain profiles have been
expression for the semi-anglg of the antenna beamwidth isconsidered. Corresponding eight rain slabs of 5-km thickness
derived fromf, 2= 29(\/D,), wheref, is in degreesp, have been generated by imposing, as a rain slab content, the rain
in meters and\ [m] is the free-space wavelength [44]. Theamount of the profile layer closest to the surface. The choice of
previous expression holds for a paraboloid with uniform illuconsidering eight samples has been dictated by the availability
minated aperture, considered equivalent to a circular apert@feonly 1 min simulation and by the aim to guarantee the same
of the same diameteP, in an infinitely extending absorbing number of slabs for eacR value. The final results have been
screen with a uniform plane wave incident on it. For a taperedtained by computing the mean and minimum values of each
illumination, 8, would be larger. For the considered frequencgensitivity parameter, defined in Section IlI-B.
bands 4 is equal to 0.37, 0.23, 0.18, and 0.14 at 20, 30,  The top panels of Fig. 3 show the mean coherent attenuation
40, and 50 GHz, respectively. A., defined in (24), and the coherent attenuatibn derived

Six different values of rain rat& (i.e., 1, 5, 12, 25, 50, and from the Recommendation ITU-R P.838-1 [11], as a function of
100) have been considered and, for e&chalue, a set of hy- surface rain rate for four frequencies at 20, 30, 40, and 50 GHz
drometeor profiles has been arbitrarily selected within the entiigr an elevation angle of 20 At 50 GHz total path attenuation
cloud model grid. All simulations have been performed at twg already larger than 50 dB fdt > 15 mm/h. Even though
elevation angle$.. equal to 20 (or § = 70°) and to 40 (or not shown, at 4DelevationA.. can reach values up to 225 dB
¢ = 50°), even though only results at 4@levation angle will at 50 GHz forkR = 100 mm/h. Notice that the rain paths for an
be shown in this work. All RT simulations have been then peglevation of 40 and 20 are of 7.8 and 14.6 km, respectively.
formed in the incident azimuthal plare= ¢. o Our calculations ford.. are consistent with the ITU-R ones,

The guideline of the following sensitivity analysis is to Showy tact which is not surprising since ITU-R model also utilizes
the variability of total attenuation and the impact of multiple, | 55 Parsons inverse-exponential HSD assuming spherical
scattering on slant paths when going from simple rain-slalyqrops [11]. At higher frequencies a discrepancy up to 10 dB
models to more realistic three-dimensional precipitating,y pe also noted. This difference is due to: 1) the averaging
clouds. Section IV-A deals with a single homogeneous laygt,cess of eight different rain-slab results derived from the
characterized by the presence _of rain (i.e., a rain slab). (f?é)ud model: 2) the use of Marshall-Palmer HSD parameters
each selected pixel, only the rain layer closest to the groug y for the interceptN, and not for the logarithmic slop&

?afhbeelnbc?]n_sﬂ?rfd gndt_lts Is'nBizme?t umf(r)]rm_ly extdenld& e Section IlI-A); and 3) the impact of the drop terminal
0 the siab height. In Section 1v- € almospheric mode locity (taken into account at each grid point of the cloud

extended to take into account the vertical stratification of t odel) on the calculation of the surface rain rate. The latter

atmosphere associated _to a smgle_p|x_e|, con3|dergd_ asa p%@ﬁsideration has the consequence that the relation between
parallel atmosphere. This assumption is more realistic than the . . .
rain amount and surface rain-rate can be spatially variable

rain-slab model, even though it still shows some limitations. : . .
S . and can affect the rain-slab averaging process. This contrasts

These limitations are due to the characteristics of the Iay%\r/s[h methods based on Mie scattering comoutations. such

