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Ground-Based Multifrequency Microwave
Radiometry for Rainfall Remote Sensing

Frank Silvio MarzanpMember, IEEEErmanno Fionda, Piero Ciottlember, IEEEand Antonio Martellucci

Abstract—nversion algorithms for ground-based microwave Indeed, spaceborne microwave radiometry has proved to be
radiometric retrieval of surface rain-rate, integrated cloud pa- fairly accurate for precipitation retrieval on a global-scale, es-
rameters, and slant-path attenuation are proposed and tested. pecially over ocean (e.g., [9], [10]). Considering the increasing

The estimation methods are trained by numerical simulations f multi-f di tersi d-b d stati
of a radiative transfer model applied to microphysically-consis- use of mult-frequency radiometers In ground-based stations es-

tent precipitating cloud structures, representative of stratiform P€cially for communication purposes [11], [12], the question of
and convective rainy clouds. The discrete-ordinate method is microwave radiometry potential for retrieving rainy cloud pa-

used to solve the radiative transfer equation for plane-par- rameters from ground is still an open issue [13], [14]. One of
allel seven-layer structures, including liquid, melted, and ice o major drawbacks of ground-based microwave radiometry
spherical hydrometeors. Besides ordinary multiple regression, . . -

a variance-constrained regression algorithm is developed and O_f rainfall is represented by the impact of wetness, _and POS'
applied to synthetic data in order to evaluate its robustness to Sible water layers, on antenna reflectors when measuring bright-
noise and its potentiality. Selection of optimal frequency sets and ness temperatures [15]-[17]. This effect can contaminate radio-
polynomial retrieval algorithms for rainfall parameters is carried  metric measurements in a significant way thus misleading any

out and discussed. Ground-based radiometric measurements at | : ; ; ; p
. : -parameter estim if n kenin nt in the inver-
13.0, 23.8, and 31.7 GHz are used for experimentally testing the gigﬁda%?)r?th eter estimate If not taken into account in the inve

retrieval algorithms. Comparison with rain-gauge data and rain ° ) ) ) )
path-attenuation measurements, derived from the three ITALSAT Rain-gauge are typical instruments for measuring rainfall at
satellite beacons at 18.7, 39.6, and 49.5 GHz acquired at Pomeziagground. With respect to rain-gauges, microwave radiometers
(Rome, Italy), are performed for two selected cases of moderate can give an estimate of integrated rainy-cloud parameters
and intense rainfall dur_mg 1998. Results sho_w a fairly good [6]-[8]. These latter products can be of some interest for
agreement between retrieved and measured rainfall parameters, imilati d validati ithi ical th
pointing out possible effects of nonhomogeneous beam filling at assimiiation and vafidation purposes within numerica Wea_ er
low frequencies when observing small convective cells. forecast models. Moreover, they could be used for comparison
. . and validation of rain contents derived from satellite microwave
Index Terms—Atmospheric remote sensing, ground-based di ¢ iall land wh th tainti f
microwave radiometry, precipitation retrieval, radiative transfer radiometers, eSPec'a y over and where the uncertainties o
modeling. spaceborne radiometric estimates are larger [18]. It should
not be also disregarded the possibility to estimate slant-path
rain attenuation from radiometric data with a significant
benefit on satellite link-budget design at frequencies where no
HEORETICAL and experimental results, obtained in thexperimental links are available [12], [14]. Finally, notice that
last few decades, have established microwave radiometing exploitation of ground-based microwave radiometry might
as an essential technique for retrieving atmospheric parame@g® be useful when weather radars are co-located [19], since
in all weather conditions [1]. Ground-based microwave radiormadiometric estimates of rainfall might be used as a further
etry has been widely and successfully applied to the estimatecohstraint within the inversion schemes of radar reflectivity
tropospheric temperature profiles, integrated water vapor am@asurements, as already shown for airborne observations
cloud-liquid water contents [2]-[6]. These applications haJ&0], [8].
been mainly circumscribed on rain-free conditions due to the Generally speaking, any inversion algorithm can be trained by
complication of separating rain effects from other atmosphettising either experimental measurements or simulated data. The
parameters [7], [8]. use of experimental measurements is limited by their scarcity
or even their lack, especially in rainy clouds. The modeling ap-
proach is generally more versatile, even though it requires a
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eter retrieval by optimizing frequency sets and retrieval algseattering phase function, afitithe physical temperature. The
rithms best suited for observing both stratiform and convectifiest term of J is sometimes referred to as a multiple scattering
precipitation. Inversion algorithms for ground-based retrieval sburce, while the second item represents thermal emission. Itis
precipitation parameters are developed, adopting a model-bagedth noting that the scattering phase function in (3) is normal-
approach. Vertical profiles of stratiform and convective precipzed to 2 (with respect tdyu) and that the boundary conditions
itation are generated by means of a microphysically-consistéatcouple with (2) in case of absence of collimated incident ra-
statistical model. The discrete-ordinate method is used to sobiation atz = 0 and a near-flat bottom surface are

the radiative transfer equation for plane-parallel structures, in-

cluding liquid, melted, and ice spherical hydrometeors. Con- Tp(0, p) =T. (4)
strained mgltiple r(_egression techniques are Qevelope_d qnd tested T (s, —11) = (1 — es)T5(Tus, 1) + esTs (5)

on synthetic data in order to understand their potential in terms

of robustness to noise together with the analysis of a frequenellere?, = 2.73 K is the cosmic background brightness tem-
set best suited for rainfall estimation. Finally, ground-based rperature’s(r..., —u) is the upwellindl’s at the surface, while
diometric measurements at 13.0, 23.8, and 31.7 GHz are use@dndT, are the surface emissivity and physical temperature,
for experimentally testing the retrieval algorithms. Comparisaespectively [24]. If the atmosphere is horizontally stratified,
with rain-gauge data and rain path-attenuation measurementstinuity equations of brightness temperatures at intermediate
derived from a satellite beacon at 18.7, 39.6, and 49.5 GHz &oundaries are also requested to solve the integral equation [21].
quired at Pomezia (Rome, Italy), are performed for two selectedFrom (2) and (3), it is apparent that, in case of scattering at-

cases of moderate and intense rainfall. mosphere, solutions f&s(7,.;, 1) in a closed form can be de-
rived only under given approximations. For instancey i 0
II. RAINFALL RADIATIVE MODELS in (3), expression (2) becomes the RTE analytical solution for

The scarcity ofn situmeteorological data, concerning cIoquIear'alr applications [25]. In order to solve (2) in the general

and precipitation structures, suggests tackling the forward, aff ﬁ’ a dl_wumetrlcaldt_ecr;nlquetﬁag be used as(j‘?‘ aI;%rnar:tlveb
consequently the inverse problem, by using cloud and radiative e discrete-ordinate method, as exposed in [26], has been

models. A general theoretical framework to model the dowﬁ-hosen to numerlcall_y solve R.TE in this paper. The atmosph_ere
assumed to consist df adjacent homogeneous layers in

welling brightness temperature, measured by a microwave ra-: . e .
g brig P y ich volumetric albedow, extinction coefficientk., and

diometer and due to clouds and precipitation, is given by t funct taken 1o b tant withi hi
radiative transfer theory [21], [22]. Consider a stratified atmos: ase functiorp are taken to be constant within each 1ayet.

phere with a bottom level at = 0 (surface) and a top height at hysical temperature is supposed to be linearly dependent on

