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Abstract— To minimize the impact of propagation impairments
occurring at Ka-band and beyond, satellite communication
systems operating at such high frequencies require the
implementation of adaptive fade mitigation techniques (FMTs). As
beacon measurements are rarely available (especially with the
spatial distribution and the time resolution required by FMTs),
time series generators represent a key tool for the design stage of
such systems. This paper proposes a novel three-module model
chain to generate time series of rain attenuation. The first module
is a Numerical Weather Prediction (NWP) model that forecasts
meteorological parameters across a continental grid with 9 km x 9
km and 15-min resolution in space and time, respectively. The
NWP model outputs feed a radiopropagation model, which
produces time series of the attenuation components (gas, clouds
and rain). Finally, the rain attenuation is generated ex-novo ata 1-
sec sampling rate, by taking advantage of the multisite time-series
synthesizer (MTS). Each step of the process is validated against
measurements covering a 28-day period.

Index Terms—NWP, Q/V-band, rain attenuation, satellite
communication, time series generators.

[. INTRODUCTION

s the frequency bands typically used by Satellite

Communication (SatCom) systems for fixed services, i.e.
C- and Ku-bands, are heavily congested [1], operators are
moving or already moved to higher bands, such as Ka and Q/V,
which allow larger signal bandwidths and more compact
antennas. However, at Ka-band and beyond, the stochastic
nature of the atmospheric propagation channel produces
increasingly heavy signal impairments with high dynamic range
[2]. Hence, SatCom systems operating at these frequencies need
to implement adaptive Fade Mitigation Techniques (FMTs) to
meet the quality-of-service targets, e.g., service availability and
data throughput, by optimizing the system resources in real
time, rather than relying on simple techniques based on fixed
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power margins [3]. As a practical implementation of such
systems, we can mention the recently launched Eutelsat
KONNECT and Hughes JUPITER 3 that are examples of very
high-throughput satellites (VHTS) with a Ka-band capacity of
500 Gbps and Q/V-band gateways [4], [5].

The design, test and validation of adaptive FMTs requires an
accurate characterization of the atmospheric propagation
channel. Specifically, the concentration of atmospheric
constituents, like gas, and of atmospheric particles, like cloud
droplets and raindrops, must be estimated [6][7], as well as their
spatial and temporal distribution [8]. Moreover, propagation
impairments depend on signal frequency and polarization and
on the geometry of the ground-to-satellite link.

Although the evaluation of adaptive FMTs has been partially
carried out based on measurements [9], there are few available
experimental data, especially in the Q/V band, and rarely
collected over a lapse of time long enough to capture the
seasonal and yearly variability of the processes. Some quite
satisfactory, in terms of time duration of collected
measurements, databases across Europe are provided by the
Olympus [10] and the Italsat [11] programs: the first two main
European initiatives, dating back to the 1980s, to verify the
viability of 20-50 GHz atmospheric channel through accurate
measurements of propagation conditions [12]. The more recent
Alphasat campaign at Ka and Q band has produced (and is still
producing) more temporally extensive data [13]. Such
databases are limited to single geographical sites and up to Q
band. Hence, there are no measurements on large areas,
required for the implementations of some FMTs such as the
smart gateway diversity, with climatological value, especially
up to V band. Hence, resorting to propagation models and
simulations is a common practice. In particular, time series
generators of propagation-related quantities, such as path
attenuation, are key tools. Moreover, if FMTs involve the
simultaneous assessment of propagation conditions across
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several links, as in the case of techniques based on spatial
diversity (e.g. smart gateway diversity [14]), attenuation time
series should be obtained in multiple sites and should reproduce
the spatial correlation of the processes as well. In addition,
especially when smart gateway diversity must be implemented,
a time-resolution of 1 second is required in order to properly
design and plan the switch from the gateway in outage, typically
due to rain affecting the link, to the backup gateway [9].

Attenuation time series can be obtained by resorting to
machine learning techniques, as in [15], or through stochastic
generators. ITU-R Rec. P.1853-2 [16] provides practical
implementation rules for generating time series of the
components of tropospheric attenuation for Earth-space links.
ITU-R algorithms are based on analytical models for the shape
of the CCDF of each component, as well as for their temporal
and spatial correlation, which hold on a climatological basis.
Hence, they are more suitable to reproduce the long-term
features of the channel. Several time series generators are built
upon the mathematical framework proposed in the early work
of Maseng and Bakken [17], which models rain attenuation as
a first order Markov random process with a lognormal CCDF
(complementary cumulative distribution function). The process
is characterized by three-parameters: x and ¢ of the lognormal
CCDF (i.e., mean and standard deviation, respectively, of the
variable’s natural logarithm) and £, which defines the temporal
autocorrelation function of the process. The enhanced version
of the Maseng and Bakken model in [18] modifies the
lognormal distribution to account for the local probability of
rain. The authors in [18] also propose methods for generating
synthetic events with user-defined properties and for carrying
out a stochastic interpolation of existing time series. The
Multisite Time series Synthesizer (MTS) in [19] generates N
sequences of rain attenuation bounded by dry periods in as
many sites. Rain attenuation events are randomly extracted
from a database of measurements. The process is subject to the
following conditions: a) the time series must fit N user-defined
CCDFs; b) the N time series must be spatially correlated
according to the reciprocal distance among the sites.

