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Abstract—A physically-based parametric model (PPM) to
predict the sky-noise temperature in all weather conditions is proposed. The proposed prediction model is based on the non-linear
regression fit of numerical simulations derived from the sky-noise
eddington radiative-transfer model (SNEM) in an absorbing and
scattering medium such as gaseous, cloudy and rainy atmosphere. The PPM prediction method, dependent on measured path
attenuation, beacon frequency, and antenna-pointing elevation
angle, describes the statistical behavior of the atmospheric mean
radiative temperature, which in its turn relates sky-noise temperature to slant-path attenuation. PPM validity ranges from Xto W- band and from 10 to 90 in terms of elevation angle. A
comparison of the estimated PPM radio-propagation variables
with corresponding ITALSAT satellite data, collected at the Spino
d’Adda receiving station (Italy), is also carried out and discussed.
The PPM prediction technique provides a root-mean-square
retrieval error generally less than 8 K for all frequencies. Results
show an improvement with respect to the current International
Telecommunication Union (ITU) recommendations, especially
at Q- and V-band and above, where the atmospheric multiple
scattering effects cannot be disregarded.
Index Terms—Atmospheric radio-propagation, microwave
radiometry, radiative transfer, satellite microwave and millimetre
wave links.

I. INTRODUCTION

E

XPLORATION of solar system and deep space continuously demands the increase of telecommunication
uplink and downlink capabilities appropriate to meet specific
mission requirements, driving a need for the use of higher
frequency bands with respect to the ones currently in use [1].
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Higher frequency bands offer several performance advantages,
provided by larger available bandwidth and higher gain for
the same antenna size. Their use is foreseen in conjunction
with the continuous improvements of microwave system technology. However, propagation impairments are quite severe
as the beacon frequency increases: allocation of channel resources above Ku-band is limited by the significant impact of
radio-meteorological factors that can degrade the quality of
service (QoS) for fairly high percentage of time [2]–[4]. Link
outages may be due not only to convective rainfall, as for lower
frequencies, but even to non-precipitating clouds and moderate
precipitation due to stratiform clouds [5]–[8].
The two primary atmospheric quantities in the link budget
equation, expressed in terms of the carrier-to-noise ratio (CNR),
are the atmospheric path attenuation and antenna noise (or sky
noise) temperature. For systems with small CNR, the system
equivalent noise temperature must be kept low and the impact
of atmospheric noise component may become non-negligible
[14], [15]. This issue is even more relevant for space exploration missions than for commercial communication satellites
since low-noise receiving systems (few tens of Kelvin), used for
receiving the weak deep-space signals, are more sensitive to atmospheric effects. Accurate predictions can reduce the amount
of the required link margin and optimize system resources. Although for X-band atmospheric losses can be still mitigated by
the allocation of a constant margin, this approach may be not
optimal for higher frequencies [16], [17].
Accurate channel models are necessary for the design and deployment of satellite missions planning the use of frequencies
above X-band. Experimental characterization of atmospheric
radio-propagation effects along satellite links is of major importance for model testing, but it is often unfeasible and costly
for practical applications (e.g., [9] and [10]). Simplified empirical-statistical prediction models are not always suitable when
extrapolated to short-term time scales and to high availabilities
[11].
An alternative choice is to adopt a physical-electromagnetic
approach to the modeling of the atmospheric channel [12]. Even
though subject to the validity domain of the model itself, a physical-electromagnetic approach can offer a thorough insight into
radio-wave propagation through the atmosphere (e.g., [13]).
The computation of atmospheric radio-propagation parameters in the presence of clouds and precipitation requires an appropriate theoretical framework [12], [18]–[20]. A way to approach the electromagnetic propagation in a scattering medium
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is to resort to the radiative transfer equation (RTE). For instance, an analytical approximation of the RTE solution is represented by the so-called Sky-Noise Eddington Model (SNEM)
[19]–[21], which can be used for characterizing brightness temperature and attenuation regimes corresponding to different meteorological conditions and rainy clouds. A proper combination
of detailed microphysical models, bulk atmosphere parameterizations and statistical prediction techniques could provide more
accurate tools for designing a communication link, especially
at frequencies higher than X-band where the effects of atmospheric propagation processes become severe.
In this paper, the SNEM simulation framework is exploited
to develop a Physically-based Parametric Model (PPM) to
predict the downwelling atmospheric brightness temperature
from the slant path attenuation. The brightness temperature
determines the sky noise temperature, detected by the receiving
antenna throughout a convolution with its directivity gain
function. A short description of the theoretical background
is given in Section II. A database of atmospheric structures
with precipitating cloud vertical profiles is generated by resorting to numerical cloud-resolving model simulations and
meteorological statistical constraints, derived from site-specific radiosoundings (RAOBs). This method is summarized
in Section III and the generation of an atmosphere-radiation
database is detailed in Section III-B. This supporting database
is used as a training set for the design of the proposed brightness temperature parametric estimator by means of a mean
radiative temperature regressive function matched to SNEM
simulations. Results are presented in Section IV together with
some validation tests using Italsat data.
As an example, the proposed PPM prediction technique is optimized for the European space Agency (ESA) Deep Space (DS)
ground station at Cebreros (DS2), Spain. Finally, conclusions
are discussed in Section IV.
II. RADIATIVE TRANSFER THEORETICAL BACKGROUND
The brightness temperature
, emitted by a vertically-stratified atmosphere within the antenna pattern at elevation angle
and frequency , is expressed by [12], [22]