% — H. Let us define a vertical coordinate in terms of optica'fhe vertical coordinate within each layer. The angular variation

thicknessr,, or path attenuationt, [dB] at frequencyr such N p is. discr_etized INtQZN), .points so that the multiple scat-.
that tering in (3) is transformed into a sum by means of a Gaussian

quadrature (which implicitly ensures the normalization of the
Au(#, 2") = phase function).
4.343 L keo(2) dz (1) Once set up the radiative transfer scheme, a model of rainy
clouds in terms of vertical structures of hydrometeor content
wherer,, =0 atz = H and7, = 7, = 7,(0, H) atz =0 (istribution and associated single-scattering parameters (i.e.,
with &, the extinction coefficient [km?]. It is also convenient w, k., andp) is needed. Meteorological environment in terms
to introduce the zenith-angle cosipe= |cos(6)| with 6 the  of pressure, temperature and humidity profiles should be
zenith angle and < 6 < /2 so that0 < 4 < 1fordownward  gpecified as well in order to describe gaseous absorption. The

directions and-1 < 1 < 0 for upward directions. _ next two sections will be devoted to these aspects.
For a plane-parallel geometry, the unpolarized az-

imuthally-symmetric down-welling brightness temperatura. Rainfall Models
Tx(1.s, 1v), Observed from ground at a frequeney can be
formally expressed by means of the integral fornradiative
transfer equatior(RTE), that is [21], [22]

’FU(Z/, Z”) —

prd

In previous works, we described a technique to use cloud-re-
solving model outputs to physically constrain the vertical cor-
relation of hydrometeor contents within cloud layers [9], [10],

1 f7os [18]. Numerical outputs of a three-dimensional time-dependent
Tp(7vs, 1) = Tp(0, N)C_T”/” + ;/ I (0, 1) cloud mesoscale model have been used for generating cloud-
?(;(mrm)/u ir, (2) structure data set, e_xplicitly describing the gross vertical d_is-
v tribution of four species of hydrometeors: cloud droplets, rain-
whereJ(r,, p) is the pseudo-source function given by drops, graupel particles, _and snow parFicIes [9], [10]. Cloud
structures have been vertically resolved in seven homogeneous
w(r,) [* N N duf layers with a variable vertical resolution of about 1.5 km.
2 /_lp(rv’ o 1) (7o, 1) dpe A classification of cloud structures into meteorological cloud
+[1 = w(r,)|T(r,) (3) 9enera has been applied in order to derive both mean vertical
profiles and covariance matrices of hydrometeor contents of
with w the volumetric albedo (i.ew = ks, /k., with k,, the each cloud class [27], [18]. By using seasonal statistical values
scattering coefficient)p the volumetric azimuthally averagedof meteorological profiles, mean structures of cloud genera have

J(Tva N) =
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Fig. 1. Stratiform rainfal( Vs) and convective rainfall C'b) characteristics shown in left and right panels, respectively. Top panels: average vertical profiles of
EWCs for each hydrometeor species, i.e., cloud, rain, graupel, and snow, derived from the statistically-generated rainfall cloud data sehe\4idcit@gram
of columnar EWCs of rain and ice hydrometeors. Bottom panels: histogram of surface rain rates.

been tuned to Mediterranean area conditions. The freezing lefistograms of associated surface rain-rate. Stratiform rainfall
has been chosen as a driving parameter for hydrometeor cehews, as expected, less amount of water and ice contents than
tent scaling with the constraint to have an invariequivalent that of convective rainfall, with a gross melting layer just below
water conten(EWC) of each hydrometeor integrated within anyhe freezing level (determined by the rain top height) [10], [29].
scaled layer. Radio-sounding data, acquired at Pratica di M&envective clouds are characterized by the presence of a large
station (Rome, Italy), have been used for thermal and humidéynount of ice above the freezing level itself due to ice nucle-
characterization of modeled meteorological environment. It &ion processes [27]. Surface rain-rate histograms exhibit a log-
opportune to point out that the radio-sounding station is femormal probability density function (PDF) shape with maxima
kilometers far from the experimental site, illustrated in Seof about 15 mm/h and 100 mm/h fé¥s andCb, respectively.
tion IV. Consistently with the RTE adopted scheme, within each cloud
The classified cloud data set has been then extended by mdaysr the temperature has been assumed linearly dependent on
of a Monte Carlo statistical procedure, based on the use ofh& height. Microwave gaseous absorption has been computed
truncated Gaussian multivariate generator defined by mean daydmeans of the Liebe model [30]. The land-surface emission
covariance matrix of the hydrometeor contents of each cldsas been characterized by a Lambertian emissivity model, de-
[18]. Meteorological variables have been supposed to be upending on surface humidity [18]. The humidity value has been
formly variable around their mean values within a given pesupposed randomly variable in order to cover a large variety of
centage. In this work we have considered both stratiform raisdrface conditions.
fall (i.e., nimbostratus, stratus and altostratus) and convectiveThe hydrometeor shapes have been assumed all spherical and
rainfall (i.e., cumulonimbus, cumulonimbus with incus and cweharacterized by inverse-exponential particle size distributions
mulus congestus) [27]-[29]. As a result, a data set of 5000 clo(RISD’s) [18], [29]. In the logarithmic plane the intercept
structures has been statistically generated retaining the physafah PSD has been derived from the assigned EWC within
and statistical features of the input microphysical cloud modedach layer, while the slope has been parameterized to surface
Fig. 1 shows a typical summery average vertical structure i&in-rate using a Marshall-Palmer, a Sekhon-Srivastava and
stratiform rainfall(Vs) and convective rainfal{fCb), charac- a Gunn-Marshall PSD for raindrops, ice graupel and snhow,
terized by the vertical distribution of four hydrometeor caterespectively [18], [14]. Cloud droplets have been assumed to
gories together with histograms oblumnar equivalent water follow a modified Gamma PSD. Radius size ranges of cloud
content(CEWC) of total ice (graupel plus snow) and rain androplets, raindrops, ice graupel and snow have been fixed
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Ground-based RTE Simulation Elevation angle = 41.8 deg. Stratiform rainfall
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Fig. 2. For stratiform rainfall, numerical simulations of brightness temperatlrgs)(for a 41.8-elevation pointing angle at 13.0 GHz (bottom panels), at
23.8 GHz (middle panels) and at 31.7 GHz (bottom panels) as a function of columnar EWCs of rain (left panels), columnar EWCs of total ice (ceptaaganels
surface rain-rate (right panels).

to 0.001-0.01, 0.1-3, 0.1-5, and 0.1-10 mm, respectiveiyre along the line-of-sight [14]. This means that, even though
Density of ice graupel and snow has been set to 0.6 and 0.1hg internal horizontal inhomogeneity of rain clouds cannot be
cm—2, respectively. Snow dielectric constant has been derivaddressed, the above 1-D modeling framework could be easily
by a second-order Maxwell-Garnett formula for inclusions afdapted to observations of rainfall outside the rain cell.
air in an ice matrix [29]. For stratiform rain clouds a melting By using the coupled rainfall and radiative transfer model il-
layer has been modeled by choosing a water-coated ice-partlakrated before, a large data set, consisting of 5000 cloud struc-
model with a coating fraction of 10% [18]. Indeed, oblatenegdares together with related path attenuations and brightness tem-
of raindrops can cause a depolarization signal, depending pmratures at given frequencies and observation angles, has been
cloud stage and wind circulation [31]. Even though ice crystatémulated. The analysis has included the frequency bands of
are not spherical, it should be noted that for ground-bas@lLYMPUS and ITALSAT beacons, i.e., 12.5, 18.7, 29.7, 39.6,
rainfall observations the contribution of the iced layers the #nd 49.5 GHz [11], [12], and the most common channel fre-
the total brightness temperature is fairly small [21]. guencies of ground-based radiometers, that is 13.0, 20.6, 22.3,
23.8,31.7,36.5,50.2,53.8,and 90 GHz 3], [8], [12]. The obser-
vation angle has been chosen in accordance to the application,
in principle between ©and 90 elevation. Practically, we will

