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Predictions to Support EM Wave Propagation
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Abstract—In order to keep up with the demand for new
services, future satellite-to-ground communications will oper-
ate at higher frequencies, notably in the 20-50 GHz bands.
Consequently, new challenges arise for system designers as the
attenuation of the signal crossing the troposphere increases
with frequency. Propagation experiments, such as the on-going
Alphasat campaign, provide direct measurements of the attenua-
tion. However, other data sources, such as collocated radiometers,
are needed to recover the attenuation in nonrainy conditions. This
work uses the Weather Research and Forecasting (WRF) software
and investigates Numerical Weather Prediction (NWP) models as
an alternative source of nonrainy attenuation time series. Four
months of measured Alphasat and radiometric signals collected
at Spino d’Adda serve as the reference to assess the accuracy of
NWP-derived attenuation. The best agreement between the NWP-
derived and the radiometric nonrainy attenuations is achieved
with the Tiedtke cumulus scheme. Considering the limits in
accuracy inherent to the propagation and radiometric data, the
resulting total attenuation statistics are acceptable. The results
are expected to improve further with NWP simulation domains
closer to the state-of-the-art.

Index Terms—Alphasat, microwave radiometry, nonrainy at-
tenuation, Numerical Weather Prediction (NWP), radiowave
propagation, Weather Research and Forecasting (WRF).

I. INTRODUCTION

THE electromagnetic (EM) wave propagation community
recognizes the interest for Earth-Space links operating at

higher frequencies. Firstly, the traditional C to Ku frequency
bands currently in use are progressively becoming more and
more crowded, whereas there is still a need for new services
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or research applications. Secondly, desirable properties such
as a higher data rate and a better antenna directivity [1] can
be achieved by moving to Ka and Q/V bands. The main
drawbacks of high frequencies are the stronger propagation
impairments due to the atmosphere. Not only rain, but also
turbulence, clouds, and gases, become susceptible to non-
negligibly attenuate the signal. The design of systems and cod-
ing techniques to overcome those impairments thus requires
an accurate characterization of the propagation effects.

EM wave propagation experiments consist in single-
frequency beacons aboard satellites and ground stations receiv-
ing the emitted signals. Examples of past campaigns include
OTS [2], SIRIO [3], OLYMPUS [4], ACTS [5] and ITALSAT
[6], [7]. An on-going campaign is the Alphasat TDP5 Aldo
Paraboni scientific experiment (SCIEX) [8]. It involves two
propagation beacons at the following frequencies:

• 19.701 GHz, linear vertical, boresight at (32.5◦N, 20◦E);
• 39.402 GHz, linear 45◦, boresight at (45.4◦N, 9.5◦E).

Alphasat is a geosynchronous satellite located at 25◦E. Due
to its inclined orbit, a tracking system is needed to receive
its signal. This paper uses the co-polar beacon signal power
level measured at the Spino d’Adda receiving station [9], at
both frequencies. Spino d’Adda is located at the 39.402 GHz
antenna boresight which means that, on average, the signals is
received at 159◦ in azimuth and 35.5◦ in elevation. The station
is equipped with a multi-channel microwave radiometer, also
pointing towards Alphasat.

Processing the beacon signals typically consists in extract-
ing the excess attenuation, i.e. the attenuation due to rain
and turbulence. If the total tropospheric attenuation, i.e. also
including gases and clouds, is to be derived, then the nonrainy
attenuation component must be estimated independently.

Brightness temperature measurements from a microwave
radiometer at multiple frequencies permit to accurately es-
timate the nonrainy attenuation, after the calibration of a
retrieval procedure [10]–[12]. However, due to the cost of
the equipment, some experimenters, such as some members
of the ASALASCA consortium [13], [14], do not operate
one. Therefore, there is a need for other methods to estimate
nonrainy attenuation.

Other options to retrieve time series of nonrainy attenuation
involve GNSS delays [15], [16], or high-resolution Numerical
Weather Predictions (NWPs). Regarding the latter approach,
studies related to the link budget of satellite downlinks [17]–
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[24] or Deep-Space missions [25], [26] have shown the capa-
bility of NWP models to produce time series of propagation
effects. This contribution, which extends the work in [27],
investigates the use of the Weather Research and Forecasting
(WRF) model [28], [29] to support EM wave propagation
campaigns with nonrainy attenuation estimates.

In the following, Sec. II outlines the procedure to extract the
tropospheric attenuation from the measured beacon signals. It
highlights why a nonrainy attenuation estimate is necessary.
Then, Sec. III introduces the electromagnetic models under-
pinning the estimation of the nonrainy attenuation. They take
as input the pressure, temperature, humidity, and cloud liquid
water content. This latter parameter can itself be estimated
from the others via cloud detection algorithms, presented in
Sec. IV. All those models intervene also in the calibration of
the radiometric attenuation recovery, as summarized in Sec. V,
and in the processing of WRF data, as described in Sec. VI.
The main results of this paper are reported in Sec. VII. They
show a comparison between nonrainy attenuation estimated
with a radiometer or using WRF, for four months of data
collected at the Spino d’Adda Alphasat station.

II. EM WAVE ATTENUATION MEASUREMENTS IN
PROPAGATION EXPERIMENTS

This section illustrates the processing of the measured bea-
con signals in a propagation experiment. It emphasizes that the
total attenuation is the desired outcome, while showing why
only the contributions of rain and scintillation are extracted.

