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Abstract. This paper presents an example of the usage of
ensemble weather forecasting for the control of satellite-
based communication systems. Satellite communication sys-
tems become increasingly sensitive to weather conditions as
their operating frequency increases to avoid electromagnetic
spectrum congestion and enhance their capacity. In the mi-
crowave domain, electromagnetic waves that are conveying
information are attenuated between the satellite and Earth
terminals in the presence of hydrometeors (mostly rain drops
and more marginally cloud droplets). To maintain a reason-
able level of service availability, even with adverse weather
conditions considering the scarcity of amplification power
in spacecraft, fade mitigation techniques have been devel-
oped. The general idea behind those fade mitigation tech-
niques is to reroute, change the characteristics or resched-
ule the transmission in the case of too-significant propaga-
tion impairments. For some systems, a scheduling on how
to use those mechanisms some hours in advance is required,
making assumptions on the future weather conditions affect-
ing the link. To this aim the use of weather forecast data to
control the attenuation compensation mechanisms seems of
particular interest to maximize the performances of the com-
munication links and hence of the associated economic value.
A model to forecast the attenuation on the link based on
forecasted rainfall amounts from deterministic or ensemble
weather forecasting is presented and validated. In a second
phase, the model’s application to a simplified telecommu-
nication system allows us to demonstrate the valuable con-
tribution of weather forecasting in the system’s availability
optimization or in the system’s throughput optimization. The

benefit of using ensemble forecasts rather than deterministic
ones is demonstrated as well.

1 Introduction and background

Since a few decades ago, satellites have become absolutely
essential in modern society. Their field of application is ex-
panding constantly. Nowadays, they are widely used in var-
ious areas such as navigation, weather forecasting, disas-
ter management or telecommunications. In fact, geostation-
ary telecommunication satellites can offer global coverage,
which makes them particularly attractive for bringing broad-
band Internet in isolated areas where the access to terrestrial
networks remains very limited.

The data transmitted from satellites to Earth are conveyed
by radio waves whose frequency is comprised between 1 and
40 GHz. Frequencies within this range are classified into fre-
quency bands, dedicated to specific applications for satel-
lite communications but also shared with other systems as
fixed terrestrial wireless systems, microwave remote sensing
instruments, radar or positioning systems. These frequency
band labels (L, S, C, X, Ku, Ka and Q/V) are detailed in Ta-
ble 1.

To increase the overall capacity of communication satel-
lites (and hence the number of users of the system and/or
the offered data rate), the use of the Ka and Q/V bands, for
which large modulation bandwidths are available, is becom-
ing widespread among operational systems. However, the
possibility to transmit data at a given data transmission rate
is also dependent on the power level of the electromagnetic
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Table 1. Frequency bands used for satellite communications. More details in IEEE (2003).

Band Frequency range

Applications for satellite communication systems

Bandwidth available for communication satellites

L 1-2GHz Mobile satellite services Some tens of MHz
S 2-3GHz Mobile satellite services Some tens of MHz
C 4-6 GHz TV broadcasting and point-to-point communication link ~ ~ 200 MHz

X 7-9 GHz Military communication systems 1GHz

Ku 11-16 GHz TV broadcasting, point-to-point link, Internet access 1.5GHz

Ka 20-30 GHz Internet access 2.5GHz

Q/V  40-50GHz Future systems for Internet access 5GHz

wave received by the terminal. An insufficient power level
will result in data loss. Power losses between the satellite
and the Earth terminals are mostly caused by the dilution of
the wave in space during its propagation and by some at-
mospheric phenomena. In particular, atmospheric gases and
more importantly the presence of hydrometeors attenuates
electromagnetic waves. The scattering theories (Rayleigh or
Mie) tell us that the level of the attenuation depends on the
ratio between the hydrometeor diameter and the wavelength
(Gunn and East, 1954; Oguchi, 1983). This attenuation can
reach several tens of decibels in the case of liquid precip-
itation. Furthermore, for a given atmospheric state the at-
tenuation tends to increase significantly with the frequency.
The occurrence of propagation losses higher than a given
threshold, linked to the way the information is modulated,
results in data loss. To quantify this probability of data loss,
the ITU (International Telecommunication Union) has estab-
lished a climatology of the probability of exceeding a given
level of attenuation. The model strives to quantify the proba-
bility of the exceedance of tropospheric attenuation function
of the radio-electrical characteristics of the link (frequency,
elevation) and of the geographical position of the Earth ter-
minal (ITU-R P.618-13, 2017). To this aim, climatological
databases taking into account the rain regime (ITU-R P.837-
7, 2017) are used. The height of the 0 °C isotherm (ITU-R
P.839-04, 2013) is also useful since solid hydrometeors have
a negligible impact on electromagnetic wave propagation in
the RF (radio frequency) domain due to different electrical
properties than liquid ones.

Figure 1 shows the attenuation due to rain that is statisti-
cally exceeded 0.1 % of the time as computed by the ITU for
two different frequencies of transmission: 12 and 50 GHz.
The difference between the two scenarios is significant. At
12 GHz, the rain attenuation that exceeded 0.1 % of the time
is a few decibels for Europe, whereas it is several tens of deci-
bels at 50 GHz. As the systems are usually designed to ensure
a link availability larger than 99.9 %, the attenuation values
presented in Fig. 1 represent the power margins required to
cope with the atmospheric impairments and to comply with
the availability requirement function of the geographical lo-
cation of the receiving station.