An alternative to random process generators is to produce the
time series from the outcomes of Numerical Weather Prediction
(NWP) models. NWPs implement a mathematical description
of the thermodynamic state of the atmosphere and their outputs
provide the inputs required by several physically-based
propagation models [20]. Another advantage of NWPs is that
they can generate the temporal evolution of the 3D layered
forecasts of the atmospheric variables over large areas, hence
they can be used for both GEO (Geostationary Earth Orbit) and
non-GEO systems. However, the exploitation of NWP data for
SatCom applications has been only partially investigated so far:
these products can seldom achieve fine spatial and temporal
resolutions, due to the extremely high computation burden,
while providing a good accuracy. Indeed, predicting heavy and
localized, both in space and in time, precipitation events, which
may result in link outage, hence in service loss, is still a
challenge for NWPs. Another limitation is the growing
computing time and storage volume when the forecast is
generated over large grids. Although NWP products are not

mature enough for their operational use in SatCom control
chains, nonetheless they can be beneficial for the system design
stage: the NWP data can be used for the design of the adaptive
FMTs (especially smart-gateway diversity), imagining that
each grid point or a subset of grid points where NWP are
available correspond to positions of the gateways or user
terminals.

Indeed, in [21] and [22], NWP outputs combined with
propagation models were used to generate time series of rain
and cloud attenuation with a resolution up of 2 km in space and
5-min in time, respectively. A gateway switching control
algorithm based on weather forecasts is proposed in [23],
suitable for applications in which switching rates are low, e.g.,
from 1 hour to 1 day. Recently, high-resolution time series of
the rain attenuation have been produced through a model chain
based on a cascade of a NWP model, a rainfall cell generator
and an optical flow algorithm [24]. The tool provides a time
resolution of 1-min over a limited geographical area in Belgium
of about 160 km %160 km.

This work presents a novel model chain to generate time
series of path attenuation. The novelty relies in the exploitation
of NWPs products to drive the generation of time-series with
1-sec temporal resolution. The model, developed in the
framework of the ESA project RadioSatMet [25], aims at
providing high-resolution time series in multiple sites for the
assessment of adaptive FMTs over a continental scale, which is
the ultimate goal of the project. The RadioSatMet model chain
includes three major functional blocks. The NWP model is
cascaded with a parametric radiopropagation model (PRM) and
the aforementioned MTS to increase the resolution of the
resulting time series to 1 second. First results concerning the
implementation of the first two blocks (NWP+PRM) were
presented in [26]. An important point is that, differently from
its original conception [19], in this contribution the MTS tool is
challenged to simulate relatively short time series of 28 days.

Compared to other approaches already existing in literature
and previously discussed, the advantages of the proposed
RadioSatMet model are: i) capability of producing high
resolution time-series of attenuation down to 1-sec thanks to the
MTS module; ii) possibility of designing mitigation techniques
requiring fast adaptive times such as smart-gateway-diversity
with switching latency and switching rates of few seconds; iii)
production of attenuation maps on a continental scale
potentially exploitable for SatCom system applications.

The RadioSatMet blocks are detailed in Section II, while in
Section III the model chain is validated based on experimental
data. Finally, the conclusions are drawn in Section 0.

II. MODEL-CHAIN FOR TIME SERIES GENERATION

Fig. 1 describes the proposed model-chain for the time series
generation. The final goal is to provide time series of
radiopropagation quantities (i.e., atmospheric attenuation and
brightness temperature) on a regular continental grid (i.e. the
SatCom coverage area).

The first step of the process is a single-domain NWP model
described in section II.A. The process generates daily forecasts
of atmospheric quantities at a medium-high spatial resolution of
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9 km x 9 km every 15-min over the SatCom coverage area.
Furthermore, to better characterize the two Italian sites of Tito
Scalo (TS) and Spino d’Adda (SdA), where Alphasat
measurements are available for validation [28], forecasts at high
time resolution of 30 seconds are produced only on the two single
pixels of Tito Scalo and Spino d’Adda. NWPs are obtained as the
output of the Advanced Research Weather Research Forecast
model, WRF-ARW, hereafter referred to simply as WRF [27],
which is initialized with global-scale data. Secondly, atmospheric
quantities are converted into radiopropagation variables through
the PRM (section II.B). The outputs are the time series of
atmospheric attenuation and brightness temperature with 15-min
time resolution. Thirdly, the PRM-derived time series of the rain
attenuation component are elaborated to synthesize new time
series at a much higher time rate of 1 second by means of the
MTS tool (section I1.C). This last step is mandatory since the time
series are used for the design and test of FMTs able to update the
SatCom system configuration according to the dynamics of the
atmospheric channel: indeed, at Ku- and higher bands,
precipitation drives the rate and intensity of signal variations.

Parametric
»{ Radiopropagation
Model (PRM)

‘Attenuation time-series A(t)
>+ @15min over Eu domain |—
*  @30sec over TS and SdA

Multisite Time series
Synthesizer (MTS)

Attenuation
time-series
Alt) @ 1sec

1

GFS-NCEP * Elev. Angle
global-scale data « Frequency
Fig. 1 Proposed model-chain for time series generation. Rectangular blocks
denote the operational modules: Numerical Weather Prediction (NWP) model,
parameterized radiopropagation model (PRM), and multi-site time series

synthesizer (MTS). Elliptical blocks are the external input data and rounded red
smoothed rectangular blocks are the outputs produced by the model-chain.