A. Measured Beacon Signal Power and Total Attenuation

The power Pr (W) received from the satellite beacon at the
ground station is usually expressed with respect to a reference
power P0 (W) as the received power level Lr such that

Lr = 10 log10

(
Pr
P0

)
(1)

and, in the case of Spino, P0 = 1 mW so that Lr is expressed
in dBm. The value of Lr depends on the whole system and is
not a universal metric of the atmospheric attenuation. Indeed,
such a metric is the total attenuation Atot (dB) given by

Atot = −10 log10

(
Pr
Pna

)
(2)

where Pna (W) is the received power in hypothetical con-
ditions of absence of the atmosphere. In practice, however,
Pna cannot be known with high accuracy [10], [12], as it also
depends on several system parameters that might vary in time.

B. Identification of Precipitation Events and Extraction of the
Excess Attenuation from the Measured Beacon Signal

The upper part of Fig. 1 displays a time series of Lr. There
is a drop of about 1 dBm between midnight and noon which is
attributable mainly to the satellite motion. The fast variations
of the signal are characteristically scintillation. In the evening,
the marked negative peak is due to a rain event.

Time [h]
0 2 4 6 8 10 12 14 16 18 20 22 24

B
ea

co
n 

S
ig

na
l [

dB
m

]

-20

-15

-10

-5
Spino d'Adda (19.701 GHz) - 2015-05-02

Beacon
Template

Time [h]
0 2 4 6 8 10 12 14 16 18 20 22 24

E
xc

es
s 

A
tte

nu
at

io
n 

[d
B

]

-2

0

2

4

6

8

10

Excess
Events

Fig. 1. Example of rain event identification, template construction, and excess
attenuation extraction from the Alphasat Ka signal collected at Spino d’Adda.

Thanks to their noticeable features, rain events can be
flagged either by visual inspection or by means of some semi-
automatic methods. Thanks to its spectral properties, scintil-
lation can be removed by a low-pass filter [30], [31]. Finally,
slow-varying tropospheric effects (e.g. the fade induced by
gases and clouds) are however hardly identifiable.

The processing of the beacon signal, as depicted in Fig.
1, implies the construction of a template where, during rain
events, Lr is replaced by a linear interpolation and the
scintillation is filtered out. In other words, this template is the
level Lnr of the power Pnr that would have been measured
without rain and turbulence. By subtracting the beacon signal
from the template, we obtain the excess attenuation Aexc (dB)

Aexc = Lnr − Lr = −10 log10

(
Pr
Pnr

)
(3)

a metric including only the effects of rain and turbulence. The
relation between Aexc and Atot is, from (2) and (3),

Atot = Aexc +Anr (4)

Anr = −10 log10

(
Pnr
Pna

)
(5)

where the nonrainy attenuation Anr (dB) appears as a quantity
that must be estimated independently from the beacon signal
in order to obtain the total attenuation.
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III. NONRAINY ATTENUATION MODELS

This section briefly presents the electromagnetic models
used to estimate the attenuations due to gases and clouds.

A. Specific Attenuation

For a uniform plane wave at frequency f (GHz), the
attenuation A (dB) along a slant path of length S (km) is

A(f) =

∫ S

0

γ(f, s)ds (6)

where γ (dB km−1) is the specific attenuation at a distance s
(km) from the ground station, along the link. γ is given by

γ(f, s) = 0.182fN ′′(f, s) (7)

where N ′′(f, s) (ppm) is the imaginary part of the tropospheric
refractivity [32]. Individual contributions to γ can be summed.

B. Specific Attenuation due to Atmospheric Gases

One part of the nonrainy attenuation is due to gases.
Recommendation ITU-R P.676-10 [33] provides line-by-line
or approximated models to estimate the contributions from
dry air (mostly oxygen) γO(f) and water vapour γV (f). The
required inputs are the pressure, temperature, and humidity.

C. Specific Attenuation due to Clouds

A second part of the nonrainy attenuation is due to clouds.
Recommendation ITU-R P.840-7 [34], [35] provides a model,
based on Rayleigh scattering by water droplets, to estimate the
specific attenuation induced by clouds, γL(f). The required
inputs are the pressure, temperature, and liquid water content.

IV. CLOUD LIQUID WATER CONTENT MODELS

As measurements of the cloud liquid content are not com-
mon, algorithms that estimate it from available atmospheric
profiles are useful. This section presents two such models.

A. Salonen Cloud Model

The Salonen model [36], modified by [37], receives as input
vertical profiles of pressure p, temperature T , and relative
humidity RH , and provides as output, profiles of the liquid
water content LWC. Cloudy conditions are identified when
RH > RHc, with

RHc = 1− ασ(1− σ) (1 + β(σ − 0.5)) , (8)

α = 1, β =
√

3, and σ = p/ps where ps is the ground
pressure. Then, the total water content TWC at the altitude
h in the cloud is calculated as

TWC =

 w0

(
h−hb

hr

)a
(1 + cT ) T ≥ 0 ◦C

w0

(
h−hb

hr

)a
exp(cT ) T < 0 ◦C

(9)

with w0 = 0.17 g m−3, a = 1, c = 0.04 ◦C−1, hr = 1.5 km,
and where hb is the cloud base. Finally,

LWC = TWCfW (10)

fW =

 1 T ≥ 0 ◦C
1 + T/20 −20 ≤ T < 0 ◦C

0 T < −20 ◦C
(11)

where fw is the liquid water fraction.