The margins required in some areas to maintain the com-
munication 99.9 % of the time can reach 30 dB at Q/V band
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Figure 1. Attenuation that exceeded 0.1 % of the time computed
from ITU-R P.618-13 (2017) for a link with a geostationary satellite
at 35° of elevation at 12 GHz (a) and 50 GHz (b).

in mid-latitude areas and even more in tropical areas. In other
terms, it means that to ensure the availability of the link with
a 99.9 % probability, a power 1000 times higher than the one
required to maintain the link without rain is needed. As the
power onboard of satellites is a scarce resource, techniques
to adaptively mitigate the impairments have been developed
(Panagopoulos et al., 2004) to allow the efficient use of Ka
and Q/V bands for satellite communications. These tech-
niques rely on signal rerouting (Jeannin et al., 2014) (i.e.,
using another station), delaying the transmission (Arapoglou
et al., 2008), decreasing the data rate (Cioni et al., 2008)
or some extent of payload reconfiguration (Paraboni et al.,
2009; Resteghini et al., 2012). Some of them can be oper-
ated in a closed loop. In this case the state of the channel
is analyzed in real time and the decision to activate one or
another mechanism is taken in near real time. This is, for
instance, the case of techniques using adaptive coding and
modulation that aim at adjusting the data rate and, as a direct
consequence, the robustness of the communication link to the
attenuation experienced by the communication link. One of
the consequences is that a return communication channel be-
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tween the Earth terminals and the satellite is required to con-
vey the feedback. It is not necessarily available (for instance
in broadcasting systems) and is also a cost and security issue.

Other techniques require a forecast of the attenuation some
hours in advance in order to prepare and to optimize the link
configuration through the telecommand of the satellite. In
this respect, the use of meteorological forecasts constitutes
a promising approach to control the decision process asso-
ciated with those fade compensation mechanisms. This has,
for instance, been studied in Paraboni et al. (2009), Biscarini
et al. (2016) and Jeannin et al. (2017) for different applica-
tions. One of the major difficulties highlighted by those stud-
ies is that the attenuation induced by rain on Earth—space
links is not strongly correlated to the model outputs due to
the model accuracy and its limited space and time resolu-
tions. Hence, it has been found that the use of the microwave
attenuation computed directly from model outputs in the de-
cision process shows poor skill.

To increase the attenuation prediction skill, probabilistic
precipitation forecasts based on ensemble predictions could
be used as long as cost—loss models are known and available.

The objective of this paper is to propose and describe a
fully probabilistic approach to forecast rain attenuation by
forecasting the probability of exceeding a given rain attenu-
ation level rather than a deterministic value. To this aim en-
semble prediction systems (Descamps et al., 2015) will be
shown to be particularly suited when using the probabilis-
tic precipitation forecasts in the control loop of a simplified
communication satellite.

The organization of the paper is the following. The first
section is devoted to the description of the model, where the
different steps to obtain rain attenuation probability distribu-
tions conditioned to ensemble forecasts from Météo-France
are described. In the second section, various scores are an-
alyzed to assess the relevance of the proposed attenuation
model. In the last section, the performances of the forecasts
to maximize either the link capacity, the link availability or
both are analyzed, considering concurrently measured atten-
uation data and the simulation of a simplified communication
system.

2 Description of the attenuation forecast model

To develop the forecast model, it is needed to relate actual
rain attenuation data to precipitation forecasts. The data used
to this aim are detailed in a first part of this section. The elab-
oration and the development of the model is detailed in a sec-
ond stage.

2.1 Data
2.1.1 Beacon data

The attenuation due to rain on an Earth—space link can be
characterized by measurement on Earth of power fluctuations

www.nat-hazards-earth-syst-sci.net/18/3327/2018/
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Figure 2. Ka band attenuation measurements operated by ONERA
in 2014 (a) for a link between the geostationary satellite Astra 3B
and a receiving station located in Toulouse, France. Panel (b) fo-
cuses on 19 July 2014.

of beacon signals (unmodulated signals) emitted by satel-
lites. As the signal transmitted by the satellite has a constant
power, the fluctuations of the received power are linked to the
fluctuations of the tropospheric fade undergone by the signal
during its propagation. Furthermore, the temporal scales of
variation of water vapor, oxygen, clouds and rain attenua-
tions differ significantly, which allows us to discriminate the
various contributors to the tropospheric attenuation. In par-
ticular, the rain attenuation by large dominates the total atten-
uation and can easily be deduced from the fluctuation of the
beacon. Another possibility is to isolate the attenuation due
to rain from the other components using concurrent radio-
metric measurements, which can be used to quantify clouds
and gaseous attenuation.

ONERA conducts its own measurement campaigns an-
alyzing the 20 GHz (Ka band) beacon signal of the Astra
3B geostationary satellite in various experimental facilities.
Throughout the years 2014 and 2015, Ka band attenuation
measurements were collected for two receiving sites located
in Toulouse, France (latitude 43.5° N and longitude 1.5° E)
(Boulanger et al., 2015) and in Salon-de-Provence, France
(latitude 43.6° N and longitude 5.1° E). These attenuation
measurements are sampled at 1 Hz but have been averaged
on a 5 min basis to save computational resources. An illus-
tration of the Ka band rain attenuation time series used in the
study is given in Fig. 2.

Those rain attenuations have been used as predictands in
the statistical model discussed in Sect. 2 as well as the prob-
abilistic precipitation forecasts described in the next subsec-
tion.

Nat. Hazards Earth Syst. Sci., 18, 3327-3341, 2018



3330

2.1.2 Weather forecast model

The probabilistic precipitation predictions are built upon
the sampling using the French global ensemble PEARP
(Descamps et al., 2015). The horizontal resolution is vari-
able and is about 10 km over France (60 km on the opposite
side of the globe). Initial condition uncertainties are sampled
using singular vectors and an ensemble of 4DVar (Desroziers
etal., 2014). The model error component is based on the mul-
tiphysics approach. For instance, we run two different deep
convection schemes such as those described in Bougeault
(1985) and in Piriou et al. (2007). Thirty-five members are
calculated twice a day (at 06:00 and 18:00 UTC). Available
archived data consist of 3h cumulative rain rate forecasts.
The daily PEARP forecasts archived in 2014 and 2015 are
used on a 0.5° x 0.5° grid in this study to build predictive
attenuation distributions. Specifically, we build a super en-
semble by using the 35 members of the 36 h forecast run
at 18:00UTC on day D together with the 35 members of
the 24 h forecast run at 06:00 UTC on D + 1. In the follow-
ing sections, the ensemble forecast is denoted as F such as
F = {member 1, member 2, ..., member 70}, where each
member constitutes an estimation of the rain amount ex-
pressed in millimeters per 3 h.