A. Numerical Weather Prediction (NWP) Model

NWPs are produced resorting to WRF model, developed and
supported as a community model by the National Center for
Atmospheric Research (NCAR) [27]. The WRF modeling
system supports atmospheric simulations across scales from
high-resolution (large-eddy) to global. WRF integrates the
compressible, nonhydrostatic Euler equations and includes
several options for microphysics, cumulus parameterization,
planetary boundary layer, land-surface model, and radiation.

For this work, the WRF model uses the Global Forecast
System (GFS) model analyses and forecast provided by the
National Centers for Environmental Prediction (NCEP), as initial
and boundary conditions.

The chosen WRF model configuration encompasses a mid-
latitude European domain, referred to as d01, with horizontal grid
spacing of 9 km and a size of approximately 5000 km x 3000 km
(Fig. 2). WRF simulations are started at every synoptic hour
(00:00, 06:00, 12:00 and 18:00 UTC) for four full weeks in the
timeframe from 21 April 2020 to 31 May 2020 and each model
forecast is 24 hours long. The 3-dimensional WRF model output
for the entire European domain is saved with a 15-minute
frequency and used as input to the PRM model. In addition, as
previously stated, time-series of the main prognostic variables
from the nearest model grid point to the two stations of Tito Scalo
and Spino d’Adda are recorded at every integration time-step of
the model that, in our case, is every 30 seconds. This latter dataset
includes the following meteorological parameters required by the

PRM: pressure, temperature, humidity, hydro-meteors
distribution (e.g., rain, ice, graupel etc.), wind intensity and
direction. The main WRF configuration and settings are
summarized in Table I.

The “best day” forecast is compiled by selecting the best 6
hours from each of the four daily runs. Notably, the initial 6 hours
of each run are affected by the model spin-up, i.e., the time
required by the model to properly propagate the boundary and
initial conditions in the whole domain. Consequently, within the
24 hours forecast of a single run, the "best 6 hours" correspond
to the ones closest to the initialization time but just after the spin-
up. With four runs every 6 hours, the 'best day/, i.e., the best 24
hours, is identified by considering the four “best 6-hour slots”
from each run. This operational procedure is common, as weather
forecasts often prioritize hours immediately following the model
spin-up and closest to the initialization time.

100w o
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Fig. 2 Continental (European) domain used for the model-chain simulations
including Tito Scalo and Spino d’Adda sites (TS and SdA, respectively). The
radiosondes used for the WRF model validation are highlighted as well (red dots).

TABLE I
NWP CONFIGURATION AND SETUP (WRF MODEL AT 9 KM SPACE RESOLUTION)
Domain d01 Single grid-point
Coverage Europe Single point: Tito Scalo or
(3000 kmx5000 km) Spino d’Adda
Time resolution 15 min 30 sec
Grid size 350x400 1x1
Initialization GFS-NCEP Extraction from dO1 run

B. Parametrized Radiopropagation Model (PRM)

The PRM model receives as input the meteorological forecasts
generated by the NWP model at each dO1 grid-point or the higher
temporal resolution time-series from the nearest model grid point
to the two Alphasat stations and converts them into
radiopropagation parameters with the same resolution in space
and in time as the one used by NWP model. The PRM outputs
are:

e path integrated total attenuation and individual
components (i.e. rain, cloud, water vapor and oxygen
attenuation);

e  brightness temperature.
The above quantities are calculated along the zenithal path and
then rescaled at the considered elevation angle through the
cosecant law at each grid point assuming a GEO SatCom system
with a satellite located a 25°E longitude (i.e., the longitude of the
Alphasat satellite). Note that, especially for geostationary links
operating with midlatitude ground stations at elevation angles
ranging around 30° - 40° (as in our case, where elevation angles
in Tito and Spino are 42.1° and 35.5°, respectively), the error
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committed by adopting the cosecant low is expected to be
negligible if compared to other available models [28], [29]. The
frequencies selected for the simulations are: 19.7, 30.0, 38.0,
39.4,48.0, and 50.9 GHz.

The absorption due to water vapor and oxygen is
parametrically related to pressure, temperature and water vapor
mixing ratio. The latter are provided by the NWP model and then
properly combined in order to obtain the specific attenuation due
to gas (kgas, in dB/km) as the sum of oxygen (k,, ) and water vapor
(kp,o) contributions, according to the standard models included
in [31]: kgos = ko, + kp,o (dB/km).