B. Mattioli Cloud Model
The Mattioli model [38] aims to improve the Salonen model.

Firstly, although it still makes use of (8) to define the critical
relative humidity, its parameters are changed to α = 0.59 and
β = 1.37. Secondly, TWC is given by

TWC = cza(1− za+1)b (12)

introducing a dependency on the cloud thickness ∆H with

c =

 0.8RH ∆H < 0.1 km
1.46RH∆H 0.1 km ≤ ∆H < 0.6 km

0.74RH ∆H > 0.6 km
, (13)

z = (h− hb)/∆H , a = z/1.5, and b = 1.5 + z/1.5. Thirdly,
the expression for the liquid water fraction changes to

fW =

 1 T ≥ 0 ◦C
1− (T/35)2 −35 ≤ T < 0 ◦C

0 T < −35 ◦C
(14)

whereas LWC is still calculated as in (10).

V. ESTIMATION OF NONRAINY ATTENUATION FROM
RADIOMETRIC MEASUREMENTS

This section explains how nonrainy attenuation is estimated
from radiometric measurements.

A. Brightness Temperature and Radiometric Attenuation
Assuming that the atmosphere acts as a black-body at the

frequency f , a radiometer measures the brightness temperature
Tb (K) which can be defined as [32]

Tb(f) = TcΓ(f,∞) + Tmr(f)(1− Γ(f,∞)) (15)

where Tc = 2.7 K is the cosmic background temperature, Tmr
(K) is the mean radiative temperature given by

Tmr(f) =

∫∞
0
T (s)γ(f, s)Γ(f, s)ds∫∞
0
γ(f, s)Γ(f, s)ds

, (16)

and where

Γ(f, s) = exp

(
− ln 10

10

∫ s

0

γ(f, s′)ds′
)

(17)

is the transmission factor. From (6) and (17) it is clear that
Γ(f,∞) = 10−0.1A(f) and, as a consequence from (15),

A(f) = 10 log10

(
Tmr(f)− Tc

Tmr(f)− Tb(f)

)
(18)

i.e. measurements of Tb can be used to retrieve the tropo-
spheric attenuation. It is worth highlighting that the equations
above are valid under the assumption of scatter-free atmo-
sphere, i.e. when the fade is only due to the absorption by
the tropospheric constituents or, in other words, in absence of
rain. At this stage, two problems still need to be addressed:
firstly, Tmr is not a measured quantity, and, secondly, there
might not be any radiometric channel centered around the
beacon frequency f (as in the case of the Alphasat propagation
experiment at Spino d’Adda).
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TABLE I
CHARACTERISTICS OF SPINO D’ADDA RADIOMETER FOR ATTENUATION

RETRIEVAL (a0(19.701 GHz) = 0.017, a0(39.402 GHz) = −0.038)

fi (GHz) 23.84 27.84 31.4 51.26 52.28

ai(19.701 GHz) 0.247 0.970 -0.517 0.010 -0.005
ai(39.402 GHz) 0.040 -0.875 1.989 0.107 -0.033

B. Calibration of the Radiometric Attenuation Retrieval

The procedure to retrieve A(fj), from measurements of
Tb(fi) at multiple frequencies fi 6= fj , is detailed in [10]–
[12]. The approach uses multiple years of radio-soundings
(RAOBS) profiles of p, T and RH collected in a site close to
where the radiometer is installed. Firstly, the Salonen model
(see Sec. IV-A) is used to estimate the liquid water content
LWC. Secondly, for each vertical profile, the following quan-
tities are computed using, e.g., the MPM93 model [32]:
• for fj and each fi, the specific attenuations due to oxygen
γO, water vapour γV , and clouds γL, then summing their
contributions to get γ, similarly to Sec. III,

• for fj and each fi, the zenithal nonrainy attenuation A,
as given from γ in (6),

• for each fi, the mean radiative temperature Tmr, as given
from T and γ in (16),

The conversion from zenithal attenuations to attenuations
along a slant path at a given elevation is achieved using the
cosecant law, which assumes a stratified atmosphere. Tmr
varies little over time or elevation and can be approximated
by its monthly means T̄mr(fi) with an acceptable error [12].
It enables the estimation of A(fi) from Tb(fi) using (18).

The problem of fj 6= fi is then solved by combining linearly
multiple radiometric channels [12]

A(fj) ≈ a0(fj) +
∑
i

ai(fj)A(fi) (19)

where a0 and each ai are obtained by linear regression.
Two channels centered around 20 and 30 GHz are typ-

ically sufficient to provide quite an accurate estimate of
A(fj), as they are more sensitive to water vapor and liquid
water absorption, respectively. However, more channels are
usually employed to increase the accuracy (see Table I for
Spino). The regression root-mean-square errors are 0.0006 dB
at 19.701 GHz and 0.0029 dB at 39.402 GHz.