It is worth mentioning that, due to the assumptions of show results only for 41%8elevation in order to be able to com-
plane-parallel atmosphere and single-scattering predominapege simulations with measurements in Section IV.
for computing the atmospheric extinction, the total path at- For a stratiform rainfall Fig. 2 shows the rain-rate, rain and
tenuation at angles away from zenith can be simply obtaingstal ice CEWC's as a function of the down-welling brightness
by applying the “cosecant” law [12]. Moreover, this modelingemperature at 13.0, 23.8, and 31.7 GHz with a 4&l8vation
framework does not allow us to take into account the horizontahgle. Fig. 3 shows the same of Fig. 2, but for a convective
inhomogeneity of precipitation, that is beam filling problemainfall.
which might be relevant for convective storm clouds [13], [14]. As expected, dynamic ranges’B§ are very much different

However, in this respect it has been shown that the one-tietweenV s andCb. We note a substantial linearity for the low
mensional (1-D) RTE can be used to approximate three-dimdrequency at 13.0 GHz both fa¥s and Cb, while saturation
sional (3-D) simulation in the frequency and rainfall ranges coeffects for high rain-rates and columnar contents at 23.8 and
sidered here by selecting a suitable inclined plane-parallel str@d-7 GHz for aCb. The latter effect is due to the saturation

B. Numerical Simulations
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Ground-based RTE Simulation Elevation angle = 41.8 deg. Convective rainfall
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Fig. 3. The same as in Fig. 2, but for a convective rainfall.

of atmospheric opacity (shown later) when a mature convectide Multiple Regression Algorithms

cloud structure is radiometrically observed from grour_ld. T_he If py is the equivalent water content (in g of each hy-

higher dispersion of rain-rate plots has a physical meaning SNfi®meteor, then the corresponding columnar equivalent water
in our modeling surface rain-rate is related to the rain contelt +ent is éiven by

of the near-surface layer. Sin@g observations are integrated
measurements along the path, it is understandable they are much

more correlated with columnar parameters than surface ones. H
Columnar ice content is less correlated with observations Ch= /0 pr(z) dz
than rain one, as expected.

Similarly to Fig. 2, Fig. 4 shows the path attenuation for thehere the subscript = [¢, r, g, ¢] varies for cloud droplet,
ITALSAT channel frequencies at 18.7, 39.6, and 49.5 GHz azindrop, graupel, and ice-crystal hydrometeor species, respec-
a function of the down-welling brightness temperature at 13.vely, and H is the top-of-the-atmosphere height. Of course,
23.8, and 31.7 GHz, both for a 4%.&levation angle. While depending on the cloud genus, some hydrometeor are confined
Fig. 4 refers to stratiform rainy clouds, Fig. 5 illustrates the sante a given altitude region, as shown in Fig. 1.
but for convective rainfall. Path attenuation increases with fre- For inversion purposes, we can definpradictand(or pa-
qguency and’ss tend to saturate for high values of attenuation aimete) vectorx as the union of all the unknown random pa-
higher frequencies due to the large rainfall and graupel albedameters to be estimated by radiometric measurements. The pa-
Up to about 250 K the 13.0-GHz channel has almost a linear raimeters are surface rainfall raR[mm h~!], CEWC of the
sponse to path attenuation due to the lower atmospheric opadiyr hydrometeors indicated &., C.., C,,, andC; [kg m—2]
consistently with (6), and path attenuation at given (here three)
frequencies indicated a4,1, A,2, and A,z [dB] consistently
with (1). Vectorially, we have eight elements frythat isx =

In the next sections nonlinear multiple regression algorithmg, C., C., Cy, Ci, A1, Au2, Aus]t.
will be illustrated for different sets of frequency channels and If x represents the atmospheric state, a multifrequency
precipitation genera. Notice that a vectorial notation will be inadiometric vectott will indicate the simulated ground-based
troduced to simplify the exposition of the retrieval techniquesrightness temperatures at a given observation apngland
uppercase bold letters will indicate matrices, while lowercaser a set of N chosen frequencies. That is,represents the
bold letters will indicate column vectors. observation without errors, whose elements are such that

(6)

Ill. ESTIMATION OF RAINFALL PARAMETERS
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Elevation angle = 41.8 deg. Stratiform rainfall
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Fig. 4. For stratiform rainfall, numerical simulations of brightness temperatiiligs)for a 41.8-elevation pointing angle at 13.0 GHz (top panels), at 23.8 GHz
(middle panels) and at 31.7 GHz (bottom panels) as a function of path attenuation along the same slant path at 18.7 GHz (left panels), at 39.6 @ieiEentra
and at 49.5 GHz (right panels).

t = [T(Tuiss fo)s -y T(Tuns, 11o)]¥, Where the su- In(8),F is the matrix radiative-transfer forward model, which is
perscript7’ stands for matrix transposition. Examples tof highly non linear in the considered case as implicitly expressed
realizations are illustrated in previous Figs. 2-5. by (2) and (3).

The vector of multi-frequency radiometric measurements The deduction oF' is not an easy task within rainfall remote
(i.e., observations with errors), corresponding tp will sensing. A way to overcome this problem is to adopt a regression
be indicated byt,,. The vectort,, = [TBm(7.1s, 1to), approachandtryingto linearized the inverse operator Be')
voos Tam(Tuns, 11)]F is called thepredictor (or measure- betweenx andt,, [32]. We refer to vector values of andt,,,
men) vector. The relationship betweanandt,,, is modeled centered around their respective reference (e.g., mean) values
through a random noise vector, superimposed to simulatiam, andmy, i.e.,
outputs t. This noise is supposed here to be an additive
Gaussian variable; such that X =X —INg
t, =t4e (7) trme =ty — my. (9)

) ) ) ) If a linear relation is assumed between the centered measure-
where uncorrelation among each radiometric channel is asan¢ vectott.,,. and the parameter vectay, then theordinary

sum_ed. It is worth _mentioning_ that, summarizes not only multiple regressio(OMR) estimation ofx. is given by [32],
the instrumental noise (which is generally known in terms %3

measurement accuracy), but also the model and measuremen
unknowns. )A(c = DOMRtrnc = Sxtst_ltrnc (10)
A model-based approach to discrete inversion would need an
explicit forward model to derive a physical retrieval scheme [2}yhereDowr is the OMR coefficient matrix3,; andS, are the
[32]. In our case, the forward model should relate a given atmeross-covariance between andt,,. and the auto-covariance
spheric statex, characterized by clouds and rainfall, to a set dff t,..., respectively. Note that (10) is also called ordinary least-
multi-frequency radiometric measuremetys formally as fol-  square solution oP-matrix technique.
lows: Apart from its implementation simplicity, another relevant
feature of (10) is that, if the relationship betweenandt,,.
t, = F(x). (8) is not linear, but it can be expanded into a Taylor’s series, then
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Ground-based RTE Simulation Elevation angle = 41.8 deg. Convective rainfall
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Fig. 5. The same as in Fig. 4, but for a convective rainfall.

a nonlinear estimation of, can still be performed [32]. More- constrained multiple regressiqiVMR) method whose formu-
over,t,,. andx. can represent any function of the desired pdation is given by
rameter and measurement vectors.