The specific attenuation due to rain and clouds is calculated
from the particle density p, through the power-law relationship

ki = ap;* (dB/km) (1)

where the subscript i indicates the water particle type, i.e., ¢/ for
cloud and r for rain. The regression coefficients a; and b; are
obtained from an available data set previously calculated for each
particle by means of the T-matrix electromagnetic scattering
approach. T-matrix is an open source code that allows for the
computation of scattering effects from spheroidal particles at the
frequency and incidence angles of interest by properly selecting
a particle axial ratio and considering the particle size distribution,
density, shape and orientation [32]. A very useful reference
database concerning the applicability of the T-matrix model at
microwave frequencies is provided in [33]. The hydrometeor
density p; required for calculating the specific attenuation in (1)
is obtained from the particle mixing ratio O; (g/kg), available
from NWP model outputs, using the ideal gas law

pi = (Qip)/(RT) (g/m’) 2

where p is the atmospheric pressure (Pa), T is the absolute
temperature (K) and R = 287.05 (J/(kg-K)) is the specific gas
constant for dry air. The specific attenuation due to the water
particles k. is

kwp =k + kg (dB/km) 3)
and the total specific attenuation £ is:
kior = kgas + kwp (dB/km). 4

Finally, the total attenuation 4, is obtained by integrating k;,
along the zenith from the surface (z=0) to the top of the
troposphere, i.e., the highest vertical level simulated by WRF
(z=h), and by rescaling it to the link elevation angle 6 using the
cosecant law:

h
A¢(6) = cosec(8) [; kior(2)dz (dB) ®)
Although this work focuses on attenuation time-series
generation, it is worth mentioning that, in the most

comprehensive framework of applicability of FMTs to SatCom
systems, the possibility of producing time-series of brightness
temperature is anyway important. For this reason, the brightness
temperature 73 in (K) is also an output of our model chain and is
parametrically related to the path attenuation through the well-
known equation [31]

TB(H) — Tce—At(B)/4.343 4+ T‘mr(l _ e—At(B)/4.343) (K) (6)

where 7. = 2.73 (K) is the cosmic background radiation
temperature and 7, is the mean radiative temperature (K). The
latter is retrieved by resorting to the Generalized Parametric
Prediction (GPP) Model described in [34], which provides the
mean radiative temperature in all-weather conditions as a
function of the corresponding value of the atmospheric
attenuation and the surface meteorological temperature.

C. Multisite Time Series Synthesizer (MTS)

At Ka-band and beyond, rain is the dominant component of
the total attenuation when we consider the small percentages of
time corresponding to the maximum outage tolerated by
SatCom services, typically 1% at European latitudes, where
mainly a temperate climate is expected. Moreover, heavy rain
at these frequencies produces link outages. Finally, path loss
variations due to rain are fast and in the order of a few seconds.
Since adaptive FMTs are typically implemented to mitigate the
effects of rain, it is important to resort to accurate models
generating rain attenuation time series with a time step fine
enough to implement FMTs.

In the RadioSatMet model chain, the resolution of the rain
attenuation time series generated by PRM is refined to 1 second
by a stochastic method based on the MTS [19]. The MTS
generates time series by combining the rain events extracted
from a database of more than 2500 hours of rain attenuation
measurements (1 sample/s) that were collected at the three
available beacon frequencies (18.7, 39.6, and 49.5 GHz) at the
ground station of Spino d’Adda, Italy, during the Italsat
experiment (1994-2000) [35].

The MTS inputs are a set of N ground sites (corresponding,
for instance, to the locations of the N gateways within a SatCom
system, where the time series must be generated), the link
characteristics (satellite position, frequency and polarization),
and the 15-min rain attenuation time series generated by the
PRM in the grid-points corresponding to the N sites. The PRM
data are processed to obtain the Complementary Cumulative
Distribution Function (CCDF) of the rain attenuation over a
certain observation period, which constitutes the objective
CCDF. The process is sketched in Fig. 3. The time series are
generated in two steps: 1) N binary time series of dry/rainy
periods are created, and 2) events are extracted from the Italsat
database to fill the rainy periods. To this aim, Italsat events are
classified in advance according to peak attenuation (9 classes)
and duration (23 classes). Each objective CCDF is fitted by a
linear combination of the CCDFs of the 9 peak attenuation
classes (which are normalized to 1 since, being rain-attenuation
CCDFs, their highest probability level will be less than 1). The
weight of each contributing CCDF multiplied by the size of the
total simulated time represents the duration of all the events to
be extracted from that peak attenuation class. The dry/rainy
periods are generated based on the probability that it is raining
along the path, calculated from the initial point of each
objective CCDF. These periods are multiple of a basic 5-min
slot, as this is the minimum duration of the Italsat events.
Finally, the dry/rainy state binary process and the rain
attenuation process are spatially correlated assuming the
models in [36] and [37], to which the reader is addressed for
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further details. The temporal correlation of the binary process
is assumed exponential, while the temporal correlation of rain
attenuation is inherently embedded in the Italsat time series.
The extraction process is random and a final step is carried out
to adjust the resulting rainy time replacing some events with
others of the same peak attenuation class which fit better the
requested rain time duration. To summarize, events are
randomly picked from a database of events clustered by peak
attenuation and duration to fit three conditions on: 1) the rainy
time duration of each peak attenuation class as set by the
objective CCDFs, 2) the distribution of the duration of the
events as set by the underlying dry/rainy binary time series, and
3) the spatial-temporal features of the random processes
involved. Note that, differently from the formulation in [19],
where MTS events were broken into one-hour fixed periods and
the binary dry/rainy periods had durations multiple of one-hour,
here the original events in the databases are not manipulated to
avoid harsh discontinuities in rain attenuation time series that
would bias the simulation of FMTs.