2.2 The attenuation statistical prediction model

The temporal variability of attenuation due to rain is high
(5 min) compared to the time resolution of the model fore-
casts (3h). It would not make sense to average rain atten-
uation data on a 3h basis. Furthermore, this would dra-
matically reduce the size of the training dataset used to
compute the complementary distribution function of atten-
uation conditioned to the PEARP forecasts. The strategy
adopted in order to provide a statistical link between pre-
dicted rain amount and rain attenuation is the following.
First, we select all members of the PEARP forecasts archived
in 2014 and 2015 around the receiving station of interest.
In some cases the weather forecast is realistic, but even a
slight phase error may lead to the double-penalty problem
(Nurmi, 2003). Therefore, we consider here a 100 x 100 km
box around the attenuation observation site such as that in
Theis et al. (2005). Second, these PEARP members are du-
plicated 36 times. Because there are 36 intervals of 5 min in
3 h, this allowed us to obtain an equal number of observa-
tions and forecast data. These forecasts are then classified
into five categories, denoted cp to c4 with cg = [0,0.01] mm
per3h,c; =[0.01,0.1]mm per 3h, ¢ = [0.1, 1] mm per 3 h,
c3 =[1,6]mm per 3h, c4 = [6,50] mm per 3 h. Finally the
members of the forecast are thus classified, and the attenu-
ation observations are combined to compute the probabili-
ties P(A > Ath|F € c;). These probabilities are memorized
to predict, in the operative context, the overrun of an attenua-
tion threshold ATy,. Figure 3 gives an example of the comple-
mentary cumulative rain attenuation distribution conditioned
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Cumulative distribution functions of rainfall measurments in Toulouse
conditioned to PEARP rain forecast

T
PEARP in :

0.0 to 0.01 mm/3H
0.01 to 0.1 mm/3H
0.1to 1.0 mm/3H |]
1.0 to 6.0 mm/3H
6.0 to 50.0 mm/3H

given in abscissas (%)
2

Probability to exceed the attenuation A*

o | I !
1075y 5 10 15 20

Attenuation not exceeded A* (dB)
Figure 3. Probability of exceeding the attenuation threshold given

in abscissas based on data recorded in 2014 and 2015 in Toulouse,
France.

to PEARP forecasts obtained from the previously described
methodology.

In the operative context, the goal will be to represent the
future state of the channel by a unique predictive attenua-
tion distribution. Yet the PEARP forecasts are constituted of
70 members. Each of these members leads to the selection
of a specific complementary distribution of rain attenuation.
A methodology must be defined in order to obtain a single
probabilistic estimation of the rain attenuation occurring in
future. The formula of total probability is written as follows:

n—1
P(A> Am|F) =Y P(Fec)P(A>Anm|F €c)), (1)
i=0

where ATy is the attenuation threshold, expressed in dB. F
is the PEARP forecast with F = {member 1, member 2, ...,
member 70}. Categories ¢ to ¢, are the PEARP classes pre-
viously described, with n being equal to 5. P(A > Ay|F €
¢;) is the complementary cumulative distribution of attenua-
tion, conditioned to the PEARP classes presented in Fig. 3.
P (F € c;) is the probability that, for a draw at a given time,
the forecast belongs to a given class. This probability can
be directly sampled by counting the members of the en-
semble. For example, let us assume that, for a given time
horizon, half of the PEARP members belong to the first
PEARP class cg, and half belong to the second PEARP class
c1. In such a case, P(F € cg) =0.5, P(F €c;) =0.5 and
P(F € c,c3,c4) =0.

This methodology is equivalent to averaging the 70 rain at-
tenuation distributions. An illustration is presented in Fig. 4.

www.nat-hazards-earth-syst-sci.net/18/3327/2018/
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Cumulative distribution functions of rainfall measurments
conditioned to PEARP rain forecast
T T T

= Member 1 =1.48 mm/3H
=== Member 2 =0.78 mm/3H
=== Average distribution

given in abscissas (%)
-
[}
2

1071

Probability to exceed the attenuation A*

2 I i !
10755 5 10 15 20

Attenuation not exceeded A* (dB)

Figure 4. Probability of exceeding the attenuation threshold given
in abscissas. Two distributions are selected according to the value
of two ensemble members (black and green lines). The gray line
stands for the average of those two distributions.

For the sake of simplicity, we consider only two realiza-
tions of the forecast. Both members lead to a complemen-
tary cumulative distribution of attenuation (black and green
lines) which, after averaging, leads to the probabilistic fore-
cast of rain attenuation noted P(A > Ath|F) (gray line).
ATp is the attenuation threshold exceeded in decibels, and
F the PEARP forecast system. In this specific example F =
[1.48,0.78] mm per 3 h.

The use made of this predictive attenuation distribution
will depend on the application of interest. One possible use
is to get the attenuation threshold exceeded to only 0.1 % of
the time, which is the tolerated unavailability threshold. This
attenuation threshold is equivalent to the power margin re-
quired to prevent inappropriate communication interruptions.

3 Model evaluation

The low spatial and temporal resolutions of the PEARP
archives used for the learning process may cast some doubt
on the utility of the attenuation forecasts. An appropriate use
of the model requires an evaluation of its potential as well
as weaknesses. A probabilistic forecast model is expected
to present reliability and resolution. The reliability assesses
the ability of a model to provide a probabilistic prediction
of a given event close to the observed frequency of the same
variable. The resolution is the ability to discriminate between
events and nonevents.

www.nat-hazards-earth-syst-sci.net/18/3327/2018/
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Only scores based on binary events are considered here.
In the first stage, the reliability of the attenuation forecasts
is addressed using the reliability diagram and the rank dia-
gram, also known as the Talagrand diagram. Resolution is
evaluated using receiver operating characteristic curves, re-
ferred to as ROC curves hereafter, and sharpness diagrams.
The scores proposed here are computed using the available
observations and model outputs over the 2-year period de-
fined above. Nevertheless, in order to evaluate the possible
overfitting of the statistical model, a bootstrapping approach
is used: 6/10 of the sample is taken for the learning step and
the remaining 4/10 for the score calculation. The procedure
is repeated 100 times.

3.1 Model reliability assessment

The reliability of an ensemble model characterizes its ability
to provide forecast frequencies consistent with the observed
ones. For example, let us assume that the forecast system pro-
vides, for a particular event, a probability of occurrence of
x %. Ideally, this event should be observed x % of the occa-
sions on which such forecast is made.