(1)
stands for antenna height, is the slant optical
where
thickness (due to both atmospheric absorption and scattering),
is the corresponding slant-path attenuation (with
in decibels),
the microwave cosmic
(with
K),
and
is the mean radiative temperature (or medium effective
temperature) for down-welling radiation. By inverting (1), we
can derive the following definition for
:
(2)
represents the temperature of a vertically isotherm
where
atmosphere, producing the same
and with same attenuation.
It is apparent from (2) that it takes into account, in a frequencydependent way, both radiative and observation parameters of the

atmospheric link. In order to handle (1) and (2) using only either
or
measurements, respectively, a simple way is to resort
to the ITU-R approximate model [11]. The latter is such that
is supposed to be constant
(3)
where values of
between 260 and 280 K are generally suggested [23].
Indeed, (3) is a very crude approximation for
. To show it,
we can consider the SNEM general theoretical background, extensively described in [20]. The basic assumption of SNEM is
to expand
in terms of Legendre polynomials (with
respect to
) up to the first order, deriving the expansion coefficients from the solution of the integro-differential
RTE [19]. In case of a homogeneous atmospheric slab with total
zenithal optical thickness and a bottom interface (i.e.,
)
temperature , it is quite straightforward to derive the following closed-form expression for the ground-based effective
mean temperature at a given elevation
(with
):