GEO
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1-s time series
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Fig. 3 Sketch of the stochastic interpolation methods executed by the MTS
that generates 1-s time series of V-band rain attenuation from 15-min PRM time
series. The simple case of one station is considered even though MTS can
produce time series in several locations reproducing the spatial-correlation of
the process.

The MTS time series of rain attenuation are linked to the
PRM time series in a first order statistical sense, as they
reproduce the objective CCDF relative to the observation
period, but the correlation in the time domain is not preserved.
The MTS has been designed and mainly used so far to
reproduce the climatological CCDF of rain attenuation,
generating long time series (e.g. one to several years). Here, the
MTS is used to resample the 15-min resolution time series
down to 1-sec resolution during shorter observation windows.
In this case, the agreement between the resulting CCDF and the
objective one will depend on two factors: 1) the shape of the
objective CCDF, which can be irregular when derived from
observation of rainfall occurrence over a relatively short time
window, and 2) the capability of the MTS to reproduce the
objective CCDF regardless of its shape, by combining only a
few database events. These aspects will be further discussed in
section I11.C, where the MTS outcomes will be assessed against
the objective CCDFs. Note that CCDFs are sensitive to the
sampling time. If we build a CCDF from a population of N-
samples of a stationary random process, we can state that the
CCDF based on N samples will match the asymptotic CCDF
(i.e. when N=+inf) down to a minimum exceedance probability
level Puin>1/N. In our case, assuming Pni»=10/N and having

15-min data over 28 days from the PRM simulations, the
corresponding CCDF will be reliable down to about P, = 0.4%
that should be a reference level to keep in mind in performing
comparison with other databases.

III. MODEL CHAIN VALIDATION

Two different sets of measurements are used to validate the
model chain:

o radiosonde data from 47 sites across Europe (red dots in
Fig. 2) collected twice a day, at 00:00 and 12:00 UTC,
respectively;

e measurements collected during the Alphasat experiment
by the Italian receivers in Tito Scalo and Spino d’Adda
(TS and SdA in Fig. 2, respectively) in terms of beacon
attenuation at 19.7 GHz and 39.4 GHz at elevation angles
of 42.1° and 35.5°, respectively.

The validation activity is carried out over a period of time
covering 28 non-consecutive days in April-May 2020, selected in
order to monitor different meteorological conditions and to
maximize the availability of the Alphasat measurements at the
two ground stations of Tito Scalo and Spino d’Adda. The number
of days selected (28) is a compromise between satisfying the
above conditions and keeping reasonable values of both
computational times and size of the overall data produced by the
NWP simulations.

A. NWP Model Validation

The NWP performance is analyzed by comparing the model
output with rawinsonde data (RAwindsonde Observation
program, RAOB) from 47 sites across Europe (Fig. 2) for the test
week 25-31 May 2020. The Root Mean Squared (RMS) error for
the vertical profiles of temperature, water vapor, and relative
humidity is then calculated as follows. The RAOB profiles are
interpolated on the model levels and compared to the model
profiles from the model grid point closest to each available
rawinsonde site. Fifty-one levels in the vertical are used. The
vertical spacing is on the order of tens of meters for the levels
nearest the ground and gradually increases with height. The
model top is fixed at 40 hPa, which corresponds to a height of
about 21/22 km above the ground level. The comparison is
carried out at 00:00 and 12:00 UTC over the selected timeframe.
For the comparison at 12:00 UTC, the 6-h NWP forecast from
the run initialized at 06:00 UTC is used and, similarly, for the
comparison at 00:00 UTC, the 6-h NWP forecast from the run
initialized at 18:00 UTC is used.

Fig. 4, Fig. 5 and Fig. 6, show the statistics for temperature
(T), water vapor mixing ratio (r) and relative humidity (RH)
obtained by including the 94 daily radio-soundings (47 sites, 2
launches per day), over the considered seven days. The vertical
profiles considered are 652 out of 47x2x7 = 658 because six
radio-soundings were not available. The left panel of each
figure shows the mean (1) and the standard deviation (o) of the
NWP and RAOB vertical profiles (in blue and red,

respectively):
o pRAOB - NWP GRAOB = GNWP. mean and standard
deviation of 7 from RAOB and NWP vertical profiles;
o yRACB NWP  GRAOB = GNWP. mean and standard

deviation of » from RAOB and NWP vertical profiles;
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uRaoB - uNWP - gRA0B - GNWP: mean and standard

deviation of RH from RAOB and NWP vertical profiles;
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Fig. 4 Validation of the temperature 7 as predicted from NWP on different
vertical pressure levels P: (a) mean and standard deviation of vertical profile
for radiosondes (red) and the NWP 6-hour model forecast (blue); (b) mean
(black), standard deviation (gray) and RMS (red) of the differences between
radiosondes and forecasts.
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Fig. 5 Validation of the water vapor mixing ratio » predicted by NWP on
different vertical pressure levels P: (a) mean and standard deviation of vertical
profile for radiosondes (red) and the NWP 6-hour model forecast (blue); (b)
mean (black), standard deviation (gray) and RMS (red) of the differences
between radiosondes and model forecasts.
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Fig. 6 Validation of the relative humidity RH predicted by NWP on different
vertical pressure levels P: (a): mean and standard deviation of vertical profile
for radiosondes (red) and the NWP 6-hour model forecast (blue); (b) mean
(black), standard deviation (gray) and RMS (red) of the differences between
radiosondes and model forecasts.