The reliability diagram consists in plotting the observed
frequencies against the forecast probabilities, previously
classified into a few bins. For perfect reliability, the curve
must merge with the diagonal line. A reliability curve located
to the right of the diagonal line is typical of a model overes-
timating the probability of the event. Similarly, a model sys-
tematically underestimating the probability event presents a
curve located to the left of the diagonal line. It is also conven-
tional to represent the climatological probability of the event
in the forecast by a vertical line and the climatological proba-
bility of the event in the observation by a horizontal line. The
last one brings complementary information on the model res-
olution. A forecast which provides the effective climatolog-
ical probability has no ability to discriminate between cases
of event and cases of nonevents, and this means that it has no
resolution.

In the following sections, a positive event will be defined
as the overrun of an attenuation threshold Aty alternatively
setto 1, 3 and 6 dB. The model developed provides the proba-
bility P(A > Atnh|F), which is the predictive probability that
a positive event occurs as a function of the PEARP forecasts.
By fixing the attenuation threshold ATy, one can compute, for
a specific forecast F, the probability P(A > Atp|F). From
the time series of the PEARP forecasts archived in 2014 and
2015, the time series of P(A > Atyp|F) have been computed
for the three values of Aty,. Time series of attenuation obser-
vations and predictive probabilities P(A > Ath|F) allowed
us to create Fig. 5. The climatological probability is indicated
by the dotted lines. The small windows show sharpness dia-
grams, which are discussed later.

First of all, high probabilities are rarely met for those pre-
cipitation thresholds. That is why only low probabilities are
shown. The shape of the reliability curves meets the expecta-
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Reliability diagram
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Figure 5. Reliability diagrams showing observed relative frequency as a function of forecast probabilities for attenuation thresholds 1 dB
(blue), 3dB (green) and 6 dB (red). Inset boxes indicate the frequencies of use of the forecasts. The dotted lines represent the climatological
probability. By convention, the horizontal dashed line represents the climatological probability of the event in the observations. The vertical
dashed line represents the climatological probability in the forecast.

tions: the observed frequencies grow with the forecast prob-
abilities and the curves deviate little from the diagonal line.
This reflects the reliability of the attenuation forecast model

and confirms its value for the forecast of the exceedance of 6 .Rank hl.s togr am
attenuation thresholds. However, the reliability of our statis-
tical model is not perfect; while low probabilities tend to be 5

underestimated, high probabilities tend to be overestimated.
Another useful tool for determining the model reliabil-
ity without considering thresholds is the rank diagram, also
known as the Talagrand diagram (Hamill, 2001). In the case
of an ensemble prediction system, the rank histogram of
the position of the verifying observation with respect to the
predicted ensemble values provides a measure of reliabil-
ity. When the ensemble is reliable, say the verification and 1
the evaluated system are from the same distribution, the di-
agram is flat. If the diagram follows a U-shaped curve, then r
the observation is often outside the ensemble, suggesting the Quantiles
ensemble is under dispersive. Since we have access to the
cumulative distribution function discretized in m quantiles
rather than members, we attribute the observation to its quan-
tile. With regard to this, the abscissa of the rank diagram
shown in Fig. 6 is discretized in m bins as well. Nonzero

Frequency (%)
w -

(¥

Figure 6. Rank histogram, also called Talagrand diagram, of prob-
abilistic attenuation forecasts.
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Figure 7. Block diagram of the discrimination process between positive and negative forecasts.

values of precipitation (or attenuation) are often met for the
few highest ranks only. Then, considering our sampling this
diagram could be considered flat.

3.2 Resolution and sharpness

Resolution is another desired quality we expect from a prob-
abilistic prediction. The Brier score decomposition tells us
that resolution is the difference between the curves of Fig. 5
and the observation climatology represented by the horizon-
tal dashed line. It turns out that the slope of our curves is
steeper than the perfect reliability curve, suggesting pretty
high resolution. Sharpness is a property of the forecast alone.
Nevertheless, it is also an indication of resolution since only
sharp predictive distributions show high resolution. Here, the
shape of the diagrams is consistent with a good sharpness,
although very low probabilities dominate.

Another approach to address the resolution as well as the
value of a probabilistic prediction is to draw receiver op-
erating characteristic curves. ROC graphs are widely used,
particularly in the area of medicine (Zweig and Campbell,
1993), to evaluate the power of discrimination of a classi-

www.nat-hazards-earth-syst-sci.net/18/3327/2018/

fication model as a function of a decision threshold. These
are of particular interest to evaluate and compare the per-
formances of predictive models and are useful to determine
the statistical decision-making thresholds (in terms of prob-
ability level) that will limit the impact of poor forecasting
as well. As detailed in Fawcett (2006), the ROC analysis is
based on the computation of the true positive and true neg-
ative rate for different classification thresholds. This method
is applicable to binary classification problems only. The ob-
servation is considered as belonging either to the positive or
to the negative class. As a function of the decision-making
threshold set, the classifier also assigns the prediction to one
of these two classes. The confusion matrix between obser-
vations and forecasts presented in Table 2 lists the four out-
comes: true positives (TPs) and false positives (FPs) and true
negatives (TNs) and false negatives (FNs).

The true positive rate TP, represents the rate of true pos-
itive among the total numbers of positive. It characterizes
the sensitivity of the model, meaning its ability to predict an
event when the event occurs.
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Figure 8. ROC curve obtained averaging the 100-fold cross val-
idation for attenuation thresholds set to 1dB (blue), 3dB (green)
and 6dB (red). The box plots indicate the standard deviation of
each point. The diagonal line corresponds to random forecasts. If
the curve is far from the diagonal, there is a high level of perfor-
mance. The forecast probability Dy, for each point (marked with
an arrow) is indicated in the boxes in percent.

TP

TP = ——
TP +FN

(2)

The false positive rate, also called the false alarm rate FA,
represents the rate of false positives among the total number
of non-occurring cases.