(4)
where
and
are the integration constants, derived from
the imposition of the boundary conditions in terms of surface
temperature and angular emissivity,
and are the temperature linear decrease intercept and slope (with respect to the optical thickness), respectively. The quantity
is a known eigenvalue, expressed in terms of volumetric albedo (i.e., scattering
over extinction coefficient) and the scattering asymmetry factor
[19]. Overall errors of (4), using the delta-Eddington optical
parameter adjustment [19], have been found to be less than 1%
when compared to fully-numerical solutions of the RTE. Previous results in (4) can be generalized to an inhomogeneous
planar atmosphere by adopting a recursive approach [19].
In the simplified case of a thermally uniform non-scattering
slab at temperature , it results:
,
and
.
Then, from (4) it comes out
, that is independent
on frequency and elevation angle. Previous considerations give
a hint on the theoretical validity and assumptions of the ITU-R
atmospheric sky-noise model, given in (3) [23].
III. GENERATIONOF ATMOSPHERE-RADIATION DATABASE
To compute radio-propagation parameters, physically-based
models, such as SNEM, require a database of atmospheric cloud
structures that are statistically representative of the geographical region of interest [21], [24]–[26]. In clear-sky conditions
RAOBs can provide suitable inputs, in terms of pressure, temperature, and humidity profiles. In case of a cloudy and rainy
atmosphere, the required hydrometeors profiles are difficult to
obtain and generally not available, since RAOBs cannot provide these quantities and satellite-based retrievals are incomplete due to limited space-time sampling and channel sensitivity
[24]–[27].
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Meteorological numerical cloud-resolving models can
be used as a data source for three-dimensional (3D) fields,
especially because they can explicitly provide cloud and hydrometeor spatial distributions [21], [24], [28], [29]. A rigorous
approach would consider using output simulations of a 3D
time-dependent cloud-resolving model for many meteorological rainfall events in the local area of interest in order to
produce a significant statistics. Unfortunately this procedure
is computationally intensive and extremely time consuming.
A much simpler and effective procedure exploits the use of
a cloud-resolving model simulation together with a Monte
Carlo statistical scheme, following an approach similar to those
presented in [21] and [25], [26]. Namely, numerical outputs
of the University of Wisconsin—Nonhydrostatic Modeling
System (UW-NMS) [28] simulating a typical convective storm
have been used as a starting point. In this way the physical
consistency of cloud-resolving model output profiles can be exploited to construct an ensemble of simplified cloud structures
provided that the average profile of hydrometeor water contents and their correlation matrices are adapted to the specific
geographical site.
Nine cloud classes, following the World Meteorological Organization (WMO) nomenclature, have been modeled: cumulonimbus (Cb), cumulonimbus with incus (Cbi), cumulus (Cu),
cumulus congestus (Cuc), altocumulus (Ac), altostratus (As),
nimbostratus (Ns), stratus (St) and cirrus (Ci). Each cloud structure is defined by a vector
whose elements
(with
) are the equivalent water contents of the various hydrometeors in each layer. In our case the
dimension
is equal to 28 since it is the product of layers
and
hydrometeors
. Denoting with angle
brackets the expected value, the -th cloud class has been characterized by the profile average
, its covariance
matrix
(where superscript
“ ” indicates transposition), the altitude of the layer boundaries
(note that for L layers the number of boundaries is equal to
including the surface so that in our case
) and the set of seasonal-dependent meteorological
variables (pressure , temperature and water vapor content )
forming a vector
(the
dimension of is 3
in our case).
A cloud database has been statistically generated with a total
of 500 realizations for each class and including clear-air as
the tenth class (i.e., 10
realizations), according
to the following procedure: i) classification of the outputs of
the microphysical model into 10 classes and computation for
each class of
and ; ii) random generation of vectors ,
representing the clear-air bulk atmosphere based on the RAOBs
of the area of interest, as described in the next paragraphs; iii)
random generation of vectors
with a Gaussian distribution
with mean
, and correlation matrix
derived from the
output of the cloud-resolving model; iv) adjustment of the
vector
characterizing the vertical structure of the clouds
according the atmospheric bulk profile; v) adjustment of each
hydrometeor profile realization for each class according to
a number of microphysical constraints such as saturation of
humidity where liquid water is present within the layer and
presence of water hydrometeors only below the freezing level
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(see [19] for details); vi) application of the SNEM model
to each synthetic cloud of the generated cloud database to
produce, in our case, 5000 brightness temperatures and path attenuation at a given frequency and elevation angle, as described
in Section III-B.
A. Bulk Clear-Air Atmosphere
The atmospheric pressure decreases approximately exponentially with height, whereas the water vapor density and temperature exhibit a more irregular profile, strongly dependent on the
solar illumination, geographic location and atmospheric thermodynamics. Standard models for the tropospheric vertical profiles of meteorological variables are usually written as