A further appealing aspect of (10) is that it can be deduced %X = DyMRbme = Sut(St +7S0)  Home (11)
even under particular constraints in order to ensure more robust-
ness to test data noise. This aspectis very suitable to the scenatiereDyr is the VMR coefficient matrix;y is theconstraint
we need to face when retrieving rainfall by means of microwavactor, andS,, is a diagonal matrix derived from the auto-covari-
remote sensors and a model-based approach. The random emoe matrixS,. Details on the derivation of (11) are exposed in
vectore,, generally characterized by a systematic and a randdhe Appendix. Obviously, foyy = 0, (11) yields (10), while by
component, should take into account in (7) modeling as weléfinitiony = 1 means to double the variancesSf
as measurement noise. For instance, our forward model is forThe critical aspect in the use of (11) is the choice of the con-
mulated for unpolarized’ss so that depolarization effects duestraint~y. Empirical ways can be followed by successive trials
to particle shapes are not reproduced. In this regard, there isstarting, for instance, with = 1 and choosing to minimize a
evidence for discrepancies up to 10 K attributed to polarizatiosasidual error on a test set. In order to select an objective, and
difference [31]. Moreover, plane-parallel assumption and grogsssibly quantitative, criterion we have imposed that the esti-
vertical discretization can be insufficient to characterize a highigates from (11) must be positive defined for any. belonging
variable and inhomogeneous cloud structures. Numerical sinta-the test set, starting from = 0 [34]. This physical condi-
lations have shown a relevant impact of ice vertical resolutidion, which basically corresponds to impose a projection onto a
on upwellingZ’ss, even though not as much for a down-wellingonvex domain, can be stated as
radiation case (say less than 5 K at Ka band) [9]. Finally, the
impa_ct of water Iaye_:rs on th_e antenna surface can lead to abiasy: & = m,+S,,(S; +vSy) Mme =0 Vine. (12)
of rainfall signals with polarization-dependent values for mod-
erate-to-intense rainfall rates up to 50 K [16]. Clearly, if (10) already satisfies the condition (13)js set to

It is clear that any estimator of rainfall parameters should lzero.
devised with a special robustness with respect to these uncemBy using (10) or (11) together with (9) in a quite general form,
tainties. Extending an approach proposed in literature [33], ituge can choose a polynomial expression in order to fit simulated
possible to give a robust estimationxof, based on &ariance- parameters and measurements using the cloud radiative data set,
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described in Section Il. Assuming a cubic form as an example,Before showing the results, it is opportune to introduce some

the measurement vector is given by vector indexes to summarize the results of the following statis-
tical analysis. To this aim, we refer to the residual estimate error
t = [TB’nl(Tl/lS7 No)a ey TBrn(TuNsa No) Ex defined as
T]%'rn(’rlflsv No)v L) Térn(TVNSv NO) &
3 3 T Er =X —X (16)
TBrn(TVlSv uo)v () TBrn(TVJ\‘rS? NO)] M

. . . wherex is the model (true) value. Consequently, as a measure
Therefore, surface rainfall rafé can be dlreCﬂy estimated from of error variance we can introduce the Fractional Variance Re-

T'p measurements by means of duction (FVR) as follows [2]:
. N Tr[S, — Sc.]
B = ago + 3 [0 T () + 4T3 2) + a3 T, (10) FVR= —i7s.] 40
k=1

(13)  whereTr indicates matrix-trace operator afid, is the auto-co-
wherea;,, are the regression coefficients with subsckpde- yariance ot . Optimal value of FVR is 1, which means that es-
noting the availableV radiometric frequencies arifls..(vx) timate errors are zero or we are in the cage= N (number of
stands forTs,,(7us, 10). Mixed terms in (13) have been ne-parameters equal to measurements) [2]. The worst case is when
glected (see next section) and the intercept tegmis related FVR tends to—oo, indicating that error variances are much
to the mean (reference) values:ofindt. higher that training set variances.

Similar expressions can be written for columnar hydrometeorTg complement (17) in order to give a measure of error bias,

contents’;, (with & = ¢, r, g, ¢ for cloud, rain, graupel, and ice the Fractional Mean Reduction (FMR) can be defined as
hydrometeor, respectively), that is

N FMR =
Ch = buoo + Y _[br1kTm (Vi) + brokThym (Vi) L _
1 wherediag indicates the diagonal operator (whose output, when
+ b TS ()] (14) @pplied to a vectoa of M components, is a square matrix of
order M with the elements of on the main diagonal), while
beingby the regression coefficients. For the total path atten#, andm., are the mean vector of ande,, respectively. In

ation A, with »» the considered channel frequency, we have Other wordam., represents the error bias vector. Optimal value
of FMR is 1, which means that the error bias is zero, while

Tr[diag(m, — m.;)]
Tr[diag(m,,)]

(18)

R N ) 5 FMR > 1 and FMR< 1 indicate an underestimation and an
A, = cyoot Y[tk Trm () +eok T () +evsTh, ()] overestimation, respectively, of predicted values with respect to
k=1 (15) true values.

. . - Coming back to our objectives, Figs. 6 and 7 can be used
with c,,,, the regression coefficients. to answer to the first point about optimal frequency sets. The
It is worth mentioning that, with respect to the clear-air case P P 9 y X y

regression coefficients of (13)—(15) are dependent on the obsf‘ef}gw foralV's andC case, respectively, FMR and FVR values

. . . [ rain-rate, columnar contents, and path attenuation estimates
vation angle, and cannot be scaled to any elevation by using . : )
w " : . o electing various frequency sets. Results have been obtained by
so called “cosecant” law, as done in clear-air conditions [1

[25]. Finally, this set of coefficients will be different if either sing acu_blc gstlmator_as given in an explicit form n (13)—(15).
OMR or VMR estimation technique is applied. Note that in this analysis we concentrate on the estimate of path

attenuation at 3 frequencies corresponding to ITALSAT beacons

at 18.7, 39.6, and 49.5 GHz observed at 41e& already men-

tioned (see Figs. 4 and 5). Using other elevation angles for both
For testing the retrieval algorithms illustrated above, we hayg, and A does not modify the following basic conclusions.

used Synthetic data obtained from the simulated database. Th?he considered frequency sets are nine and constructed as fol-

synthetic database has been subdivided in two different sefgys: ES1— [13, 23, 31 GHz], FS2= [13, 23, 50 GHz], FS3

one used for training the inversion algorithms and the other for[13, 31, 50 GHz], FS4= [6, 13, 31 GHz], FS5= [13, 19,

testing them. The numerical tests have been performed onzlll GHz], FS6= [23, 31, 53 GHz], FS7% [13, 31 GHz], FS8

parameters defined by (13)—(15). The main goal of this section[23, 31 GHz], FS9= [23, 36 GHz]. The combination has

B. Frequency-Set and Algorithm Selection

is to answer to the following questions. been carried out by considering operational cases where three-
1) What is the optimal frequency set to estimate rainfall par dual-channel microwave radiometers are available. Low fre-
rameters fotVs andCb cases? guencies have been privileged considering simulation results,
2) Is cubic multiple regression the best suited form for (1@yhile the 53-GHz channel has been introduced to consider the
or (11)? impact of a temperature-profile sounding channel as well. We
3) What's the benefit of using constrained multiple regregxcluded the frequency at 90 GHz, but results are not too much
sion (i.e., VMR algorithm) with respect to OMR? different than including the 50-GHz channel.

4) How can we perform a distinction betweéfs and Cb Different conclusions are drawn from looking at Figs. 6 and
cloud data set in the inversion step? 7. In the case ofVs, the optimal choice tends to include high
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STRATIFORM RAINFALL — Surface rainrate
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Fig. 6. For stratiform rainfall, comparison of 9 different frequency setg (#th j = 1-9) in terms of fractional mean reduction (FMR) and fractional variance
reduction (FVR) for surface rain-rate (top panels), columnar EWC's of rain (middle panels) and path attenuation at ITALSAT frequencies (bdom pane
Frequency sets in GHz are constructed as follows:+$13, 23, 31], Fs2= [13, 23, 50], Fs3= [13, 31, 50], Fs4= [6, 13, 31], Fs5= [13, 19, 31], Fs6= [23,

31, 53], Fs7= [13, 31], Fs8= [23, 31], Fs9= [23, 36]. The test set is a subsample of what is shown in Figs. 2 and 4, while the retrieval algorithm is a cubic
ordinary multiple regression (OMR).