The right panels show the mean (black), standard deviation
(gray) and RMS (red) of the differences between the forecasts
and the observations, denoted as pp,, g5, and RMS,, , where x

represents the considered variable (T,  or RH), and Ax=x"""-
X408 The NWP forecast exhibits a slight negative temperature
bias in the lower troposphere of less than 1 K, between 400 and
1000 mb (Fig. 4), and a positive bias of about 1g/kg or less in
water vapor mixing ratio in the same layer, decreasing with
altitude (Fig. 5). The combination of these biases result in an
overall positive relative humidity bias, higher and up to 35% in
the lowest boundary layer and lower troposphere, then
decreasing at higher altitudes (Fig. 6). Such errors are deemed
acceptable and consistent with findings from previous works
[38].

B. PRM Validation

PRM is run over the entire European domain at 15-min time
resolution. Fig. 7 shows an example of the attenuation and the
brightness temperature computed over the European domain at
two different frequencies on the test day of 25/05/2020 at 20:00
UTC. Similar plots are available for all the simulated
frequencies and the simulated four weeks.

25/05/2020 20:00 UTC - Frequency 39.4GHz
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2020/05/25_00UTC)
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Fig. 7 Example of PRM output over the European domain (9 kmx9 km grid) on
25/05/2020 at 20:00 UTC: (a) total attenuation at 39.4 GHz; (b) brightness
temperature at 30.0 GHz.

The model validation is performed through a statistical
comparison between PRM simulations and Alphasat beacon
measurements at Tito Scalo and Spino d’Adda, based on the
CCDF of path attenuation over the 28-days observation period.
As for path attenuation, the two Alphasat frequencies are
considered, i.e. 19.7 and 39.4 GHz. The results are shown in
Fig. 8 where the blue curves are the CCDFs of the beacon data
and the green and red curves are the CCDF relative to:

e “PRM (d01)”: obtained by running PRM over the entire
dO1 European domain using as input the full NWP
output database;

e “PRM (single grid-point)”: obtained by running PRM
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over the two grid-points corresponding to the Alphasat
receiving stations of Tito Scalo and Spino d’Adda, using
as input data the recorded NWP high-temporal
resolution timeseries.

Before discussing the results, it is important to remark that:

e Alphasat processed measurements have been averaged
over a 60-sec time window, from the original sampling
rate of 16 sample/sec, in order to smooth the scintillation
effects; PRM simulations over the station single grid-
point are resampled from 30-sec to 60-sec (by averaging
values over a 60-sec time-window) in order to have the
same time step as Alphasat processed measurements;
PRM simulations over the European domain have a
much larger time step of 15-min;

e Alphasat measurements are at an elevation of 42.1° in
Tito Scalo and 35.5° in Spino d’Adda, while PRM
simulations are performed at zenith and scaled at the
Alphasat elevation by using the cosecant law;

e Alphasat data are point measurements, even though
averaged over the link path, while PRM simulations are
obtained from a regional scale model which implies a
spatial averaging process over the geographical area of
interest with a single grid-point with 9 km x 9 km
resolution;

e PRM CCDFs relative to the European domain, cyan line,
are derived from the median values of the attenuation
computed over a 3 x 3 points grid centered around the
considered ground station. This helps to mitigate the
well-known NWP models issue in correctly predicting a
meteorological event both in space and in time, also
known as double-penalty error [39].

Fig. 8 highlights a good agreement with Alphasat
measurements in clear and cloudy atmosphere (i.e. down to
about 5% of time) in both Tito Scalo and Spino d’Adda and
with both PRM (d01) and PRM (single grid-point) simulations.
The results are different in rainy conditions:

e in Tito Scalo: while the PRM (single grid-point)
overestimates the attenuation, the PRM (d01) is in good
agreement with measurements;

e in Spino d’Adda: the two PRM simulations exhibit a
similar trend and overestimate the attenuation.

The different behavior of the two PRM simulations observed
in Tito Scalo with respect to Spino d’Adda are probably due to
the orographic differences. Indeed, the area surrounding Tito
Scalo is characterized by mountainous reliefs while the terrain
around Spino d’Adda is flat. The orography may affect the
precipitation and its distribution over the area of interest.
Specifically, in Tito Scalo we expect rain events focused in
small geographical areas that, in turns, are difficult to be
predicted through NWP models thus causing strong
overestimations of the precipitation. In this sense, the spatial
median value calculated over the 3x3 points grid helps to
mitigate such overestimation in Tito Scalo (where a huge scatter
among the nearby grid-points is observed due to the complex
orography) while, as expected, the same average has no effect
in Spino d’Adda.

The errors between PRM-simulated and Alphasat-measured
CCDFs are quantified in Table I and Table III for Tito Scalo
and Spino d’Adda, respectively, in terms of mean B (dB) and
standard deviation o3 (dB) of the absolute error (¥; — x;) where
x and X are the measured and simulated values of attenuation at
fixed percentage of time, respectively. Nine equally-spaced
points per decade have been considered ranging from 0.1% to
100%.
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Fig. 8 PRM validation vs Alphasat measurements in terms of exceedance
probability of attenuation calculated over the 4 simulated weeks: Tito Scalo (top
panels) and Spino d’Adda (bottom panels) at 19.4 GHz (left panels) and 39.4
GHz (right panels).