(5)
where
,
, and
are pressure, water vapor density, and temperature at height above the surface, respectively.
Surface values are described by parameters , , , and
,
, and
are the corresponding pressure scale height, water
vapor density scale height and temperature lapse rate. Statistics of surface parameters and scale height coefficients have
been computed by using radiosounding profiles obtained at the
closest WMO RAOB station to Cebreros, which is WMO 08221
at Madrid/Barajas (
N,
W,
m). Radiosoundings are regularly launched twice/day. The
10-year RAOB dataset has been extracted from the NOAA/
Earth System Research Laboratory (ERSL) Global Systems Division archive [30], starting from January 1994. Radiosonde
profiles have been used up to an altitude of about 10 km, where
the standard models in (5) are assumed to be valid on average.
Scale height coefficients have been derived from the RAOB fitting procedure together with corresponding surface parameters
using the least squares criterion.
Total annual and seasonal average values and standard deviations have been computed for each parameter. Within the statistical Monte Carlo approach, instead of imposing a complete
statistical distribution of the meteorological vector , we have
used the bulk-atmosphere profiles and summarized the atmospheric state through a reduced random vector
whose 6 elements are:
. A multi-dimensional
Gaussian distribution has been associated to the reduced random
vector
, using the computed means and standard deviations
and a diagonal covariance matrix for simplicity. Each set of meteorological vertical profiles, derived from (5), has been finally
resampled at the prescribed cloud levels in order to obtain the
original vector .
B. Atmosphere-Radiation Database Generation
In summary, the Monte Carlo cloud database, characterized
by a cloud-structure random vector of 52 elements (i.e., 4
hydrometeors by 7 layers plus 3 meteorological variables
by 8 levels), is made of 20000 realizations (i.e., 5000 cloud
structures by 4 seasons) in order to describe the yearly statistics
in a given site. The SNEM scheme has been applied to the
meteorological profiles and cloud structures by choosing 8
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elevation angles at 5 , 10 , 15 , 30 , 45 , 60 , 75 , and
90 and a set of 13 frequencies between 8.5 and 85 GHz,
including X-, Ku-, Ka-, Q-, V-and W-band, not only for DS
frequency-allocated down-link bands (i.e., 8.4–8.5, 25.5–27.0,
31.8–32.3, 37.0–38.0, 74.0–84.0 GHz), but also for typical
radiometric and telecommunications bands, in order to perform
verification tests. The output simulated radiative variables
are: the atmospheric downward brightness temperature
,
the downward mean radiative temperature
, and the path
attenuation associated to each atmosphere realization (i.e., to
each hydrometeor content vector and meteorological variable
vector ).
The generated cloud-radiation dataset requires a proper statistical validation. The goal is not to reproduce the single beacon
and antenna noise measurement, but to at least simulate their
non-linear correlation and dynamical range to properly derive
the regressive parameters of the prediction model discussed in
Section IV. Unfortunately, no beacon or radiometric data were
available at the DS2 site to perform meaningful comparisons.
Therefore, we have used data of the Italian ground station at
Spino d’Adda (30 km E-S of Milano), operated by Politecnico
di Milano. The station was conceived and designed as a site for
radio-propagation and radioclimatology studies and for communication experiments, which included the ESA OLYMPUS
satellite propagation experiment [31], [32] and the Italian Space
Agency (ASI) ITALSAT satellite experiment [33]. The Spino
d’Adda site has been selected as a test-bed for SNEM modeling since it is well documented and both beacon and radiometric measurements were available [32]. To this aim, 3 years
(i.e., 1994, 1995, and 1996) of beacon measurements at 18.7,
39.6, and 49.5 GHz together with radiometric data at 23.8 and
31.6 GHz at the elevation angle of 37.7 , collected during the
ITALSAT radio-propagation experiment, have been used. Radiosondes from Milano Linate (WMO 16080, 20-km distance
from the site) were collected since mid-1995 to perform the bulk
atmosphere adjustment.
Inter-comparisons were performed in terms of both
and
, and results are shown as superimposed scatterplots in Fig. 1.
Note that the inter-comparison requires a frequency-scaling of
our results since the ITALSAT beacon frequencies are different
from the microwave radiometer ones. Indeed, this frequency
scaling can be performed within the SNEM physically-based
approach in a simple way by producing new simulations at
the prescribed frequency. The figure shows that SNEM-based
simulations fairly well represent the site measurement statistics
(range and dynamics, as well as correlation) of both
and
at many different frequencies. Saturation effects of the
ITALSAT receiver are evident at 49 GHz (upper-right panel of
Fig. 1). The increasing attenuation is a signature of cloud and
rain effects on the beacon and, correspondingly, it is correlated
with an increase of
with a saturation trend towards physical
ambient temperature weighted by the atmospheric albedo. This
trend is well followed by SNEM-based simulations.
The non-negligible effect due to clouds and rain is well
appreciated in Fig. 2, where RAOB-based clear-air simulations
are compared with SNEM-based simulations, which include
both clear-air, cloudy and rainy conditions. Superimposed
scatterplots of
’s at 39.6 GHz against simulated
’s at