frequencies since they show a wide dynamic range with a rédm of regression estimators denotes slight differences in terms
evant sensitivity to rainfall parameters. In the cas€6f high of FMR with respect to the cubic one, but yields in all cases
frequencies become less important because they are affected wyorsening of FVR scores. This is the reason why we have
saturation for high rain-rates, while low frequencies play thehosen the cubic form in the rest of the work. It is worth men-
predominant role. In both cases, path attenuation is fairly wéibning that, from Fig. 2, columnar ice contents are expected to
estimated by ground-based radiometric data in terms of bdib estimated with less accuracy than liquid water ones. In fact,
FMR and FVR, while surface rain-rate retrieval show a loweén case of stratiform rainfall FVR values are 0.81, 0.98, 0.36
FVR together with FMR slightly different from 1. Indeed, theand 0.47 forC.., C;., Oy, andC;, respectively, while in case of
FS1 frequency set, which is the one available at the considemmhvective precipitation they are 0.76, 0.96, 0.84, and 0.73, re-
ITALSAT ground station, results to be best suitedddrobser- spectively.
vations. An optimum compromise might be to choose the fre- A third question regards the usefulness of a constrained re-
guency set FS3,i.e., 13.0, 31.7 and 50.0, which shows good pgession with respect to the standard one, that is the applica-
formances in bothlVs andCb cases. bility of (11) with respect to (10). In order to prove the choice in
The second question, raised in point 2), is about the appeoguantitative way, we have performed some test case studies by
priateness of a cubic regression estimator. Incidentally, we hanrbitrarily altering the test noise bias and variance. The justifica-
tested a cubic form similar to (13)—(15), but with mixed termson of these types of test resides in the fact that, as mentioned
as well. Numerical results have yielded no significant improvén Section 1lI-A, noise sources in our inversion approach can
ments in terms of FMR and FVR with respect to (13)—(15). Fdre related to instrument, to measurement set up and to model
a further comparison, we have considered a quadratic polyrmssumptions. When considering all noise sources together and
mial to represent (10) and (11), that is dropping the third poweven disregarding radiometer calibration issues, error bias and
of T'gs within (13)—(15). By using the FS1 frequency set fodeviation can be higher than 20 K.
example, Table | illustrates the results of the inter-comparisonTwo test cases have been considered as extreme scenarios by
between a quadratic and a cubic regression estimation in teiimzeasing the mean value and standard deviation of the test ad-
of FMR and FVR for surface rain-rate, columnar EWCs anditive noise by 10 K (Test 1) and 20 K (Test 2). By using a
path attenuations for a mergeds—Cb data set. The quadratic cubic estimator with FS1 frequency set and a merfyedCb
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CONVECTIVE RAINFALL — Surface rainrate
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Fig. 7. The same as in Fig. 6, but for a convective rainfall.

TABLE |
COMPARISON BETWEEN QUADRATIC AND CuBIC OMR ALGORITHMS IN TERMS OFFMR AND FVR FOR RAIN-RATE, COLUMNAR EQUIVALENT WATER CONTENT
(CEWCs),AND PATH ATTENUATION RETRIEVALS. PREDICTORVECTORCONSISTS OF13.0-, 23.8-AND 31.7-GHZI'5SAT 41.8° ELEVATION ANGLE

FMR FVR
Quadratic Cubic Quadratic Cubic
Surface rain-rate 1.0319 1.0220 0.9308 0.9439
Columnar EWC 0.9983 0.9904 0.9270 0.9399
Path attenuation 1.0022 0.9948 0.9754 0.9855
TABLE 1l

COMPARISON BETWEEN CuBIC OMR AND VMR RETRIEVAL ALGORITHMS IN TERMS OFFMR AND FVR FOR RAIN-RATE, CEWGS, AND PATH ATTENUATION
RETRIEVALS FORTWO TEST CASES THE LATTER CONSIST INARBITRARILY INCREASINGBOTH MEAN VALUE AND STANDARD DEVIATION OF TEST ADDITIVE
Noise oF10 K (TEST 1) AND 20 K (TEST 2). CONSIDEREDPREDICTORVECTOR ARE13.0-, 23.8-AND 31.7-GHzT' 5 SAT 41.8° ELEVATION ANGLE

FMR FVR
Test 1 Test 2 Test 1 Test 2
OMR VMR OMR VMR OMR VMR OMR VMR
Surface rain-rate 1.6252 | 1.1464 | 0.4970 | 0.8368 | 2.1097 1.2655 | -1.6079 | 0.8320
Columnar EWC 1.2229 | 1.0927 | 0.5936 | 0.7765 1.5386 | 1.1870 | -0.7329 | 0.7637
Path attenuation 1.2270 | 1.1011 | 0.9208 | 0.9626 | 1.5051 1.2092 | 0.6613 | 0.8428

data set, Table Il lists the results in terms of FMR and FVR by The final question is relative to the possibility to automat-
comparing ordinary and variance-constrained multiple regrasally discriminate between stratiform and convective clouds
sion for R, CEWC andA. Values of the constraint factarbe- [28]. Numerical tests, using the same synthetic data mentioned
tween 0.5 and 1.5 have been derived from (12) in these tests. Ebefar, indicate that the estimation accuracy can benefit from
advantage of VMR against OMR in terms of robustness to noid@s classification, especially when dealing with moderate rain-
and inversion stability is apparent especially when stressing tédt. This impact can be also appreciated in a qualitative way
noise conditions as in Test 2. Notice that all previous test rby looking at Figs. 2—5 where the dynamic rangeNof simu-
sults, obtained by using OMR, are not substantially modifiddtions is much less thaffl ones. This aspect suggests that a
when carried out adopting VMR. polynomial regression derived frofib training set could not
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TABLE Il
MEAN VECTORmM;,, INVERSE COVARIANCE MATRIX S;,f AND THE DETERMINANT OF S;;, OF BRIGHTNESSTEMPERATURE AT 13.0, 23.8 AND 31.7 GHzFOR
CLASSIFYING STRATIFORM AND CONVECTIVE RAIN USING A MAP TECHNIQUE. PREDICTOR VECTOR CONSISTS OF13.0-, 23.8-AND 31.7-GHz
TsSAT 41.8 ELEVATION ANGLE

Stratiform Rainfall Tg at 13 GHz | Tp at 23.8 GHz | Tpat 31.7 GHz
Mean 16.2940 75.3914 63.5871
Inverse 0.3468 -0.1604 0.0124
auto-covariance -0.1604 0.1687 -0.0622
Sy’ 0.0124 -0.0622 0.0347
Ln(det(Sy) 10.9715 |
Convective Rainfall Tp at 13 GHz | Ty at 23.8 GHz l T at 31.7 GHz
Mean my, 78.7949 138.0690 134.3786
Inverse 0.0076 -0.0220 0.0129
auto-covariance -0.0220 0.0715 -0.0442
S’ 0.0129 -0.0442 0.0279
Ln(det(Sy)) 19.1352 |

be the best fitting of moderate values of simulations du& to discriminating betweerVs and Cb, a polynomial regression

cloud structures.

algorithm, given by (13)—(15), can be applied using, as a

Maximum a posteriori probability (MAP) criterion can be training set, the data belonging to the selected rainfall class.
used to carry out cloud classification in a supervised context [9]his procedure implies that regression coefficients must be
[10]. If k is the rainfall class, i.e/¥ s or Cb, then the conditional computed for each rainfall class.
probability density function (PDF) of considered clasgiven
a measuremerit,, can be expressed as

p(tm|k)p(k) _ P(tmer)p(k)
p(tm) p(tm)

wheret, ... = t,, — my; is the perturbation of measurements = X ) : . X
from the mean value vecten,, of classk andp(k) represents retrieval algorithms illustrated in the previous sections.

thea priori discrete PDF of clask. Note that the expression of Since AprilI) 1994, mealzu;er;: gts 01; Tg E’:h(;?_'e ITALSA:'Fl d
tmer IS SiMilar tot,,,., given in (9), except that the difference isnropagatlon eacons at -1,99.6,an ) Z are periorme
made with respect to each rainfall class mean. every second at an elevation angle of 41.8 degrees with a re-