FP

- 3
FP+TN ©)

Ar
The ROC curve is a plot of TP; against FA; for a range of
decision thresholds. The point whose coordinates are (0, 0)
is obtained for a classifier which systematically assigns the
forecast to the negative class. Similarly, the point whose co-
ordinates are (1, 1) refers to a classifier which systematically
assigns the forecast to the positive class. The best algorithm
for classification would yield a point in the upper left cor-
ner of the ROC space (coordinates: 0, 1). In fact, this point
is associated with a zero rate of false alarm and a zero rate
of false positives. On the contrary, a ROC curve approaching
the diagonal from (0, 0) to (1, 1) indicates that the forecast
skill is not better than chance level.
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Table 2. Confusion matrix for ROC curves construction.

Observation
Positive Negative
Forecast Positive True positives (TPs) False positives (FPs)
) Negative  False negatives (FNs)  True negatives (TNs)

As described in Sect. 2.2, the model evaluates P(A >
ATp|F), the probability of exceeding Aty as a function of
weather forecasts. The problem is as follows: from which
probability threshold P(A > Aty|F) should the forecast be
considered positive?

Figure 7 illustrates the decision process involved in iden-
tifying positive forecasts as well as the possible scenarios
leading to true negative, false negative, false alarm and true
positive events.

Let DTy, be the decision threshold from which the predic-
tive probability of exceeding a given attenuation threshold
is considered significant enough for establishing protective
measures (for example to reduce the link capacity). In other
words, Dy, is the probability threshold from which the fore-
cast of the exceedance of a given attenuation threshold is con-
sidered positive.

Based on the process described in Fig. 7, false alarm and
true detection rates have been computed for a range of Dy,
from 0.01 to 3 %, and for three attenuation thresholds Atp
respectively set to 1, 3 and 6 dB. A 100-fold cross validation
has been performed (the original sample was randomly par-
titioned into 10 equally sized subsamples: 6 used as training
data, 4 used as testing data). The average of the values com-
puted in the loop leads to the solid lines in Fig. 8. The stan-
dard deviation of these data is given by the 2-D box plot as
well. The curve’s profile highlights the model’s ability to ex-
ploit the information provided by the weather forecasts. The
first observation that can be made is that the ROC curves are
located above the diagonal line (in black). This means that
the model allows improvements over a strategy of randomly
guessing the state of the forecast. The model is thus able to
detect, in a rather accurate way, the overrun of an attenuation
threshold ATy, whether it is set to 1, 3 or 6 dB.

It should be stressed that the departure from the diagonal
of the ROC curve is equivalent for the three used values of
ATh. However, the standard deviation of the data appears to
be highly dependent of Aty,. It turns out that the highest atten-
uation rate considered here is a rather rare event, the strong
variability being related to the poor sampling of the ROC cal-
culation.

When the costs of false alarms and those of non-detection
are in the same order of magnitude, DTy, can be deduced from
the ROC curves. The optimal Dry, is then the one given by the
left and uppermost point of the curve. Actually, the cost—loss
ratio is here nontrivial. A methodology to optimally choose
the decision threshold in the present context, based on the
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maximization of a predetermined economic value, will be
discussed in Sect. 4.1.4.

4 Model application

In the previous part a methodology to develop a statisti-
cal forecast model of rain attenuation based on numerical
weather forecasting has been detailed and evaluated. This fi-
nal part is devoted to the description of methodologies for
the optimization of the offered capacity or of the economic
value for a predetermined user-oriented service offer. Both
proposed methods use the attenuation forecast model out-
lined in Sect. 2.

4.1 Optimization of radio resource management
algorithms using weather forecasts

4.1.1 Link adaptation algorithms to propagation
impairments

As detailed in Sect. 1, satellite transmissions become particu-
larly sensitive to weather propagation conditions with grow-
ing frequencies. Especially in Ka and Q/V bands, attenuation
due to rain may sometimes reach critical levels and cause an
interruption of the communication. In such context, adaptive
power control systems are particularly costly and can com-
pensate only a limited portion of the tropospheric fades. It
is, however, essential for satellite operators to ensure a mini-
mal availability to the final user, typically set to 99.9 % of the
transmission time.

In order to maintain the link even in adverse propagation
conditions without the need of radiating more power, an al-
ternative is to adapt the link data rate to the weather con-
ditions. The idea is to modify the modulation and coding
used to carry the information as the tropospheric attenuation
is varying. Here, the purpose is not to detail the modulation
and forward error correction coding techniques. More infor-
mation can be found in Ziemer and Peterson (2001) and Wat-
son et al. (2002). The whole point of this is that the nature of
the modulation and coding combination used to transmit the
information determines the achievable capacity of the link.
Furthermore, the use of a specific modulation and coding
combination is subject to propagation conditions. In fact, the
most efficient combinations are also the less robust to signal
degradation. The challenge is therefore to select the most ef-
ficient coding and modulation suitable to maintain the link,
considering the experienced propagation conditions. Here-
after, the different combinations of modulation and coding
available are referred to as the MCS (modulation and coding
scheme).

The characteristics of some of the MCSs that are used in
the following of the study are listed in the Table 3. The MCSs
are labeled from 1 to 6. The achievable capacity C is given as
a function of the selected MCS for a bandwidth of 540 MHz.
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The capacity characterizes the data amount, in gigabit
here, transmitted each second on the RF channel. An attenu-
ation threshold Arp, indicating the maximal level of atten-
uation below which the MCS can be used to transmit the
data stream without errors, is also given. Those thresholds of
course depend on the characteristics of the link (bandwidth,
wavelength) and of the communication equipment (radiated
power, antenna gains and the figure of merit for the receiver).

To result in a valid transmission, the attenuation threshold
noted ATy, associated with the MCS used, must be higher
than the experienced attenuation on the link. For example,
MCS no. 6 should not be used unless the tropospheric atten-
uation is lower than 1 dB whereas MCS no. 1 can be used up
to 10.8 dB of attenuation, but the capacity of the link shrinks
from 1.13 to 0.4Gbs~!. More generally, the most robust
MCS may be used even while the tropospheric attenuation
is strong and thus guarantees the transmission in most of the
experienced weather conditions. However, in that case the
price of this resilience to adverse atmospheric conditions is a
reduced capacity of the link. It is then preferable to adjust the
MCS following weather conditions. For instance, an MCS
offering high link capacities should be used under clear-sky
conditions when the tropospheric attenuation is weak.