Fig. 1. Comparison between SNEM simulations and ITALSAT measurements
at Spino d’Adda (I), in terms of superimposed scatterplots between Italsat instruments (crosses) and simulations (diamonds).

Fig. 2. Comparison between SNEM (crosses) and RAOB (circles) simulations
at Spino d’Adda (I). Comparisons are shown for the entire dataset (left column)
simulaand for non-rainy conditions (right column). Histograms of SNEM
tions at 37 GHz are also shown (middle panels). The lower panels are enlargements of the top panels for clear and cloudy conditions only.

18 GHz and 45 elevation angle are shown for SNEM and
RAOBs datasets. Comparisons are shown for the entire dataset
(left column) and for non-rainy conditions (right column). Histograms of SNEM
simulations at 37 GHz are also shown for
the same atmospheric conditions. It is apparent from the figure
how the consideration of cloudy and precipitation conditions
(in the left plots) significantly enlarges the dynamical range of
the displayed quantities, and that the RTE solution considering
only RAOB data (i.e., without hydrometeors) is not capable to
reproduce such range (circles).
IV. PREDICTING ANTENNA NOISE TEMPERATURE
By assuming that the random variability of the radio-propagation process through the atmosphere at the considered site is
well represented by SNEM-based dataset, the latter can then be
used for developing a physically-oriented statistical prediction
model of
and thus of
. In order to set up PPM statistical predictor, we can assume to have as inputs different sets
of parameters which form the predictor vector and can eventually be made available throughout different sources: i) path
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attenuation
at given frequency and angle , available from ground-based receiver measurements; ii) measured
surface rain rate , available from rain-gauge or disdrometer
measurements; iii) columnar liquid water content , available
either from meteorological forecast numerical model outputs or
from ground-based radiometer measurements. Different combinations of the previous parameters can be also taken into consideration, with different prediction performances [21]. Moreover, it should be also considered that for link-budget design
purposes the prediction model should be designed as a Complementary Cumulative Distribution Function (CCDF) of the
sky-noise temperature exceeded at a given probability . In
this respect, the ITU-R procedure is a suitable example to refer
to [11]. Within the ITU-R recommendation, the co-polar path
attenuation
is used as a predictor of the microwave
sky-noise temperature so that we can use the same approach in
the following.
For the specific deep-space application and following ITU-R,
we can set the observation vector as coincident with co-polar
attenuation
at a given exceeded probability level
(percentage of the yearly time). For the same probability level
, we can then transform
into
by using a physically-based statistical parametric model of
, derived from the SNEM simulation database for a
specific site on a yearly basis, as given in Section IV-A.
A. PPM Sky-Noise Prediction Model
Following a thorough analysis of the synthetic cloud-radiative database, we have finally selected a Physically-based Parametric Model (PPM) by assuming the following mathematical
expression:

(6)
where

is the p-level zenithal attenuation, that is
. The regression parameters , and with
,
2, 3 depend on both frequency and observation angle, within the
interval between 8.5 and 85 GHz and between 90 and 10 by
the following models:

(7)
, and
(
to 6 or 7) are regression constants.
where
The parametric function is given by the superimposition of a
Rayleigh function and an exponential one. The increase of
with of the Rayleigh term reproduces the general increase of
with during cloudy conditions and light rain for different
cloud types, whereas the exponential function approximate the
saturation that occur at increasingly moderate to heavy rain, as
shown in Fig. 3 (left panel, black dots). Since attenuation values
are frequency-dependent, saturation of
generally starts only
during heavy rain at the lowest frequency. Various atmospheric
conditions that range from moderate rain to non-precipitating
clouds with increasing frequency provide the large
variability in between, which is represented by the decrease of the
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Rayleigh term with attenuation. PPM function also scales this
behavior for elevation, according to the formulation given in
(7), whose power-law relations for the frequency-scaling coefficients have been suggested in [21]. It is important to note that
although the PPM model can be considered valid down to low
elevation angles, in such cases some residual model errors may
be enhanced due to the vertically stratified (than azimuthally homogeneous) atmosphere assumption. Indeed such assumption,
which is used for clear-sky and to a lesser extent for clouds and
stratiform rain, is not valid for convective precipitation that is
limited in the horizontal extent. Anyway, the approximation is
considered to have a marginal impact on the overall model’s results. The regression coefficients are site-dependent, as in general
is related not only to the attenuation, but also to site-specific atmospheric conditions as, among others, temperature, altitude and rain-rate. The adjustment of the atmosphere-radiative
data base to the site accounts for this aspect and, for the site of
Cebreros, it resulted in the coefficients and given in Table I.
In order to provide a more general idea of the results provided by the PPM model, Fig. 3 shows PPM model simulations
(right) and
(left) for Cebreros versus path attenuation at
several frequencies and elevation angles, respectively. Comparison is shown between PPM model (light grey solid line) and the
SNEM simulations from the supporting cloud-radiative dataset
(black dots). The input attenuation to the parametric model in
this comparison is that one computed from the SNEM solution
for each cloud realization, which substitutes inputs coming from
other sources in real conditions. As a reference,
computed
according to
K and
K are also shown
(dark gray solid line).
behavior with as previously described can be appreciated, including saturation effects of the
received brightness temperature for high rain rate and path attenuation.
B. Error Analysis of PPM Prediction Model
To provide a quantitative assessment of the capability of the
proposed parametric model to reproduce the
computed by
the RTE solution, Table II shows the Root Mean Square (RMS)
error as a function of frequency ( calculated from PPM model
minus SNEM-simulated
) at three different angles (elevations 90 , 30 , 10 ) for corresponding attenuations at zenith
less than 15 dB. The figure also shows the RMS error of the
very simple model foreseeing a constant
(i.e.,
K
and
K), as suggested by ITU. As it can be noted
from the figures, PPM
results in the best overall agreement
for all frequencies, providing an overall RMS error less than
8.8 K. For elevation angles above 30 and frequencies at Kuand Ka-band, an average value of 260 K also provide good results, with an overall RMS error less than 11 K. At low elevation angles, as well as for frequencies above Ka-band an average
value of 275–280 K could be also suggested, again providing an
overall RMS error less than 11 K.
A local maximum in the RMS error is shown at frequency
23.8 GHz, very close to the resonance of water vapor at
22.235 GHz. It is necessary to point out that the parametric
model may provide larger error if used in the absorption bands,
because of the inherent complexity involved in reproducing
absorption features with a simple parametric model that is

3864

Fig. 3. SNEM simulations and PPM-derived
and (c) at 75.5 GHz and 75 respectively.