The MAP estimation of rainfall clask corresponds to the ceiver-antenna of 3.5 m. The corresponding 3-dB beamwidths

following maximization with respect: go from about 0.26at 18.7 GHz'to 0.12at 39.6 GHz and Q.I’O
at 49.5 GHz. The ground station measures the amplitude and

phase of co-polar and cross-polar signals of pencil beams at 18.7
and 39.6 GHz and the polarization transfer matrix at 49.5 GHz
whereMode is the PDF modal-value operator. pft,,.x) is [35].
assumed to be a multivariate Gaussian PDF, then (20) reduce§oncurrent measurements performed by two microwave
to radiometers (REC-1 and REC-2) pointed to the ITALSAT satel-
lite, and a set of surface meteorological instruments including
also a tipping-bucket rain gauge, are synchronously logged
every 4 s by the ITALSAT ground-station [8]. The radiometric
data are routinely used to assess the clear-air atmospheric
where S, is the Tz measurement auto-covariance matrix afeference level for calibrating the ITALSAT beacon clear-air
classk anddet is the matrix determinant. path attenuation [12]. Radiosounding profiles are also available

Maximizing (21) means to know the radiometric maa, by the Italian Air-Force at least twice a day with the balloons
and auto-covarianc®,;, of each rainfall clasg, thatisNs and launched at Pratica di Mare (Rome, Italy), about 5 km far from
Cb. This statistical characterization of each cloud class can thee ITALSAT ground-station.
derived from the generated synthetic data set, while the priorln order to discriminate between stratiform and convective
PDF p(k) can be used to subjectively weight each class aganfall using (21), the radiometric mean,; and covariance
function of other available information. Of course, mean vect&;; (with its determinant) are needed for each class. By using
my;, and auto-covariancs,;, should be climatologically tuned available radiometric channels at 13.0, 23.8, and 31.7 GHz
in order to be, at least, representative of a given region duringainting at 41.8 elevation angle, Table Il furnishas,;, S;x
specific season. Examples nf;;, and Sy, will be given in the anddet(S;;) for N s—Cb classification for a typical mid-season
next section. continental temperate climate, meteorologically characterized

If rainfall cloud classification is performed, the inversiorby radiosounding data acquired at Pratica di Mare. These table
scheme can be thought as two steps in cascade. That is, afedues will be used in the considered case studies.

IV. EXPERIMENTAL TESTS

(19) Rainfall and path attenuation data acquired at the ground-sta-
tion of ITALSAT geo-stationary satellite [11], located in
gomezia (Rome, ltaly), have been used to test the model-based

p(k[tn) =

k= Mode[ln p(k [t )] (20)

k = Mode[—(t,,, — m;z)TS; (¢, — my) — N In(2n)
— In(det Six) +2Inp(k)] (21)
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TABLE IV
MAIN SPECIFICATIONS OFSINGLE-CHANNEL REC-1 RADIOMETER AT 13.0 GHzAND DUAL CHANNEL REC-2 RADIOMETER AT 23.8AND 31.7 GHz,
INSTALLED IN POMEZIA (ROME, ITALY) AT THE ITALSAT GROUND-STATION

Specifications Values Specifications Values

Operating frequencies | REC-1: 13.0 GHz Azimuth axis rotation 0° to 360°

REC-2: 23.8,31.7 GHz
Radiometric range 3t0313 K Rate of rotation 3°/sec.
Integration time AT 1,2,4,8, 16, 32 sec. Pointing accuracy 05°
Radiometric resolution 0.3 K Dimensions REC-1: 100x100x150
at AT=] sec. REC-2: 100x65x100 cm
Radiometric accuracy |1 K Weight REC-1: 220 kg

REC-2: 200 kg

Dual-side bandwidth 400 MHz Power requirements 220 VAC, 50 to 60 Hz
3-dB antenna beam- 3.5%at 13.0 GHz Output RS-232
widths 1.9°at 23.8 GHz

1.8°at31.7 GHz
FElevation axis rotation_ | -90° to +90° Control system Personal computer

A. Multifrequency Radiometric System its vertex area, thus preventing the formation of the dew and the

The REC-2 radiometer is a dual-channel system at 23.8 Sepsible accumulation of rain drops, snow and hail on the sur-

31.7 GHz, manufactured by the RESCOM company (Aalor%ce- Moreover, air from heater box is directed through a tube to

Denmark). This radiometer is a compact self-contained com€ feed horn window. In this way, the window is kept free from

figuration designed for automatic unattended operation for éxndensation or rain drops. .
tended time with a high measuring accuracy. The REC-1 singleThe last features are essential when trying to use ground-
channel radiometer is an independent system designed alsg)3§ed radiometry for rainfall remote sensing. As already dis-
the RESCOM. The operating frequency is 13.0 GHz and, bagpssed,.the. .effect of_ water layers on the antenna reflectors can
cally, it has the same mechanical characteristics of REC-2. TS significant artifacts in the measured brightness tempera-
radiometers have an elevation and azimuth control and are cBH€S- Unfortunately few studies on this subject are available in
trolled by a personal computer through an RS-232 serial liflderature.
Regular calibration are performed by using the tipping-curve Jacpbsoret al.[16] carried out experimental and theoretical
method [25]. The main technical characteristics of the multi-frédvestigations for wetted flat reflectors at 20.6 and 31.7 GHz,
quency radiometric system are summarized in Table IV. inclined at 45 elevation. Theoretical results refer to a uniform
The REC-1 and REC-2 radiometers consist of offset-fadane wave ob_quuerinciQentuponahomogeneous water layer
antenna parabolic reflectors connected to microwave receivBldced at the interface with a perfect conductor. Their analysis
of the noise balancing type. The noise-balancing type receift&s showed that i) effects on measuigglare polarization de-
yields a high insensitivity to gain variations and mismatchdndent with vertical-polarization impact higher than the hor-
within the noise injection feedback loop thus ensuring a higgontal polarization one up to 50%; ii) water layers of about
long-term stability. The actual temperatures of main microwa#45 mMm cause a maximum in both polarizations and frequen-
components in the front ends and feed assembly are monitofé? With an increase of more than 500% with respect to clear-air
and used for correction of measured data. The antenna refledig@sured’s without water-layer effects; iii) water layers less
and receiver sections are integrated in an outdoor box. ~ than 0.2 mm can cause an increase of measiifetess than
The shape of the antenna surfaces and the configuration of #§0; V) effects on measurefi; are azimuth-pointing depen-
wide-band feed horns have been designed so that energy out8Rfél With a periodicity of about 0
the main lobes is minimized. Moreover, the extremely low side- Using a similar water layer model, Blevis [15] derived similar
lobes can ensure a minimum pick-up of radiation emitted frofgsults for transmission and reflection loss at normal incidence.
surrounding surface. By a proper design of the feed horn, nea@‘@nsistently with transmission line theory, maximum reflection
equal antenna main-lobes at 20 and 30 GHz have been obtaifes occurred for water layer thicknegs = Aq/4 with A, the
The REC-2 corrugated feed horns is protected by an apertgfane-wave wavelength in the water-layer medium.
window and is connected to a diplexer by a short waveguideA Very critical issue is the relationship between water-layer
bend. The REC-1 and REC-2 circular horns are horizontafiffickness and rainfall rate. Blevis used a formula initially de-
polarized and placed above the antenna reflectors downward¥gd for spherical radome surfaces in order to provide an ap-
that to be protected against rain drops, snow and condensafi@ximation for parabolic reflectors [15]. Indeed, water layer
layer. thickness on paraboloids are not uniform and depend on antenna
The REC-1 and REC-2 antenna reflectors are of carbon-figlevation being much less than those predicted for off-zenith an-
skin-honeycomb construction. They have a very smooth surfdlgs. If the water-layer thicknessdg, [mm], then it can be re-
with roughness less than 0.2 mm. Their rectangular contour plated to antenna diametér, [cm] and to rainfall rate [mm/h]
vides a projected aperture of about9®0 cn? for REC-1and by [15]
60 x 60 cn¥ for REC-2. Heated air is continuously blown across
the antenna reflector which presents a set of small holes within d3 =4.3011107° D4 R. (22)

ur
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Pomezia ltalsat station (ltaly) Elevation angle = 41.8 deg. Rain event of May 03, 1998 h. 17:00
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Fig. 8. For the case study of May 3, 1998, measured path attenuations at 18.7 GHz (left panels), 39.6 GHz (central panels), and 49.5 GHz (right panels) as
a function of REC-1 and REC-2 radiometric measurements at 13.0 GHz (top panels), at 23.8 GHz (middle panels) and at 31.7 GHz (bottom panels). Graphic
representation and observation parameters (frequency and pointing angle) are comparable to that of Figs. 4 and 5.