It is understood that an inaccuracy in the estimation of the
tropospheric attenuation leads to an inadequate selection of
the MCS, which can have significant consequences on the
performances of the link. In case of overestimation of the tro-
pospheric fading, a less efficient MCS than the one allowed
by the real propagation conditions is selected. The difference
between the capacity offered by the achievable MCS and the
one used is lost. In case of underestimation, the selected MCS
no longer guarantees the power margin required to face the
propagation impairments. Such a scenario inevitably leads
to the interruption of the communication, namely to the un-
availability of the link and a null capacity. Therefore, it is
clear that the underestimation of the attenuation is far more
prejudicial than an overestimation.

To illustrate this it can be assumed that the attenuation of
the link reaches 2 dB. According to the Table 3, MCS no. 5
should be used to carry the information. In this scenario,
the capacity of the link can reach 1 Gbs™!. Now, assuming
that the attenuation has been overestimated using the weather
forecast, then MCS no. 4 would be selected instead. The pro-
vided capacity would only reach 0.87 Gbs~!. This mistake
would result in a capacity loss of 0.23 Gbs™!. On the con-
trary, assuming for the same experienced attenuation condi-
tions, an underestimation of the attenuation leading to the use
of MCS no. 6 would lead the interruption of the communica-
tion and would result in a loss of 1 Gbs™.

It is now clear that the efficiency and the availability of the
satellite transmission is highly dependent on the MCS selec-
tion, based on the analysis of the propagation attenuation.
Nonetheless, the propagation losses affecting the link are not
always known as it requires a feedback. As a function of the
available information on the state of the channel, different
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Table 3. Extract of possible modulation and coding schemes (MCSs) as defined in the Digital Video Broadcasting — Satellite second-
generation (DVB-S2X) standard (DVB, 2014) and of their operating characteristics.

Number of Modulation Code Attenuation threshold Capacity achievable
the MCS rate Atp (dB) C (Gbs™h
1 Q-PSK 0.36 10.8 0.4
2 Q-PSK 0.51 8.7 0.55
3 8-PSK 0.47 6.4 0.71
4 8-PSK 0.62 39 0.87
5 8-PSK 0.70 24 1
6 16-APSK 0.79 1 1.13

modulation and coding strategies can be applied. These are
detailed in the next subsection.

4.1.2 Transmission strategies

The selection method of the MCS depends on the nature of
the available information on the propagation channel. Four
different scenarios have been considered with various as-
sumptions on the type of information available to control the
modulation and coding of the link:

The propagation channel is perfectly known.

The channel is unknown.

Probabilistic weather forecasts are available.

Deterministic weather forecasts are available.

The characteristics of those scenarios are summarized in
the Table 4.

In the first scenario, the attenuation experienced by the
link is supposed to be known. The optimal strategy can
be adopted, namely to dynamically select the most suitable
MCS considering the current propagation conditions.

This strategy is referred to as ACM for adaptive coding
and modulation (Zhu et al., 2006). The ACM technique is
extremely efficient but requires a quasi-instantaneous feed-
back of the tropospheric attenuation affecting the channel to
be sent to the modulator through a return channel. The ex-
istence of this return channel raises various issues in terms
of payload complexity, security of the telecommand (TC)
and required infrastructure. In particular, in the context data
downlink of low Earth orbit (LEO) satellites, it would need
significant developments before beginning operation.

The second scenario assumes the total absence of infor-
mation about the propagation conditions. When it is impos-
sible to implement ACM, a constant coding and modulation
(CCM) scheme is applied to the transmission. The objective
is to use the MCS that will be compatible with the targeted
availability. From ITU-R P.618-13 (2017) the tropospheric
attenuation that is not exceeded 99.9 % of the time, noted
Ag9.99, can be computed. The CCM strategy consists in se-
lecting the most efficient MCS satisfying the following con-
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dition: Ay < Agggg. For example, let us consider a satel-
lite system configuration operating in Ka band, for which
the tropospheric fading exceeds 8 dB for 0.1 % of the time.
The CCM strategy would consist in applying a unique MCS
(no. 2 in the Table 3). Only robust but relatively inefficient
MCSs are able in the context of constant coding and modula-
tion transmission to face the high tropospheric attenuations
occurring in Ka and Q/V bands. An intermediate solution
would be to schedule a plan of the MCS depending on the
probabilistic attenuation forecasts.

The third scenario makes use of the weather forecasts. The
model developed and described in Sect. 2 gives the attenua-
tion distributions conditioned to the PEARP forecasts. From
those distributions, the corresponding attenuation thresholds
that exceeded 0.1 % of the time can be deduced. It is pro-
posed to choose the MCS in advance as a function of these
probabilistic attenuation forecasts. In the following sections,
this strategy will be called PCM, for programmed coding and
modulation. Such a strategy would provide a flexibility close
to the one offered by an ACM link without the requirement of
a constant return link between the receiving stations and the
satellite. Let us consider the specific case of low Earth orbit
satellites. Once or several times a day, LEO satellites become
visible to the receiving stations for a few minutes. None are
able to transmit information to the satellites. However, along
their path, the satellites come in contact with a ground con-
trol station as well. Contrary to receiving stations, control
stations are equipped with a telecommand link which allows
the monitoring of the satellites” performance. This telecom-
mand link could be used to program a plan of the MCS for
the next orbit.

In order to assess the interest of using probabilistic fore-
casts over deterministic ones, a last scenario consisting in
using deterministic forecasts instead of PEARP forecasts is
investigated. This strategy is referred to as PCM-D strat-
egy (PCM-Deterministic). In the following sections, the first
member of the PEARP ensemble, called the control member,
is arbitrarily chosen as the deterministic forecast.

The adaptive coding and modulation based scenario that
relied on currently experienced attenuation is obviously the
most favorable. In theory, the ACM strategy allows a perfect
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Table 4. Proposition of coding and modulation strategies as a function of the available information on the state of the channel.