TABLE II
ERRORS BETWEEN PRM-SIMULATED AND ALPHASAT-MEASURED CCDFS OF
TOTAL ATTENUATION OVER 4 WEEKS IN TITO SCALO

PRM PRM single grid-point
Frequency 19.7 GHz 39.4 GHz 19.7 GHz 39.4 GHz
B (dB) 0.07 0.59 0.32 1.36
o5 (dB) 0.11 0.47 0.35 1.51
TABLE III

ERRORS BETWEEN PRM-SIMULATED AND ALPHASAT-MEASURED CCDFS OF
TOTAL ATTENUATION OVER 4 WEEKS IN SPINO D’ADDA

PRM PRM single grid-point
Frequency 19.7 GHz 39.4 GHz 19.7 GHz 39.4 GHz
B (dB) 0.74 2.65 0.66 2.31
oz (dB) 0.83 3.17 0.72 2.77

C. Multisite Time series Synthesizer Validation

MTS simulations were carried out over the 28-days
observation period, synthesizing time series of rain attenuation
at 39.4 GHz in Tito Scalo and Spino d’Adda, starting from three
different objective CCDFs:

e Alphasat beacon measurements;
e PRM (dO1) forecasts;
e PRM (single grid-point) forecasts.

Following the approach illustrated in the previous section,
the 15-min PRM forecast data are taken as the median value
calculated from the 3x3 grid-points centered about the
considered station (Tito Scalo or Spino d’Adda), while 30-sec
data are generated by PRM at the grid-point including the
specific site location. The validation process is carried out by
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comparing the CCDFs obtained from the MTS time series with
the objective CCDFs.

Fig. 9 shows the results. In each panel, the purple line is the
objective CCDF, the black line is the CCDF obtained from the
28-days MTS time series, and, finally, the cyan line is the
CCDF that can be asymptotically achieved by MTS, when all
the events in the database are combined together. Specifically,
the CCDF in cyan is obtained by dividing the events in the
dataset in classes, according to their peak attenuation, building
the CCDF of each class and fitting a linear combination of these
CCDFs to the objective CCDF. Hence, the difference between
the black and the cyan curves is due to the limited capability of
MTS to reproduce an objective CCDF, when a relatively short
period of time is considered, i.e. when only few events are
extracted from the database, as is the case of the 28-day test

window. On the other hand, the difference between the purple
and the cyan curves increases when the objective CCDF has an
irregular shape, i.e., it is difficult to reproduce. Despite the
objective CCDFs of rain attenuation returned by PRM are rather
lumpy, the black curves provide a good agreement at least down
to 0.1% of time, i.e. about 40 minutes. The black and cyan lines
are close together, which means that the error due to short
duration of the time series is small. The distance between black
and purples curves increases when the patterns of the objective
CCDFs are bumpy, as in the case of PRM data at Tito Scalo.
The errors between MTS-simulated and objective CCDFs are
quantified in Table IV and Table V for Tito Scalo and Spino
d’Adda, respectively, with the same criterion of Table II and
Table I11.

Tito Scalo
100— - 100 100
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Fig. 9 MTS validation: CCDFs of Q-band rain attenuation generated by MTS over a 28-day period against the objective CCDFs at Tito Scalo (top) and Spino
d’Adda (bottom). The objective CCDFs are: Alphasat beacon measurements at 60-sec (left), PRM d01 forecasts at 15-min generated over the European domain
and averaged over the 3 x 3 grid-points centered about the ground-station (middle), PRM d01 single grid-point forecasts at 60-sec generated in the two sites (right).

TABLE IV
ERRORS BETWEEN MTS-SIMULATED AND OBJECTIVE CCDFS OF RAIN
ATTENUATION: OVER 4 WEEKS IN TITO SCALO

Objective Alphasat PRM PRM smgle
grid-point
B (dB) 0.21 0.04 -0.50
oz (dB) 0.49 0.43 0.37
TABLE V

ERRORS BETWEEN MTS-SIMULATED AND OBJECTIVE CCDFS OF RAIN
ATTENUATION OVER 4 WEEKS IN SPINO D’ADDA

Objective Alphasat PRM PRM smgle
grid-point

B (dB) -0.13 -0.87 -0.64

oz (dB) 0.17 1.00 0.61

The results in Fig. 9, Table IV and Table V indicate that the
MTS can fit very different CCDF shapes. However, the
temporal synchronization between the 1-sec time series and the
input 15-min PRM time axis is lost. Hence, to synthesize 1-sec
time series of total attenuation adding up rain attenuation
produced by the MTS to gas and cloud attenuation, the last two
must are re-generated as described in the following.