intercepted by the coherent down-welling radiation on a slaft 9 P y

path. In Section IV-C, using the modified plane parallel model> ITU'R'.Wh'Ch a_v0|d this intermediate step by |d_ent|fy|ng
a line is ideally traced from the ground receiving point alon Urface rain rate with HSD exponent parameter (as in the case
the satellite-link direction through the cloud model. The gri fMgrshaII—PaImgr o.r Laws—Parson HS_DS) [10]. ]
cells of the cloud model intercepted by the line are identified !t iS worth mentioning that, from previous analyses [26], it
and an equivalent plane-parallel atmospheric model is buff"€rges that at 4Celevation the first-order scattering approxi-
by stacking the intercepted cells. This method allows for Bation can be acceptable férless than 50 mm/h and any fre-
fairly accurate computation of the received intensity and c&ency, while at 100 mm/h and at V-bapdr [given in (27)]
approximately take into account the 3-D effects of the multipfRecomes less than 90%. At2@levation, the ratiprr becomes
scattering mechanism [36], [37]. already less than 90% fdk > 40 mm/h at 30 GHz and for
Hereinafter we will show results of path attenuation up t& > 20 mm/h at 50 GHz. In these cases higher-order scattering
100 dB. However, it should kept in mind that current availshould be included in the RT solution [46], e.g., using FEM de-
able carrier-to-noise (C/N) values in the 20-50 GHz band aséribed in Section II-C.
less than 55 dB [4]. For instance, a typical link budget for the A sensitivity parameter, useful for quantifying the differences
ITALSAT main stations gives rise to a nominal dynamic rangeetweenA,. and A, is the incoherent-to-total attenuation ratio
of40.8, 46.9, and 40.9 dB for the 20-, 40-, and 50-GHz beaconsr, defined in (26), and the mean IPD, defined in (28). Middle
respectively [29]. panels of Fig. 3 shows IPD angr as a function of surface rain
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(a)

Simulation for a set of 5-km rain slabs

(b)
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Fig. 3. (a) Mean coherent attenuatidp, defined in (41) as a function of surface rain r&e(b) Coherent attenuatiofl., derived from Recommendation ITU-R
P.838-1, as a function @t. (c) Mean incoherent power discrimination IPD, defined in (43), as a functiéh @) Incoherent-to-total attenuation ratier, defined

in (41) as a function of. (€) Mean IPD as a function of meah.. (f) Mean IPD as a function of mean coherent attenuationAll numerical results refer to
four frequencies at 20, 30, 40, and 50 GHz and to an elevation anglé aflA0-R results are derived for a homogeneous slab of 5-km height, while mean and
minimum values of considered definitions (see Section I1I-B) are obtained, for each rain rate, by averaging the results of eight rain slabs gifiBhiavirgthe
sameR. Values of IPD andd. are cut to—40 and 100 dB, respectively. IPD line at 0 dB is also plotted for comparison.

rate at 20, 30, 40, and 50 GHz and for an elevation angle ofEven thougtp;r can be higher than 100% at4and for fre-

40°. The IPD results can be also shown as a function of the apuencies higher than 30 GHz, when considering coherent atten-
herent attenuation: this representation gives an indication abaation less than 50 dB, we realize that incoherent attenuation is
the possible detection of incoherent scattering effects in termgyaerally less than 15% at4Qand less than 25% at 20 Min-

the actual dynamic range of a receiver. Bottom panels of FigiBum IPD values are lower than mean IPD values, especially
show the mean and the minimum of IPD, as a function of meé&or A, < 20 dB, denoting an appreciable variability within the
coherent attenuatiod,., at 20, 30, 40, and 50 GHz and for arset of chosen rain slabs. The IPD analysis parameter has been
elevation angle of 40 largely used by Ishimaret al. [22] to plot multiple scattering
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(a) Simulation for a set of 21-layer cloud profiles (b) Elevation angle at 40° - Gaussian antenna pattem
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Fig. 4. (a) Mean coherent attenuatidn as a function of surface rain rafe. (b) Mean total attenuatiod; as a function of?. (c) Mean incoherent power
discrimination IPD as a function d®. (d) Incoherent-to-total attenuation rapgr as a function of?. (e) Mean IPD as a function of mean coherent attenuation
A.. (f) Mean IPD as a function of mean Ac. All numerical results refer to four frequencies at 20, 30, 40, and 50 GHz and to an elevation andfiean4td
minimum values of considered definitions are obtained, for each rain rate, by averaging the results of eight vertically stratified GCE clcal/jrgfilee same

R and including cloud liquid, ice graupel and snow hydrometeors. Values of IPBlamade cut to—40 and 100 dB, respectively. IPD line at 0 dB is also plotted
for comparison.