C. Accuracy of the Radiometric Attenuation

From [39], the accuracy of the measured radiometric atten-
uation is the standard deviation of the error ε (dB) defined
as

ε(f)
∆
= AMWR

nr (f)−A∗nr(f) (20)

where AMWR
nr (dB) and A∗nr (dB) are respectively the mea-

sured and the true radiometric attenuations given by

AMWR
nr (f) = 10 log10

(
T̄mr(f)− Tc

T̄mr(f)− Tb(f)

)
(21)

A∗nr(f) = 10 log10

(
T ∗mr(f)− Tc

T ∗mr(f)− T ∗b (f)

)
(22)

TABLE II
AVERAGE MEAN RADIATIVE AND BRIGHTNESS TEMPERATURES USED FOR

THE ESTIMATION OF THE RADIOMETRIC ATTENUATION ACCURACY

fi (GHz) 23.84 27.84 31.4 51.26 52.28

T̄mr(fi) (K) 274.33 272.11 270.64 269.11 271.23

T̄b(fi) (K) 60.75 37.07 35.63 165.96 209.84

with the true temperatures also denoted by an asterisk. It is
more convenient to replace the true temperatures T ∗b and T ∗mr
in (22) by defining the errors in temperature ζ and ξ as

ζ(f)
∆
= Tb(f)− T ∗b (f) (23)

ξ(f)
∆
= T̄mr(f)− T ∗mr(f) (24)

whose standard deviations have been estimated. For an ideally
calibrated RPG-HATPRO σζ ≈ 0.5 K [40]; however, due
to calibration limitations, in practice, σζ ≈ 2 K is a more
common value [39]. Based on the monthly T̄mr from radio-
soundings, σξ ≈ 4 K. The error is then a random function
ε(Tb, ζ, ξ) and by linearization around a point (T̄b, 0, 0) its
variance becomes

σ2
ε (f) ≈

(
∂ε

∂ζ
(f)

)2

σ2
ζ +

(
∂ε

∂ξ
(f)

)2

σ2
ξ (25)

∂ε

∂ζ
(f) =

10

ln 10

1

T̄mr(f)− T̄b(f)
(26)

∂ε

∂ξ
(f) =

10

ln 10

(
1

T̄mr(f)− Tc
− 1

T̄mr(f)− T̄b(f)

)
(27)

where it has been assumed that the errors ζ(f) and ξ(f) are
independent.

If the attenuation must be retrieved from (19), then

σ2
ε (fj) ≈

∑
i

a2
iσ

2
ε (fi) +

∑
k 6=l

akalσε(fk)σε(fl)rkl (28)

where the correlations between the errors at different frequen-
cies rkl are assumed to be nonnegative, i.e. rkl ∈ [0, 1]. From
Table I and II, σε ∈ [0.028, 0.043] dB at 19.701 GHz and
[0.050, 0.084] dB at 39.402 GHz. The T̄mr in Table II are the
yearly average, and the T̄b are the average of the measurements
in nonrainy conditions over four months (see Sec. VII-A).

VI. ESTIMATION OF NONRAINY ATTENUATION FROM
NUMERICAL WEATHER PREDICTION MODELS

This section shows how the nonrainy attenuation can be
estimated from a Numerical Weather Prediction (NWP) model
in the absence of local radiometric measurements.

A. Weather Research and Forecasting: Inputs and Setup

The Weather Research and Forecasting (WRF) model is a
public domain Numerical Weather Prediction (NWP) software,
and its Advanced WRF (ARW) core is a non-hydrostatic
Eulerian solver on an Arakawa C-grid [28], [29]. The goal of
running WRF here is to reproduce past atmospheric states to
be used as suitable inputs to propagation models. The initial-
ization data comes from the European Centre from Medium-
Range Weather Forecasts (ECMWF) operational analysis stage
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Fig. 2. WRF nested 79× 79 Lambert conformal conic domains at 18 km, 6
km and 2 km, respectively, around Spino d’Adda (45.41◦N, 9.49◦E).

[41], available every 6 h, on pressure and surface levels, and
on a 0.125◦ latitude-longitude grid [42].

For this work, WRF uses daily runs with a 12 h spin-up
period. Fig. 2 shows the Lambert conformal conic simulation
domains for Spino d’Adda: the resolution increases from
18 km to 2 km after applying two consecutive nests. The
innermost domain has a lateral dimension of about 78 km
around Spino, offering a sufficient coverage of the troposphere
for elevation angles down to 10◦. Vertically, there are 50
automatically generated levels going from the ground up to
∼ 20 km (50 hPa). The model runs with adaptive time steps,
varying from 5 s to 30 s in the 2 km domain, according to
the Courant–Friedrichs–Lewy condition, and with ×3 and ×9
scaling factors for the larger domains.

Since this paper aims to reproduce nonrainy conditions,
special attention is given to the cloud parametrization and the
water microphysics. Two cases are considered:
• Tiedtke and WSM6. The cumulus scheme is disabled at

2 km as clouds are assumed to be resolved. Previous re-
sults [27] showed an apparent underestimation of clouds.

• Grell-Freitas and WDM6. The cumulus scheme is scale-
aware and kept activated. Double moments are tested as
a means to alleviate the cloud underestimation [43].

Other WRF 3.7.1 non-default configuration options are:
RRTM longwave and Dudhia shortwave radiations, Yonsei
University boundary layer with 2D Smagorinsky diffusion,
revised Monin-Obhukov surface layer, thermal diffusion in the
soil, and diffusive damping near the top.