Scenario no. 1:

The real attenuation
is known

(1 data point every
5 min)

Scenario no. 2:
State of the channel
unknown

Scenario no. 3:

Only PEARP forecasts
available

(1 data point every 3 h)

Scenario no. 4:

Only deterministic
forecasts available

(1 data point every 3 h)

Coding and modulation =~ ACM CCM PCM PCM-D
strategy Adaptive coding and Constant coding and Programmed coding Programmed coding and
modulation modulation and modulation based modulation based on de-
on PEARP forecasts terministic forecasts
Model required None Climatology of Ka Ka band attenuation Ka band attenuation fore-

band attenuation
(ITU-R P.618-13, 2017)

forecast model based
on PEARP forecasts

cast based on determinis-
tic forecasts

MCS decision factor

Real attenuation

Statistical attenuation
threshold

Statistical attenuation
threshold conditioned
to PEARP forecast

Statistical attenuation
threshold conditioned to
the deterministic forecast

Decision time

Continuously
In near real time

Once
During the design
phase of the satellite

Programming of the
MCS 1 or 2 days in
advance depending on
the forecast availability

Programming of the
MCS 1 or 2 days in
advance depending on
the forecast availability

Availability ensured

Close to 100.0 %

Close t0 99.9 %

Close t0 99.9 %

Close to0 99.9 %

optimization of the capacity and highly limits the unavail-
ability. Thus, the programmed coding and modulation strat-
egy based on the PEARP forecasts is not expected to be as
efficient as the ACM one. Here, the aim is rather to enhance
the performances offered by a constant coding and modula-
tion strategy that relies only on local climatology, without
requirement of real attenuation measurements and a return
link. This point is discussed in the following subsection.

4.1.3 Results

As explained, the PCM strategy would be particularly suit-
able for the management of low Earth orbit satellite trans-
missions, for which return links are only implemented at the
level of the control station, not at the level of the receiving
stations. However, the lack of Ka band measurements for low
Earth orbit satellites prevents the model from being tested
in this context. As a first step, an evaluation of the perfor-
mances of the PCM strategy is thus proposed in the context
of a geostationary satellite. A Ka band transmission line be-
tween the geostationary satellite Astra 3B and the receiving
station located in Toulouse, France, has been simulated. The
four scenarios listed in the Table 4 have been tested.

The mission parameters used for the simulation are the fol-
lowing: a bandwidth of 540 MHz, an elevation of the satellite
of 35° and a EIRP+G/T of 80 dBW K~!. The EIRP, for ef-
fective isotropic radiated power, measures the ability of the
transmission antenna to direct the power emitted in a given
area. The term G/T is a figure of merit in the characteriza-
tion of ground station antenna performance, where G is the
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antenna gain in decibels at the received frequency, and T is
the equivalent noise temperature of the receiving system in
kelvin.

The PEARP forecasts of 2014 and 2015 have been used
as the input of the PCM and the PCM-D decision algorithm.
The ACM strategy has been based on the Ka band measure-
ments of the same years, assuming an idealized adaptation of
the MCS to the channel state.

The target availability has been set to 99.9 % of the com-
munication time. Here a bootstrapping approach has been
used again. The available samples were partitioned in 10
subsets: 6 constituting the training dataset, 4 constituting the
testing set. The procedure has been repeated 100 times and
the capacities obtained have been averaged. The mean capac-
ities obtained for ACM, CCM, PCM and PCM-D strategies
are presented in Fig. 9.

As expected, the best performance has been obtained for
the ACM strategy, which is an upper bound. Due to limited
weather forecast predictability, the proposed PCM strategy is
not able to offer the same level of capacity. Nevertheless, it
is clear that, with an increase of the capacity close to 17 %,
this technique significantly improves the throughput ensured
by a constant coding and modulation technique without any
prior knowledge on the instantaneous state of the propagation
channel.

It also appears that the use of ensemble forecasts outper-
forms the use of deterministic forecasts. The results obtained
are highly dependent on the systems parameters such as the
satellite elevation, the ground station location or the trans-
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Figure 9. Mean capacities obtained for a target availability of
99.9 % considered from a geostationary satellite. Comparison of
ACM, CCM, PCM and PCM-D deterministic strategies. The box
plots indicate the standard deviation of the data.

mission frequency. Furthermore, the use of higher frequen-
cies (Q/V bands) or receiving stations located in tropical ar-
eas would inevitably result in even more noticeable differ-
ences in the achievable throughputs.

So far, the methodology proposed, consisting in program-
ming the modulation and coding using weather forecasts in
advance, requires us to set a level of target availability. In
fact, the MCSs are chosen in order to ensure this availability.
Without this constraint, the number of perspectives would
certainly be increased. In the next part, a more general ap-
proach is adopted. A decision process based on the optimiza-
tion of an economic value, taking into account both capacity
and availability offered, is proposed.

4.1.4 Economic value of the forecast

When it comes to the use of a probabilistic forecast, the deci-
sion to change the link MCS or not amounts to searching the
forecasted probability above which the forecast is considered
positive. In this context the issue is to find the forecast prob-
ability P(A > Ath|F) above which it is considered that the
attenuation threshold Aty is exceeded, and consequently an
action must be taken.

So far, the required availability of the link has been set to
99.9 % in order to respond to the operator’s needs. In such a
context, the probabilistic attenuation forecast has to be con-
sidered positive when the chance of exceeding the attenua-
tion threshold of interest ATy, is higher than or equal to 0.1 %,
which is the value of the tolerated unavailability. In fact, the
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choice of a decision threshold higher than 0.1 % would not
allow us to bring the required availability. On the contrary, a
lower decision threshold would result in a capacity loss.

This requirement of 99.9 % of availability is typical for
communication satellites, since the tolerance of the final
users to communication outages is highly limited. However,
it is easy to imagine further applications for which both avail-
ability and mean capacity have to be optimized without pre-
requisites on any of these parameters. The challenge in this
case is to determine the optimal decision threshold, noted
Dy, in the following sections.

As an example, still considering the particular case of an
Earth observation satellite. The images acquired by the satel-
lite on its path must be transmitted on Earth as soon as a re-
ceiving station is visible. The visibility periods of the Earth’s
stations are limited to a few minutes. Especially under rainy
conditions, it could happen that the data sent by the satel-
lite do not reach the receiving station. In this case, data are
definitively lost. It might then be sometimes more careful to
temporarily store the data in the onboard memory while wait-
ing for the next contact with the ground. This strategy has
been evaluated in Jeannin and Dahman (2016). In this con-
text the probabilistic attenuation forecasts could be of great
value to decide for either the data transmission or data stor-
age in advance, provided that the decision threshold is chosen
carefully.