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 61, NO. 7, JULY 2013

(left) and

(right) for Cebreros versus

TABLE I
;
) AND
(
;
(
COEFFICIENTS
) FOR CEBREROS DS2 SITE. UNITS OF THE VARIABLES ARE:
,
,

valid in a wide range of frequencies and angles. Handling
with this topic was beyond the scope of our model, which was
specifically developed for communication links operating at
frequencies far from the resonant ones. We have included such

at (a) 8.5 GHz and 15 elevation angle, (b) at 49.5 GHz and 30 ,

frequencies in our comparison to foresee the possibility of
testing the model using ground-based microwave radiometers,
operating at different frequencies, including the resonant ones.
Overall for the Ka-band, RMS error for PPM is comparable to
that given by the use of a constant value for
of 260 K, which
is not unexpected as it is the value suggested by ITU-R for
rainy conditions. Conversely, lower RMS can be appreciated
for higher frequency bands.
The agreement of the model with respect to RAOBs launched
at the WMO site 08221 LEMD in Madrid (Barajas Airport) has
been also investigated. Brightness temperatures
’s and total
attenuations from RAOBs were computed by using a radiative
transfer model implementing gaseous and cloud absorption for
non-precipitating clouds [34]. Since radiosondes do not measure cloud water density, models are necessary to estimate cloud
liquid and ice density profiles required for the simulations of the
atmospheric parameters in cloudy conditions. In this work, we
have applied the model largely in use in the radio-propagation
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TABLE II
RMS ERROR (K) WITH RESPECT TO SNEM SIMULATIONS WITH FREQUENCY (GHZ) AT 90 , 30 AND 10 ELEV. ANGLES ( ’S CALCULATED FROM PPM
K AND 280 K, MINUS SNEM SIMULATED
’S )
MODEL, FROM (1) WITH CONSTANT

TABLE III
RMS ERROR (K) AS A FUNCTION OF FREQUENCY (GHZ) AT ZENITH (
CALCULATED FROM MODELS MINUS
COMPUTED FROM RAOBS)

Fig. 4. (a): Comparison between PPM-derived
prediction model and JPLprediction model for Cebreros at 32 GHz and 45 of
105vB sky-noise
prediction model and
elevation angle. (b): Comparison between SNEM
prediction model for Cebreros at 32 GHz and 45 of elevaJPL-105vB
tion angle.

community, proposed by Salonen and Uppala [35], and modified for the ice contribution [36].
Table III shows the RMS error (
calculated from PPM
minus
computed from RAOBs) as function of the frequency
at frequencies 8.4, 26, 32, 34.5, 37.5, 40, 72, 80, and 85 GHz at
zenith angle. This table compares
’s derived from path-attenuation values, computed from RAOBs as input values to