rain calculations of rain effects. For arain slab of 3 km,= 1°, results of eight vertically-stratified GCE cloud profile having
a Laws—Parsons HSD and an elevation angle 6f 8tey ob- the same surface rain rate. With respect to the rain-slab results
tained values of IPD equal to about 20 dB at 30 GHz and to abaitFig. 3, the coherent attenuation significantly decreases (up to
—8dB at 60 GHz foR = 50 mm/h. Considering Fig. 3(c), for 20 dB) for R > 50 mm/h when considering a realistic vertically-
the samek values we have obtained IPD equal to 30 and 0 dBjhomogeneous profile. This decrease is much more evident for
respectively: differences are due to different model assumptidogal attenuation due to stronger incoherent effects originated
and basically explained by considering that the larger rain sl&bm the graupel layers. It is worth noting that, even though ice
height is compensated by the cloud-model HSDs which tenddoaupel tends to augment coherent attenuation because of its op-
significantly reduce the volumetric albedo for a givBnCon- tical thickness at Ka-band and above (see Fig. 2), this increment
sistently with what found here for mean values, in [22] they didoes not compensate for the reduction of rain-profile attenuation
not find negative values of IPD fod. < 100 dB, for frequen- (due to its layered inhomogeneity) with respect to the uniform
cies up to 50 GHz and for elevation angles greater th&n 30 slab case.
The increased incoherent effects at V-band are confirmed by
B. Vertically Inhomogeneous Raining Cloud middle and bottom panels of Fig. 4, which show the same as in
corresponding panels of Fig. 3. At4thcoherent effects are in
The next step in atmospheric modeling is to consider the grercentage less than 20% for all frequencies, while at(@6t
tire atmospheric column associated to a pixel with a given raghown) this is true only foR < 25 mm/h reaching values of
rate. This type of modeling allows one to take into account tH€0% for R = 100 mm/h at VV-band.
vertical stratification of the rainy cloud, including precipitating Mean IPD values show appreciable incoherent effects only
and nonprecipitating ice, as shown in Fig. 1. For each valuefof R > 50 mm/h at 50 GHz being slightly less than corre-
rain rate, the mean and minimum values of the sensitivity psponding IPD values due to rain slabs. For< 100 dB mean
rameters are derived from the eight corresponding pixels in ti®D is always positive. On the contrary, minimum IPD values
cloud grid domain, as in Section IV-A. are less than 0 dB fad. < 50 dB at V-band and much more
The top panels of Fig. 4 show the mean coherenénd total disperse than in the case of rain slabs, denoting the impact of
A path attenuation obtained, for each rain rate, by averaging tretical profile variability.
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(@)  Simulation for a set of 3-D rain-cloud structures (b) Elevation angle at 40° - Gaussian antenna pattem
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Fig. 5. Same as in Fig. 4, but for results obtained, for each rain rate, by averaging the results of eight vertically-stratified GCE cloud proftleehsaime
surface rain rate and including cloud liquid, ice graupel, and snow hydrometeors.

C. Vertically and Horizontally Inhomogeneous Raining Clouds negative at V-band foA. less than 50 dB. At 20elevation

For each selected rain rate value, eight pixels have bBH!mum IPP ya!ues (not shgwn) are almost constant W'th
considered and our antenna azimuthal viewing angles (Pe., fﬁlc and are ;lgnlflcantly negative at Ka-bandl and above. This
90°, 18%%, and 270) have been selected. For each pixel a lingeans that in the Wor_st cases the surface rain rate dependency
has been traced from the ground in the four satellite-link dire?t total path attenuation appears to be much lower than the
tions. The scattering parameters of the grid cells, intercepted ?guency dependency.

b
each line-of-sight (inclined column), have been used to create

ahhis behavior can be understood by realizing that a receiver
plane-parallel raining cloud structure. The mean and minimuffjth & given elevation angle, but at different azimuthal angles,