For the gas attenuation, we have adopted the link budget
engineer’s perspective, setting up a constant value
corresponding to the 99" percentile of the CCDF of gas
attenuation simulated by PRM in each site, that is, a
conservative estimate for gas attenuation.
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Fig. 10 Time series generation of rain attenuation: (a) simulated by PRM(d01) with 15-min time step (empty spaces in the time-axis are due to the fact that the 28
simulated days are not consecutive); (b) generated by MTS with 1-sec time step (28 consecutive days are generated).
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Fig. 11 Time series generation of gas attenuation: (a) simulated by PRM(d01) with 15-min time step (empty spaces in the time-axis are due to the fact that the 28
simulated days are not consecutive); (b) generated by MTS with 1-sec time step (28 consecutive days are generated).
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Fig. 12 Time series generation of cloud attenuation: (a) simulated by PRM(d01) with 15-min time step (empty spaces in the time-axis are due to the fact that the
28 simulated days are not consecutive); (b) generated by MTS with 1-sec time step (28 consecutive days are generated).

Cloud attenuation time series in each site are obtained
through the following procedure:

e separate dry and wet time instants in the PRM time

series;

e calculate the CCDF of cloud attenuation 4 in the dry

and wet PRM intervals, namely P(4.|dry) and
P(A: | wet);
e consider the 1-sec time series of MTS rain attenuation:
o pick a random value of cloud attenuation every
15-min from P(A. | dry) or P(4. | wet) depending on
whether the corresponding MTS sample of rain
attenuation is dry or wet;
o linearly interpolate the series over the 1-sec MTS time
axis.

Fig. 10, Fig. 11 and Fig. 12 show the attenuation time series
generated by MTS starting from the corresponding PRM time
series for the rain, gas and cloud component, respectively, at
Tito Scalo and Spino d’Adda. Note that, panels (a) of the figures
show time-series simulated with PRM over the selected 28 non-
consecutive days, that explains the empty spaces in the time-
axis, while panels (b) show the time series generated by MTS.
The latter always covers a period of 28 days but, in this case,
they are consecutively generated.

IV. CONCLUSIONS AND FUTURE WORK

The objective of this work was to demonstrate the potential
of an NWP-based tool for the design of a SatCom system that
implements FMTs to carry out the channel assessment for the
satellite link. Starting from the physical background provided
by an NWP model, we propose a methodology to generate time
series of the path attenuation for SatCom applications,

specifically to simulate the operation of adaptive FMTs at Ka-
band and beyond, suffering from severe propagation
impairments. To this aim, a parametric, physically-based
radiopropagation model (PRM) is cascaded with the outputs of
the NWP model. It converts the 3D fields of the NWP
meteorological outputs into 3D fields of the specific attenuation
due to gas, clouds and rain. The attenuation over each earth-to-
satellite path is then obtained through the simple cosecant rule
from the attenuation calculated along the zenith.

The data are generated over a 400 x 350 points grid covering
Europe with a resolution of 9 km % 9 km in space and 15-min
in time, respectively. As NWP runs are time consuming and
data-intensive, these settings are a trade-off between providing
propagation data over the large SatCom coverage areas and
achieving a resolution in time and space fine enough to track
channel variations, mostly due to rain. To handle the rapidly
changing rain attenuation, the resolution in time has been
further increased to 1-sec by adding a third block (MTS) to the
chain. MTS generates time series of dry/rainy periods in
multiple sites and fills every rainy slot with rain events
extracted from a dataset of beacon attenuation measurements
during Italsat experiment. The extraction process is stochastic
but bounded to reproduce the CCDF of the PRM-based rain
attenuation.

Each of the three blocks of the model-chain was validated
through comparison with ground-based measurements. NWP
outputs are validated against radio-sounding observations in 47
sites all over Europe, in terms of vertical profiles of
temperature, water vapor mixing ratio and relative humidity,
highlighting a very good agreement between measurements and
predictions also in line with previous studies. The CCDFs
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produced by PRM and MTS were validated exploiting
measurements available from the two Italian Alphasat beacon
receivers (in Tito Scalo and Spino d’Adda) in terms of
attenuation at 19.7 GHz (Ka-band) and 39.4 GHz (Q-band) over
a 28-day period. The validation shows a very good agreement
between PRM-simulations and Alphasat measurements in clear
and cloudy sky conditions. In rainy conditions, PRM tends to
overestimate attenuation up to a maximum of about 2 dB at 19.7
GHz and 7 dB at 39.4 GHz. The effects of a complex orography
(such the one in Tito Scalo) on the NWP+PRM cascade,
combined with the space-time averaging process, result into a
mitigation of such overestimation. The MTS fits fairly well the
first-order statistics of rain attenuation over the relatively short
validation period, down to percentages of time corresponding
to less than one hour per year, providing an effective way to
resample time series with a coarse time step into 1-sec time
series. Gas attenuation and cloud attenuation, which are less
critical for FMT assessment, are resampled with simpler
methods.

Although the temporal correlation between PRM and MTS
rainy events is lost, the MTS ability in correctly reproducing the
objective statistics confirms the reliability of the proposed
model-chain and its potentiality in future application of SatCom
systems for the implementation of FMTs. Future works will be
devoted to refining the current radiopropagation model as well
as to test different procedures for the rainy event extraction
process of the MTS. Alternative solutions to the cosecant law
will be investigated, for example physically-based
radiopropagation models that are able to resolve the radiative
transfer equation along the slant-path, such the ones adopted in
[38], [39]. This approach is expected to mitigate the PRM
overestimation trend. Finally, the whole model-chain will be
tested for FMTs implementation within a SatCom system
framework.
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