PPM, against those directly computed from RAOBs. Therefore,
path-attenuation range is typical of clear-sky and non-precipitating clouds for which the Rayleigh approximation for particle
scattering is considered valid. Fig. 4 also shows the RMS error
of the simple
prediction model with constant
. As it can
be noted from the figure, PPM provides a RMS error less than
2 K for frequencies from 8 up to 85 GHz, indicating that PPM
well reproduces the computed
’s from RAOBs in clear-sky
and non-precipitating cloud attenuation range. Larger discrepancies are found for high values of path attenuation and . This
difference is due to the inclusion of rainy events in our dataset,
which are not covered by using RAOB-based simulations.
Finally, a comparison has been preformed with respect to the
Jet Propulsion Laboratory (JPL) sky noise model for DSCC
Madrid, described in Module 105 of the Telecommunications
Link Design Handbook [37], published as a source of interface
design data for all flight projects using the NASA Deep Space
Network (DSN). Results of the analysis between PPM-based
predictions and JPL-105vB sky-noise
predictions for
Cebreros at 32 GHz and 45 of elevation angle are shown in
Fig. 4.
The JPL-105vB model is different from the PPM one developed in this work for several reasons: i) PPM
. is a physically-based parametric function of
, , whereas JPL-105vB
. is modeled to be a function of the cumulative distribution percentages associated to weather condition [37] ii) the
JPL-105vB model is based on ground-based radiometric measurements at K- and Ka-band (i.e., 23.8 and 31 GHz) whereas
PPM is fed by SNEM simulations using RAOB-derived bulk
atmosphere as a constraint; iii) the JPL-105vB model is limited to clear and cloudy data (as shown in Fig. 4), whereas PPM
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can be applied to rainy conditions as well; iv) the JPL-105vB
model is fixed to the experimental frequencies used for training,
whereas PPM can be scaled, in principle, to any frequency.
For low cumulative distribution (CD) value (less than 90%)
the JPL-105vB model shows good results, but for higher CD
values the behavior of the mean radiating temperature of the
JPL-105vB model tends to saturate to a constant value of 280 K.
The latter trend is probably due to the measurement basis of the
JPL-105vB model itself that would fit well clear and cloudy conditions, but does not include multiple scattering processes due
to precipitating hydrometeors, which were not taken in due account since model is tuned to the attenuation range typical of the
current Deep Space application and frequencies. Note that the
initial value of
, basically referring to dry clear air, for PPM
model is slightly higher (about 5 K) than that of JPL-105vB, a
difference due to the site-specific RAOB-derived bulk atmosphere.
V. CONCLUSION
The development of an antenna noise temperature Physicallybased Paramateric Model, named PPM, has been illustrated and
discussed with a particular focus on deep-space radio-propagation applications, even though its application is more general.
The goal of this work has mainly been aimed at showing: i) the
limitation of assuming a constant value for the mean radiative
(or effective) temperature
; ii) the capability to predict
also in the presence of convective and stratiform rainfall from
path attenuation.
The brightness and mean radiative temperature of an
absorbing and scattering atmosphere, modeling vertically-stratified clear, cloudy, and rainy troposphere, has been modeled by
means of the SNEM simulator. The SNEM-based simulated
database has been generated, in this work, for the ESA deep
space site DS2 considering frequencies between 8 and 85 GHz
and elevations between 5 and 90 . The clear-air site climatology has been characterized by a bulk atmosphere derived
from available RAOB datasets. A physically-based prediction
parametric formula has been proposed to evaluate the sky-noise
temperature exceeded at a given probability , quantifying
the expected errors in a wide spread of atmospheric conditions
(from clear air to heavy precipitations). The PPM formula provides corresponding
and
values for clear, cloudy, and
rainy troposphere in the described range of frequency bands and
according to the elevation angle as a function of attenuation,
which can be provided by the site available statistics.
The use of a parametric model, dependent on frequency and
attenuation for describing the mean radiative temperature
improves significantly the results with respect to the use of constant values, especially at the Q/V-bands. The parameterization of PPM coefficients as a function of both frequency and
elevation angle further reduces the RMS error with respect to
SNEM simulations, especially at low elevation angles, proving
that the elevation angle dependency in the attenuation cosecant
law alone is not sufficient to correctly reproduce
and
angular dependence.
The following considerations can be useful to point out:
— By using the PPM method it is possible to obtain cumulative distribution function of the received antenna noise

temperature at a given frequency between X- and W-band
and for an arbitrary set of elevation angles from the corresponding path attenuation for any meteorological scenario
including clear-air, cloudy coverage, stratiform rain and
convective precipitation.
— The PPM method does not require detailed information
about meteorological data and requires, as an input, path
attenuation data that can be derived from different sources,
such as ERA40 database [38] or data from current ITU-R
archive.
— Generally speaking, it could be possible to make use of a
large dataset of locally constrained events in order to produce significant statistics. The process is at the moment
very difficult and time consuming to be effectively used,
but it could be exploited in future applications with the improving of parallel computing and mass storage. Our PPM
method statistically reproduces the climatology making
use of a Monte Carlo approach, effectively reducing computation time while still representing the average climatological characteristics required for the computation of the
model coefficients.
— PPM prediction method, presented here, is based on an
atmosphere-radiation database properly tuned to the DS2
sites. It is understood that this physically-based methodology could be extended to different sites by adapting
the database on the bases of local RAOB stations and
retrieving site-specific regression coefficients.
Future validation activity and improvement of the PPM prediction formula is foreseen in the near future, not necessarily
involved in deep space research. For instance, comparison with
test-site measurements, collected during the future ALPHASAT
experiment [39] will provide a test for the physically-oriented
prediction methodology with available satellite-link data and
possibly with the availability of microwave radiometers.
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