B. Attenuation Prediction from NWP Output Data
WRF outputs the pressure, temperature, humidity and cloud

liquid water content every 5 min on a 3D grid.
The first post-processing step is to compute γO, γV , γL as

explained in Sec. III, on the WRF grid. Alternatively, the cloud
liquid water content is found from the Salonen and Mattioli
models presented in Sec. IV, yielding other estimates of γL.

The second step is to interpolate specific attenuations.
Firstly, a vertical interpolation at each horizontal grid point,
from the pressure coordinate to fixed altitudes. Secondly, an
interpolation to azimuth-elevation-range around the station.

The third step is to integrate the specific attenuations along
the range as in (6). Finally, Anr is calculated as the sum of
AO, AV and AL.

YearQ1

January

Q2

May

Q3

July

Q4

October Period

CB CU CU/SC SC ST No clouds

Fig. 3. Proportions of low clouds observed at Milano Linate Airport in 2015
(CB = cumulonimbus, CU = cumulus, SC = stratocumulus, ST = stratus).

VII. COMPARISON OF NONRAINY ATTENUATION
ESTIMATES FROM NWP AND RADIOMETRIC DATA

This final section includes the experimental results, as-
sessing how close to a radiometer the nonrainy attenuation
estimates from NWPs are. The comparison is for four months
of Alphasat beacon and radiometric data collected at Spino
d’Adda at the sampling rates of 16 Hz and 1 Hz respectively.

A. Selection of the Data for the Comparison

The following months in 2015, given with the data avail-
ability and occurrence of rain, are selected for the comparison:
• January (97.4 %, 0.36 % rain), a cloudy and foggy winter

month, with some light rain and an event on the 17th.
• May (95.3 %, 1.64 % rain), a rainy spring month with

high attenuations from showers and thunderstorms.
• July (89.9 %, 0.10 % rain), a mostly dry and clear-sky

summer month, with one thunderstorm on the 25th.
• October (86.9 %, 2.94 % rain), a rainy autumn month.
As a way to evaluate if the chosen months represent the local

weather sufficiently well, Fig. 3 illustrates the characteristics
of the low clouds cover observed at the Milano Linate Airport
(∼ 20 km from Spino d’Adda) in 2015 [44]. July has a
noticeably clearer sky than its containing quarter, while on
the other hand May and October have more convective clouds
than their respective quarters. Ultimately, none of the cloud
type fractions differs by more than 2.5 % between the year
and the four months period, so it can be concluded that this
period offers representative cloudy conditions.

B. Examples of Nonrainy Attenuation Time Series

Fig. 4 shows some examples of 19.701 GHz nonrainy
attenuation estimated either with the microwave radiometer
(MWR), as explained in Sec. V, or with the NWP model, as
explained in Sec. VI.

In Fig. 4 (a), for the 21/01/2015, the nonrainy attenuation
estimate from the radiometer starts to increase at around 4 am
from a base value of ∼ 0.35 dB, with peaks around 9 am, 6:30
pm and 11:30 pm, reaching up to 1.2 dB. The NWP curves
using the Tiedtke and Grell-Freitas parametrizations present
some cloud attenuation peaks but are below the radiometer.
The NWP curves using the Salonen and Mattioli models get
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Fig. 4. Examples of Spino d’Adda Alphasat 19.701 GHz nonrainy attenuation
time series. Nonrainy attenuation is estimated from a radiometer (MWR) or
from WRF. There are four separate WRF results: Tiedtke + WSM6 or Grell-
Freitas + WDM6, and the latter with either the Salonen or Mattioli model.

closer, with some overestimation by the Mattioli model. Based
on the Linate reports and the rain gauge at Spino, this day has
a mix of overcast stratiform clouds and some light rain (up to
2.5 mm h−1) starting around 8 am. This is a situation where
defining flags is difficult, because the events last so long. For
the radiometer, (18) can be assumed to still hold despite the
presence of some scatterers [12]. But for the NWP estimates,
the light rain is not modelled; this explains the deviations.

In Fig. 4 (b), for the 23/05/2015, a rain event occurs at
the end of the day and, as shown by the linear interpolation,
is taken out. Tiedtke and Grell-Freitas follow the radiometer
trend well, though not with a very good match on an instanta-
neous basis. Here, Salonen and Mattioli largely overestimate
the nonrainy attenuation. Linate reports suggest the sky has
a medium cover of altocumuli throughout the day, and that
cumuli start to form around noon and persist during the event.

In Fig. 4 (c), for the 10/07/2015, the sky appears mostly
clear, but at the very beginning of the day. The Tiedtke model
has the most reasonable behaviour, whereas the other models
overestimate the radiometer in the first 3 hours by up to 0.3 dB.
The observations point to the presence of only a few scattered
(strato-)cumuli and no clouds in the afternoon.

In Fig. 4 (d), for the 01/10/2015, the radiometer estimate is
at ∼ 0.35 dB in the early morning and starts to rise after 8 pm.
The Tiedtke and Grell-Freitas models behave similarly. The
Salonen and Mattioli models once more overestimate the cloud
attenuations. Here the cloud reports describe the progressive
build-up of an overcast of stratocumuli and altocumuli.