From (22), it turns out that for a reflector havidg, = 60 In order to test the efficiency of water-layer removal of
cm (e.g., REC-2 antennaj,, is equal to 0.06 mm and 0.14the REC radiometric system, we have carried out some ex-
mm for R equal to 10 mm/h and 100 mm/h, respectively. Fgrerimental tests [16], [36]. A fairly uniform water flux, with
a reflector havingD4 = 90 cm (e.g., REC-1 antennaj, is values going from 50 to 1500 ml/s, has been distributed over
equal to 0.07 mm and 0.16 mm fét = 10 mm/h and® = the REC-1 and REC-2 parabolic reflectors inclined at 41.8
100 mm/h, respectively. Note that rain-rdtecan be linked, in elevation angle. The empirical evidence was that, thanks to the
its turn, to water-flow rateg”,, by means off,, = R/(Ap.,) blower and to the reflector holes, the observed water layers
with A the antenna area ang, the water density. FaR = 10 on the antenna dish had a thickness less than 0.15 mm. These
mm/h andiz = 100 mm/h, corresponding water flow rates ar@alues are in a way consistent with those predicted by (22).
F,, = 78 ml/s andF;,, = 785 ml/s for an antenna diameter ofa changing behavior has been noted as a function of the
60 cm andF;,, = 176 ml/s andr’,, = 1767 ml/s for an antenna elevation angle, the zenith pointing being the worst condition as
diameter of 90 cm. intuitive. From theoretical results, we should expect an impact
Itis worth noting the water-layer thickness, predicted by (22pn measured’zs less than 20% at 23.8 and than 50% at 31.6
is always less than those measured by Jacobsah[16]. For GHz with respect to clear-aifzs not affected by water-layer
water-flow rates of about 500 ml/s, (22) givés less than 0.1 emission [16]. These results corroborate the choice of a robust
mm, while values from Jacobsean al. are of the order of 0.35 estimator, as VMR in (11), with respect to an ordinary one, as
mm. This discrepancy can depend on the crude approximati@sIR in (10).
behind (22) and on the difference between a plane and conTo further assess the impact of wetted reflectordgs, the
cave surface effects, but also on the difficulty to simulate radopted model-based approach can help to perform a prelim-
alistic rainfall conditions even under a controlled experimerinary data quality control as well. The idea is to use modeled
For instance, rain water is generally not uniform over a sufzs, simulated from synthetic rainfall clouds, to verify whether
face and could be formed by small raindrops aggregation. Rieasured’zs in rainy conditions belong or not to the simula-
nally, it should be consider that the wet-reflector impact ation domain. This approach is conditioned, of course, to the rep-
measured antenna temperature in percentage decreases aeseatativeness of rainfall radiative models with respect to mea-
down-welling 7’z increases: using (22) andl, = 0.1 mm, it surement site and period. The latter task might be done using
can go from an overestimation of about 70% for down-wellingther available information derived from coincident beacon path
T = 50 K to about 10% fofl’g = 150 K. attenuation, meteorological measurements and rain gauge data.
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Fig. 9. For the case study of May 3, 1998, estimated rainfall rate, columnar EWC of rain and columnar EWC of ice (left panels) and estimated pathatttenuat
18.7 GHz, 39.6 GHz and 49.5 GHz (right panels) as compared to available rain gauge data and corresponding measured ITALSAT path attenuaticatecboth ind
by solid lines. Retrieval algorithm is cubic variance-constrained multiple regression (VMR) applied to REC-1 and REC-2 radiometric measui@ne@Gtsa

at 23.8 GHz and at 31.7 GHz.

The way to proceed is very similar that used to assess cleardia rainfall subsample of measured data should be performed
and cloudy radiometric data in order to eliminate possible dataorder to apply the retrieval to the measured data in excess
outliers [3], [5]. An application of this concept will be illustratedwith respect to clear-air values. This can be done by referring to
in Section IV-C. measured path attenuation dfig reference values in clear-air
conditions.

The top-left panel of Fig. 9 shows the time-series of the rain-

In order to show an example, we have selected a case of lighif rate estimate from the three-channel radiometer as com-
to moderate rainfall, observed in Pomezia during May 3, 1998ared to the rain-gauge measurements. The panels just below
A moving average with 1-minute window and 1-minute sankhow the columnar rain and ice content estimates. The right
pling period has been applied to analyze all raw data. As a rajganels show the time series of slant-path attenuation estimates
fall retrieval algorithm, VMR has been chosen in all tests. as Compared to the Corresponding ITALSAT measurements at

Fig. 8 shows the measured path attenuation for the ITALSAIg 7. 39.6, and 49.5 GHz.
channel frequencies at 18.7, 39.6 and 49.5 GHz as a functionrhe rms error between estimated and measured rain rate is
of the down-welling brightness temperatures at 13.0, 23.8, agout 1.4 mm/h, while for path attenuation rms error is 0.52,
31.7 GHz, both for a 4178elevation angle. These results can bg g6, and 1.57 dB at 18.7, 39.6, and 49.5 GHz, respectively. As
compared with those of Fig. 4 in order to verify the consistengid, rain rate is measured at a given point by a rain-gauge and
between simulation and measurements. Less dispersion anglong the link path by microwave radiometers, while the com-
slight tendency of simulated data to underestimate measugRgison in terms of measured and estimated attenuation is be-
values is noted, especially at low frequencies. The reason of thigen fairly homogeneous data. If other channel combinations

discrepancy might be searched either in alight-rainfall modelinge used, e.g., only 23.8 and 31.7 GHz, no significant variation
inadequacy or in the additional emission due thin water-laygf the obtained rms errors is noted.

film on the reflectors.

By applying the MAP classification and even from a qualita(-:
tive evaluation, the discrimination is clearly toward a stratiform’”
rainfall case. This is in a way confirmed by looking at path atten- A case study of intense rainfall observed in Pomezia during
uation measurements which are less than 5 dB and 25 dB at 18ugust 28, 1998, has been analyzed with the same data prepro-
GHz and 49.5 GHz, respectively. Notice that a careful selectioassing as above.

B. Case Study of Moderate Rainfall

Case Study of Intense Rainfall
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Fig. 10. The same as in Fig. 8, but for the case study of August 28, 1998.