values of sensitivity analysis parameters have been computed, detect very different incoming ragilatlon, .dependlng on
as in previous sections. Note that in this case the ensem _crosse_d CIO_Ud VO'U”.‘eS along the Ime-of-snght. In case of
average, for eacl, has been carried out on 32 values (eigtﬂ |ne-of-5|ght intercepting the conve(_:tlve cloud core, paj[h
profiles by four azimuthal angles). attenuation values are expected to be higher than those obta_lned
Fig. 5 shows the same as in Fig. 4, but for results obtained, %?m Fhe same posmon at.the.ground gnd the same eIevayon,
each rain rate, by averaging the results of the eight inclined p -t,W'th a I'n?'Of'S'g.ht mainly mterceptmg the stranorm rain
files having the same surface rain rate and elevation angle (V\)i ion or the ice anvil O,f the cloud. This viewing effect IS more
inclination equal to the elevation angle) with four different aze_:wde.nt for low elevation angles, becagge the' preC|p|t§t|on
imuthal angles. It is evident the large reduction of both coheré?ﬁlth IS I_onger a_md, therefore, the probabmty on mte_rceptlng a
and total attenuation values, as compared to those obtaine&?ﬂveq've portlon.of the Cl(.)Ud is higher. This S|tuat|or_1 can be
case of rain slabs and hydrometeor vertical profiles (see Figs\"§u"’“'2‘:"d by considering Fig. 1 where for a surface rain rate of
and 4). For a giverR, A., andA, can be even halved reachinglO mm/h (around: = 25 km orx = 35 km), the line-of-sights
values of no more than 80 dB. Up to 50 mm/h, at V-band is (belon_glng to the CI’OSSTSGCIIOH plane) b_etweeh aﬂd. 40
less than 50 dB. elevation _angles would mt_ercept the regions with rain and/or
The reduction of path attenuation and volumetric albec%auDel highest concentration.
causes incoherent contribution to be strongly decreased with
mean values of IPD always larger than 0 dB at 406r any V. CoNCLUSION
frequency and rain rate. The most interesting feature is theA numerical investigation has been carried out in order to
impact of considering the minimum values of IPD. At°40 evaluate the impact of a realistic rainfall cloud model on mi-
where mean IPD was always greater than zero, minimum IREbwave attenuation along earth—satellite low-elevation links in
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20-50-GHz band. The analysis has been accomplished bothdngle minimum IPD becomes negative for coherent attenuation
coherent attenuation, due to absorption and in-phase forw#arger than even 10 and 30 dB at Ka- and V-band, respectively.
scattering inside the medium, and for the incoherent compon&ussults for 3-D realistic clouds have shown that the total path
of the received field, due to hydrometeor multiple scatterimgftenuation can exhibit a rain rate dependence much less than
processes. the frequency one in the worst cases.
Mie scattering computations, applied to a cross-section ofFrom this numerical study it can be concluded that the im-
a 3-D hydrometeor profile grid under the spherical particlggact of the chosen atmospheric model can be significant both
shape assumption, have shown the increasing importance ofiicdetermining the total attenuation and to quantify the multiple
graupel as frequency becomes higher than 30 GHz. The saatattering contribution to the received power. For intense rain-
tering effects have been evaluated in terms of both specific attéaill along low elevation-angle links, the use of a rain slab model
uation, volumetric albedo and asymmetry factor, showing thean overestimate coherent attenuation and, at the same time,
the latter two are dominated by ice graupel presence. underestimate incoherent intensity. Total path attenuation can
The choice of a radiative transfer approach has enabled #teongly depend on the pointing direction of the receiving an-
analysis of any order of scattering within the medium. Theordenna due to the intrinsic variability of cloud composition along
ical relations of the RT theory with the wave theory, foundethe slant path. Even though affected by uncertainty on the under-
on the Twerskii integral equations, has been briefly outlinetined microphysics and dynamics assumptions, cloud-resolving
Within this electromagnetic propagation model, the forward c8-D models can represent a valuable data sources which could
herent multiple scattering effect has been rigorously derived abpel used to carry out model analyses and to develop rainfall pre-
shown to be described by radiative transfer theory as well. Aliction techniques in the same way as already accomplished
efficient and accurate radiative transfer algorithm, based on th&ing weather radar data. The results shown here refer to a par-
FEM, has allowed us to compute the received specific intensttgular numerical case study, carried out by using the 3-D out-
supposing a collimated beam at the satellite transmitter. The pexs of a single time step of a cloud-resolving model. Further
ceived specific intensity has been integrated over an approwierk should be devoted to prove these results by using other
mate antenna radiation pattern to calculate the received poveimulations in different climate regions.
The beamwidths at K-band and above have been specified for
paraboloid antennas of 1.5-m diameter. First order scattering has
been numerically proved to be suitable at V-band only for ele-
vation angles higher than 40 The authors would like to thank Dr. C. D. Kummeorw and
The RT algorithm has been applied first to a rain sla®r. W.-K. Tao from NASA Goddard Space Flight Center for
then to a 21-layer vertically stratified cloud profile includingnaking the cloud model available. The comments of anonymous
four hydrometeor species and, finally, to a precipitating-clougviewers have been gratefully appreciated for their helpful crit-
structure inclined along the line-of-sight. By taking eight profileigism and suggestions.
for each surface rate between 0 and 100 mm/h, we have evaluated
the results in terms of mean and minimum values of coherent REEERENCES
and incoherent path attenuation and in terms of the mcoheren} e , .
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