From these examples, the NWP nonrainy attenuation es-
timated directly from the NWP models shows cloud peaks
similar in amplitude to the radiometer, albeit with some
temporal shifts. The Salonen and Mattioli cloud detection
algorithms appear to most often overestimate the cloud at-
tenuation, especially near rainy periods. In order to see the
broader picture, the next section investigate the long term
errors figures.

C. Errors on Nonrainy Attenuation Time Series

The instantaneous error εNWP (dB) of an NWP nonrainy
attenuation estimate ANWP

nr (dB) with respect to the nonrainy
radiometric attenuation AMWR

nr (dB) is given by

εNWP ∆
= ANWP

nr −AMWR
nr = ANWP

tot −AMWR
tot (29)

where by (3) εNWP is also the error on the total attenuations
ANWP
tot and AMWR

tot , as in both cases the excess attenuation
is the same. A relative error εNWP

r (%) is also defined as

εNWP
r

∆
= 100

(
εNWP /AMWR

nr

)
(30)

where AMWR
nr > 0 as it does not include scintillation.

The following error figures are then investigated
• the mean error (ME) on εNWP or εNWP

r ,
• the root mean square error (RMSE) on εNWP or εNWP

r ,
• the correlation ρNWP between ANWP

nr and AMWR
nr .

Table III lists the error figures for the four months under
study, at both 19.701 GHz (Ka band) and 39.402 GHz (Q
band), with the best individual figures in bold.
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TABLE III
ERRORS (ABSOLUTE AND RELATIVE) AND CORRELATION OF ALPHASAT NONRAINY ATTENUATION ESTIMATED FROM AN NWP MODEL WITH RESPECT

TO THE MICROWAVE RADIOMETER (MWR), FOR DIFFERENT TYPES OF NWP ATTENUATION ESTIMATES (BEST IN BOLD)

19.701 GHz (Ka-band) 39.402 GHz (Q-band)

Period NWP vs MWR
Type of NWP nonrainy attenuation estimate

Tiedtke Grell-Freitas Salonen Mattioli Tiedtke Grell-Freitas Salonen Mattioli

January
RMSE (dB) [%] 0.09 [15.5] 0.09 [15.8] 0.08 [17.1] 0.11 [24.7] 0.26 [19.3] 0.26 [21.4] 0.26 [23.6] 0.37 [40.9]

ME (dB) [%] -0.03 [-5.5] -0.02 [-4.3] -0.01 [-2.9] 0.02 [3.9] -0.09 [-7.9] -0.05 [-4.7] -0.03 [-2.5] 0.09 [9.4]
ρNWP (-) 0.808 0.805 0.823 0.842 0.607 0.596 0.658 0.725

May
RMSE (dB) [%] 0.11 [17.4] 0.12 [18.6] 0.19 [29.3] 0.23 [37.3] 0.28 [26.1] 0.31 [29.5] 0.57 [59.4] 0.76 [80.6]

ME (dB) [%] -0.04 [-6.5] -0.03 [-4.8] 0.06 [8.6] 0.09 [13.6] -0.09 [-7.5] -0.05 [-5.1] 0.26 [26.4] 0.38 [39.0]
ρNWP (-) 0.725 0.678 0.714 0.677 0.315 0.282 0.573 0.542

July
RMSE (dB) [%] 0.13 [16.0] 0.14 [17.3] 0.14 [17.9] 0.14 [17.9] 0.17 [16.1] 0.20 [19.2] 0.26 [24.5] 0.26 [25.3]

ME (dB) [%] -0.05 [-6.5] -0.05 [-6.0] -0.03 [-3.9] -0.03 [-4.0] -0.05 [-5.2] -0.04 [-3.8] 0.02 [2.5] 0.02 [2.2]
ρNWP (-) 0.608 0.571 0.573 0.562 0.380 0.320 0.383 0.359

October
RMSE (dB) [%] 0.11 [17.3] 0.13 [21.3] 0.15 [24.3] 0.17 [30.2] 0.32 [25.6] 0.41 [36.2] 0.41 [38.9] 0.52 [53.6]

ME (dB) [%] -0.01 [-0.9] -0.01 [0.4] 0.05 [9.6] 0.07 [12.3] -0.08 [-5.2] -0.05 [-2.2] 0.17 [17.1] 0.23 [23.3]
ρNWP (-) 0.788 0.705 0.818 0.779 0.631 0.478 0.767 0.716

4 months
RMSE (dB) [%] 0.11 [16.5] 0.12 [18.3] 0.15 [22.7] 0.17 [28.5] 0.26 [22.2] 0.31 [27.2] 0.40 [39.6] 0.51 [54.4]

ME (dB) [%] -0.03 [-4.9] -0.03 [-3.8] 0.02 [2.8] 0.04 [6.4] -0.08 [-6.5] -0.05 [-2.2] 0.10 [10.8] 0.18 [18.6]
ρNWP (-) 0.878 0.849 0.826 0.791 0.590 0.502 0.637 0.618

For January, the NWP estimates with Tiedtke, Grell-Freitas
and Salonen show very similar performances, and all have
negative ME. The RMSE is below 0.1 dB in Ka band and
below 0.3 dB in Q band. ρNWP is around 0.8 in Ka band and
down to 0.6 in Q band. The Salonen model is the overall best
with the lowest ME, but not by a very significant margin. The
Mattioli RMSE is the worst, by 0.1 dB at Q band, and it has
a slightly positive ME, but it has the highest ρNWP .