Similarly to Fig. 8, Fig. 10 shows the measured path atten-The rms differences between estimated and measured path
uation for the ITALSAT channel frequencies at 18.7, 39.6, arattenuation at 18.7, 39.6, and 49.5 GHz are 1.81, 7.74, and
49.5 GHz as a function of down-wellirifjzs at 13.0, 23.8, and 6.45 dB, respectively. Even though comparisons in terms of
31.7 GHz, both for a 41%8elevation angle. Again, these resultsneasured and estimated attenuation is between consistent path-
can be compared with those of Fig. 5 in order to verify the agrei@tegrated data, discrepancies in the attenuation comparison can
ment between simulation and measurements. The agreemearise from the difference between the ITALSAT and radiometer
fairly satisfying at 23.8 and 31.7 GHz, while denoting a meantenna beam-widths (see Section IV-A and Table IV), the latter
sured?’s saturation effect at 13.0 GHz around 200 K. An exbeing even 10 times greater than ITALSAT ones. When ob-
planation of the latter behavior is due to the larger beam-widglerving a small convective rain cell along the slant path, non-
of 13.0-GHz channels which could cause a high variability of aitomogeneous beam filling can significantly affect radiometric
mospheric state within the beam. The discrepancy between megasurements, especially at 13.0 GHz, as suggested by Fig. 10
surements and simulations could be read either as a symp{d3), [14]. This might explain the evident underestimation of
of incomplete representativeness of the adopted cloud radiatpath attenuation between minutes 170 and 200 when using all
model with respect to measured radiometric data or, vice verfiaree radiometric channels applied to a plane-parallel cloud ra-
as an inadequateness of the latter to fulfill forward modeling adiative training model, described in Section .
sumptions. We will come back to this point later on. To indirectly prove the latter explanation, we have performed

In this case study, by applying the MAP classification, tha simple test consisting in droppirfgz measurements at 13.0
decision is now toward a convective rainfall. Path attenuati@@Hz from the predictor vectatr,, in (11) and rely only on 23.8
measurements up 50 dB at 49.5 GHz corroborate this automatic 31.7 GHZI'zs having relatively small beam-widths (and
discrimination. thus less affected by nonuniform beam filling). The resulting

The left panels of Fig. 11 shows the time-series of the rainfaktimates are shown in Fig. 11 by the dashed thick line which
rate estimate from the three-channel radiometer together witbes not exhibit the already mentioned saturation and is able to
the columnar rain and ice content estimates. The compariguartially follow ITALSAT attenuation peaks within the convec-
with rain-gauge measurements has been not possible due tatitreeperiod around minute 200. The rms errors reduces to 1.56,
lack of rain-gauge data during the event. The right panels shév69 and 6.02 dB at 18.7, 39.6, and 49.5 GHz, respectively. The
the time series of the path-attenuation estimates as compareldtier results comply well with quantitative evaluation of radio-
the corresponding ITALSAT measurements at 18.7, 39.6, anttric beam-filling effects in case of intense rainfall of limited
49.5 GHz. extent. In particular, in these circumstances Brussaard suggests
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Fig. 11. The same as in Fig. 9, but for the case study of August 28, 1998. Rain gauge data were not available during this event. Thick dashed lia#s refer to p
attenuation estimates carried out by using only REC-2 radiometric measurements at 23.8 GHz and at 31.7 GHz.

an underestimation d¢fp of at least 5% (with an antenna pat-described to automatically discriminate betw@énandCb in
tern efficiency of 0.945 at 11.4 GHz) [13]. a cascade inversion scheme.
Ground-based radiometric measurements at 13.0, 23.8, and
31.7 GHz have been used for an experimental test of the retrieval
V. CONCLUSION algorithms. Comparison with rain-gauge data and rain path-at-
o . . . t(?nuation measurements, derived from ITALSAT channels, have
Statistical inversion algorithms for ground-based retrieval % ,
. . een performed for two selected cases of moderate and intense
surface rain-rate and integrated cloud parameters have been

ro- . :
posed and tested. The retrieval methods have been trainedp %nfall. A fairly good agreement between estimates and mea-

. : . o . Fuyements has been achieved. In contrast with numerical results
numerical simulations of a radiative transfer model applied {0

microphysically-consistent precipitating cloud structures, dig" synthetic honzontally_ stratified CIO[.Jd structures, the experi
T : , . mental test has emphasized the possible effects of nonhomoge-

criminating between stratiforfiVs) and convectivéCb) rain- . : - : : )

fall clouds neous radiometric beam filling when looking at horizontally-fi-

. . . . nite small rain cells, especially at low frequencies such as 13.0
A variance-constrained regression technique has been de F P Y d

oped and tested on synthetic data in order to understand its 1z. It has peen shown thaF the this bgam effect on measured
tentiality for robust estimation surface rain-rate, columnar h?_%s reflects into an underestimate of rainfall slant-path attenua-
drometeor contents and path attenuations. To sélect the opti¥r|1_'1aorf when using a plane-parallel CI.OUd r_adla_ltlve training mo_d_el.

. ) e . FInally, the remarkable result obtained in this work is the ability
algorithm and frequency set for rainfall estimation, numerlczf\l

tests have been carried out by comparing results in terms of fr. OCIOHOW path attenuation dynamics over relatively long periods

) : C Y using a robust estimator applied to radiometric microwave
tlogilbr;r(]:erirlljIzgﬁevizrgl;?g:i(r)(rewdsg::‘g?r,nléeauli:t'\eﬁ I\?VZIT ES:E 'm@ measurements both in stratiform and convective rainfall.

andCb cases, showing that the role of lower frequencies (below
20 GHz) is significant when trying to estimate cloud parameters
of intense precipitation. Higher frequencies (above 40 GHz) can
successfully help when observing stratiform rain clouds. Mi- The variance-constrained multiple regression (VMR), given
crowave frequencies around 30 GHz can be considered alway$11), can be seen as a further special case within the theoret-
useful due to their high sensitivity to cloud liquid. To this aim, é&al framework illustrated by Cronet al.[33]. The derivation
maximuma posterioriprobability (MAP) classificator has beenof VMR is very similar to what they calleddge regression.

APPENDIX
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As already mentioned in the main text, we will denote vectors
and matrices by bold lowercase and uppercase symbols, respe
tively. Scalars will be indicated by italic letters.

Let X, be theM x L matrix containingl, observations of
M centered parameters (predictands given byx,. for each
realization) andr’,,,. be theN x L matrix containingl obser-
vations of N centered measurements (medictors given by
tm. for each realization). The auto- and cross-covariance ma-
trices, appearing in (10) and associated with this sample, can bEH
optimally estimated by means of

1 [2

Sy =——

T TS
L—-1

moe

(A1)

and 3]

1
S, =——X.TT

L _ 1 me” (A2)

(4]

In order to derive (11), it is useful to introduce the sum of .

squared erroréE?) of estimate through the following expres- 5
sion:

E? = Tr[(X, — DT o) (Xe — DTme)?] (6]

(A3)
whereD is the unknownl/ x N regression matrix. The VMR
solution matrix, i.e.Dvur, is theD matrix which satisfies the
following minimization:

(71

(8]
6

5D [Tr(DvMrV VI Diyg) + AE?)] =0

(A4)
where A is the Lagrange multiplier and the derivative is per-
formed with respect to the elements of the maidixThe vari-
ance-constraining matri¥ in (A4) is aN x L matrix whose
auto-covarianc®,, is given by

9]

(10]
1

T _
71 VV* =
= diag[diag(S:)].

Sy

diag[diag(Tn.TL,.)]
(A5)

L-1
[11]
From (A5), the elements of the main diagonaBgfare equal to

the corresponding ones 8f, being zero all other extra-diagonal [12]

components [see the definition dfag in (18)]. Equation (A4)
corresponds to minimize the given matrix trace subject to the

constraint to keef&? constant. (13]
From (A4), it can be derived the following expression: [14]
2DvprRVVE + A(=2X . TE 4 2Dy T TE,) = 0,

(AB)  [15]

that is, using (A1), (A2), and (A5) [16]

1
A DvmrSy + DymrS: = Szt (A7) 17
Finally, by setting the multiplieA = 1/~, from (A7) we have  [18]
Dymr = Sat (St +7S,) 7! (A8)
[19]

whose form explains the expression of the third member of (11)[.20
If the constraint factory is equal to zero, then (A8) reduces to ]
the OMR given by (10).
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