A methodology to determine Dy, defined here as the fore-
cast probability from which the data storage is preferred to
the data transmission, is now proposed. The optimal value
of Dty is the one that allows both the maximization of
the amount of transmitted data and the minimization of the
amount of lost data. For the sake of simplicity, it is consid-
ered that the data sent can only be received if the attenuation
does not exceed a given attenuation threshold Aty. A perfect
decision algorithm would result in data transmission when
the real attenuation is lower than ATy and in data storage
otherwise.

The ROC curves introduced in Sect. 3 could be used to
determine the probability forecast threshold that minimizes
the false alarm rate while maximizing the true detection rate
(Greiner et al., 2000). Such a method shows its limitations
once it is required to penalize either the false negative or
false positive events. We rather propose here a decision pro-
cess based on the optimization of an economic value that one
could adapt as a function of the needs of the systems targeted.

To account for the high cost of lost data and for the suc-
cessfully transmitted ones, the economic value to be maxi-
mized, noted EV, is defined in Eq. (4):

EV=Cx 107L, 4)

where C is the total amount of transmitted data, and L is the
ratio of total lost data over total transmitted data.

Decreasing the value of Dy, limits the amount of transmit-
ted data as well as the amount of lost data and thus impacts
the economic value.
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Figure 10. Evolution of the mean economic value as a function of
the decision threshold used to discriminate between positive and
negative forecasts. The mean economic values have been obtained
averaging the economic values computed following Eq. (4) for a
simulation period of 2 years (2014-2015).

In Fig. 10, we illustrate the evolution of the mean EV on
a 2-year period simulation (2014 and 2015) as a function of
Dy, for several attenuation thresholds Arp.

It appears in Fig. 10 that, for all attenuation thresholds, an
optimal threshold Dy can be found. It should be used for de-
ciding between either the data transmission or the data stor-
age. As example, for an attenuation threshold of 1.0 dB, the
optimal decision threshold is 0.24 %. This means that when
the tropospheric attenuation is tolerated up to 1.0dB, the
appropriate strategy would consist in transmitting data only
when the probability P(A > 1dB|F) is below 0.24 %. Oth-
erwise the data should be stored. It was noted that, for a same
attenuation threshold the ROC curves in Fig. 8 indicate a de-
cision threshold comprised between 0.7 % and 1.4 %. The
difference between the results is because the cost of misde-
tection is larger than the cost of false alarm. The ROC curves
do not integrate this information.

5 Conclusion and perspectives

This study has presented a methodology for predicting the
rain attenuation which affects the satellite transmissions. The
sensitivity of satellite transmission to rain becomes particu-
larly sensitive with the ongoing trend to use high-frequency
bands, from 20 to 50 GHz. The proposed model exploits the
probabilistic rain forecasts of the Météo-France short-range
ensemble prediction system PEARP and delivers probabilis-
tic attenuation forecasts at 20 GHz. In particular due to the
inhomogeneity (in terms of temporal resolution) of the pre-
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dictand used for the model’s learning process, a bias into
the model was expected. It turns out that reliability diagrams
show forecast frequencies close to the observed ones. The
figures obtained suggest that the statistical model shows only
a small remaining bias. For a more complete assessment,
rank diagrams and ROC curves demonstrate the model’s abil-
ity to discriminate between event and nonevent cases and
to give forecast frequencies different from the climatology
ones. Consequently, it can be concluded that the model shows
satisfactory reliability resolution and sharpness.

In satellite communication, the main concerns are the link
availability and capacity. The primary hypothesis tested in
the study was that the probabilistic weather forecasts could
be very helpful to maintain the high availability required by
the satellite operators while optimizing the capacity as far
as possible. It has been shown that conditioning the type of
waveform (modulation and coding scheme) used to transmit
the information to probabilistic weather forecasts allows an
increase of the mean capacity of the link while ensuring the
availability of 99.9 % that is usually required. It has also been
proven that the benefit is higher using probabilistic weather
forecasts over deterministic ones.

The link availability and capacity are highly interdepen-
dent. Within a certain limit, increasing one of these parame-
ters is detrimental to the other one. The request of high avail-
ability inevitably results in a limitation of the capacity, which
may be particularly unfortunate in some contexts. It would
then be sometime profitable to be able to find the least ex-
pensive combination of these two parameters.

In the last stage, a strategy to maximize the economic
value accounting for the transmitted data volume as well
as for the fraction of successfully transmitted data has been
proposed. This economic value could be adapted to the
targeted application. For this initial attempt to optimize
high-frequency band satellite transmissions from ensemble
weather forecast systems, encouraging results have been ob-
tained. It should be stressed that the application to the fore-
cast of rain attenuation around 50 GHz, or to more sensitive
ground station locations such as in tropical regions, could
show more value. Unfortunately, we do not have any attenu-
ation observations for those contexts.

It also has to be mentioned that the horizontal resolution
and the temporal resolution of the PEARP forecast are non-
negligible drawbacks as well. It would make sense to replace
the global ensemble PEARP by the regional mesoscale en-
semble prediction system AROME (Bouttier et al., 2011) in
the attenuation prediction process. The authors would like
to stress the fact that the time resolution of the model output
used for the prediction process should be higher than 3 h, and
probably even higher than 1h, according to the large time-
variability of attenuation observations.

As a conclusion, though perfectible, the model devel-
oped allows us to demonstrate the benefit of using ensem-
ble weather forecasts in the field of satellite communications.
The wide range of applications of the model developed in-
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cludes the following particularly relevant weather-dependent
applications, which could be addressed in further publica-
tions:

— site diversity (Jeannin et al., 2014), for which an antici-
pation of the attenuation would allow advanced schedul-
ing the switching from the ground station under unfa-
vorable propagation conditions to redundant ones.

— deep space links (Biscarini et al., 2016), for which an
anticipation of the attenuation would allow the schedul-
ing of the data transmission when the propagation con-
ditions are the most favorable.
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