For May, the Tiedtke model is the best in RMSE: 0.11 dB
in Ka band and 0.28 dB in Q band. The Grell-Freitas model is
similar while slightly better in ME. The NWP estimates using
the Salonen and Mattioli models perform far less favourably:
as pointed out by their large positive ME, they largely overesti-
mate the clouds. This is understandable given that their critical
humidity threshold are designed for nonrainy periods, yet May
2015 was a very rainy month. The correlations are here around
0.7 in Ka band and around 0.3 or 0.55 in Q band for the
Tiedtke/Grell-Freitas or Salonen/Mattioli results respectively.

For July, the Tiedtke model is once again the best in RMSE
with 0.13 dB in Ka band, and no more than 0.17 dB in Q band.
The performances of the other models are not too far from that
however. The Salonen and Mattioli models actually provide the
best ME, and in Q band they have a slightly positive ME. The
correlations are however especially poor, around 0.6 and 0.35.

For October, the Tiedkte model is also the overall best, with
the Grell-Freitas model being worst in RMSE and ρNWP . As
for May, the Salonen and Mattioli model have high RMSE
and ME, though they maintain a better correlation in Q band.

Looking at the four months together, the best model appears
to be Tiedtke with RMSEs of 0.11 dB (Ka) and 0.26 dB (Q).
This is 3 to 5 times higher than the radiometric accuracy
estimated in Sec. V-C. As another reference point, [16] pro-
poses a 0.165 dB threshold for the agreement between MWR
and GNSS as a way to detect malfunctions of the radiometer
at 19.7 GHz and for clear-sky conditions. In that regard, the

RMSEs found here are large (and also as relative values ∼
15−25 %) yet physically acceptable. The Grell-Freitas model
performs similarly to Tiedtke, but the Salonen and Mattioli
models are confirmed to overestimate the cloud attenuation,
particularly close to rainy periods, and especially the Mattioli
model. Part of the overestimation may be explained by the
not so high number (i.e. 50) of vertical levels used for WRF,
yielding larger apparent cloud thicknesses.

To understand the correlations, water vapour is typically
correlated > 0.9 between MWR/GNSS/RAOBS/NWP data,
though there is some seasonal variability and values ∼ 0.7
were observed with NWP models in summer [15]. For the
NWP nonrainy attenuation estimates, the presence of the
clouds reduces the correlation with the radiometer, as the cloud
events are not always predicted at the right time (see e.g. Fig.
4 (b)). Because the cloud attenuation increases faster with the
frequency, its contribution degrades the correlation further at Q
band. The especially poor correlations in May and July suggest
indeed difficulties during the warmer seasons and/or regarding
convective clouds, present in majority during those months.
Cases when light rain is mixed with clouds and not flagged
(see e.g. Fig. 4 (d)) also negatively affect the correlation.

For the purpose of obtaining the total attenuation from the
NWP estimates, an important point to consider here is also the
accuracy of the excess attenuation. With a procedure similar to
II-B, the retrieval accuracy is estimated to be ∼ 0.2− 0.5 dB
in the 20−50 GHz band [7]. In that regard, it appears that the
results, at least those from the Tiedtke/Grell-Freitas models,
are realistic enough to be considered statistically.

D. Error on Total Attenuation Statistics

Ultimately, what is expected as the primary output of a
propagation experiment is the Complementary Cumulative
Distribution Function (CCDF) of the total attenuation. Some
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Fig. 5. Spino d’Adda Alphasat 19.701 GHz total attenuation monthly CCDFs.
Nonrainy attenuation is estimated from a radiometer (MWR) or from WRF.
There are four separate WRF results: Tiedtke + WSM6 or Grell-Freitas +
WDM6, and the latter with either the Salonen or Mattioli model.

standardized details of the CCDF computation are within the
ITU-R SG3 Table II-1 template [45]. Notably, the CCDFs must
be normalized with respect to the total observation period, here
one month, and not the total number of available samples.

Fig. 5 shows the comparison of the 19.701 GHz CCDFs,
for the four months, for the radiometer and the NWP models.
The description includes the values for Ka/Q band.

In Fig. 5 (a), for January, the mostly cloudy conditions and
the absence of strong rain events highlight differences between
the different NWP models. The Tiedtke model follows the
radiometric curve with a small underestimation over the whole
probability range reaching −20 %/−30 % (−0.2 dB/−0.6 dB)
between 1 and 10 %. Grell-Freitas is slightly above Tiedtke.
The Salonen and Mattioli models present an overestimation
of the central part of the radiometric curve, Mattioli being
above Salonen, with respective errors around 10 %/15 %
(0.2 dB/0.8 dB) and 20 %/25 % (0.4 dB/1.4 dB) for 10−1 %.

In Fig. 5 (b), for May, the Tiedtke model has an error of
−10 %/−20 % (−0.1 dB/−0.4 dB) between 1 and 10 %, while
Grell-Freitas is slightly above it until 10−1 %. The Salonen
and Mattioli models on the contrary overestimate that part of
the curve, with errors up to 40 %/90 % (0.4 dB/1.1 dB) and
45 %/120 % (0.4 dB/1.5 dB) near 10 % of the time.

In Fig. 5 (c), for July, the curves remains at low attenuation
values until the single rain event appears between 10−2

and 10−1 % where all the NWP results underestimate the
radiometer by −10 %/−15 % (−0.3 dB/−1 dB). Again for the
central part curve, between exceedance probabilities of 10−1

and 1 %, the Salonen and Mattioli models overestimate the
radiometer by up to about 10 %/45 % (0.15 dB/0.9 dB) and 15
%/60 % (0.2 dB/1.1 dB) respectively. The Grell-Freitas model
has an error of 5 %/30 % (0.05 dB/0.5 dB) in the same range,
but Tiedtke stays below the radiometer at all probabilities.

In Fig. 5 (d), for October, Tiedtke remains below
the radiometer, with its highest relative error −10 %
(−0.2 dB/−0.5 dB) between 1 and 10 %. Grell-Freitas is
slightly above Tiedtke and has an error up to 5 %
(0.4 dB/1.1 dB) between 10−3 and 10−1 %, due to mis-
placed high attenuation NWP cloud events. Both the Salonen
and Mattioli models make a similar error of 25 %/45 %
(0.2 dB/0.7 dB) for 10 % of the time.

From all these observations, the NWP estimates from the
Tiedtke and Grell-Freitas cumulus schemes allow to reproduce
the monthly CCDFs with a relative error better than ±30 % at
any reference exceedance probability level. The highest errors
are usually located in the 1 to 10 % exceedance probability
range, July being the exception. Tiedtke almost never over-
estimates the radiometer, whereas Grell-Freitas does in a few
instances and is almost always above Tiedtke. In the practical
view of designing systems or fade mitigation techniques, both
schemes are similarly useful, Tiedtke is more consistent but
Grell-Freitas introduces a lower risk of underestimation. On
the other hand, the NWP estimates from the Salonen and
Mattioli cloud detection algorithms can largely overestimate
the radiometer anywhere in the 10−2 to 10 % probability
range. For the Mattioli model, it goes up to 120 % (1.5 dB)
for 10 % of the time in May at Q band. Extracted system
margins would be safe, but not economically optimal.
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VIII. CONCLUSION

In order to obtain the total atmospheric attenuation, prop-
agation experiments require independent estimates of the at-
tenuation in nonrainy conditions. Radiometric measurements
are the classic way to tackle the problem. Numerical Weather
Prediction data, as input to propagation models, can provide
such estimates as well. To this aim, either an appropriate NWP
parametrization for the clouds is selected, or a cloud detection
algorithm is applied.

The comparisons of NWP-derived against radiometric es-
timates, using four months of beacon and radiometric data
collected at Spino d’Adda, at 16 and 1 samples per second
respectively, show the best overall results are obtained with the
Tiedtke NWP scheme: the root mean-square errors are 0.11 dB
(16.5 %) and 0.26 dB (22.2 %), the mean errors −0.03 dB
(−4.9 %) and −0.08 dB (−6.5 %), and the correlations 0.878
and 0.590, at the frequencies of 19.701 GHz and 39.402 GHz
respectively. The root mean-square errors are estimated here
to be roughly 3 to 5 times higher than the standard deviation
of the radiometric attenuation. Other practical estimates of
the radiometric accuracy amount typically to ∼ 0.1 dB [16].
The correlations are not excellent, but in Ka band they are
still commensurable to the correlations > 0.9 observed for
water vapour [15]. Analyses of individual NWP nonrainy
attenuation time series reveal the cloud events have a poor
instantaneous correlation. It explains why the nonrainy atten-
uation correlation is poorer than what is expected in clear-sky,
and why it degrades with increased frequency as the cloud
attenuation becomes relatively higher. Despite this, the errors
remain acceptable at the statistical level, for the purpose of
building the total attenuation distribution, and considering that
extracing the excess attenuation in a propagation experiment
has an estimated accuracy of 0.2 − 0.5 dB in the 20-50
GHz band [7]. Indeed, for both the Tiedtke and Grell-Freitas
schemes, the relative error on the total attenuation distribution
never exceeds ±30 % for the reference ITU-R exceedance
probabilities. On the other hand, the estimates obtained using
cloud detection algorithms (proposed by Salonen and Mattioli)
strongly overestimate the cloud attenuation, especially near
rainy conditions.

In conclusion, using two different NWP parametrizations
did not result in very significant differences, while cloud detec-
tion algorithms seem too pessimistic when used with the NWP
data. Overall, the accuracy of the method can be considered
satisfactory for use by the EM wave propagation community,
and subsequently to guide satellite system designers. A more
careful design of the NWP domains might lower the error
further, though part of the appeal of the domains presented in
this work is that they are small and automatically defined.

The methodology applied in this paper would still benefit
from more tests, by considering both larger time periods and
multiple sites. An extension of the study for Spino d’Adda to
a full year is being considered. Joanneum Research’s Alphasat
measurements in Graz are also being considered: preliminary
comparisons over the second half of 2017 give error figures
similar to the ones in this paper, which shows robustness with
respect to different propagation events definition procedures.

This is important since in practice an accurate identification
of events without a radiometer is also more difficult.

Applications of the NWP nonrainy attenuation estimates
for stations without a radiometer are on-going with the
ASALASCA consortium. Perspectives exist also for future
propagation experiments or other studies involving non-GEO
links, radio-links at even higher frequencies, and optical links.
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