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Abstract— As global solar radiation forecasting is a very 
important challenge, several methods are devoted to this goal with 
different levels of accuracy and confidence. In this study we 
propose to better understand how the uncertainty is propagated in 
the context of global radiation time series forecasting using 
machine learning. Indeed we propose to decompose the error 
considering four kinds of uncertainties: the error due to the 
measurement, the variability of time series, the machine learning 
uncertainty and the error related to the horizon. All these 
components of the error allow to determinate a global uncertainty 
generating a prediction bands related to the prediction efficiency. 
We also have defined a reliability index which could be very 
interesting for the grid manager in order to estimate the validity 
of predictions. We have experimented this method on a multilayer 
perceptron which is a popular machine learning technique. We 
have shown that the global error and its components are essentials 
to quantify in order to estimate the reliability of the model outputs. 
The described method has been successfully applied to four 
meteorological stations in Mediterranean area. 
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I.  INTRODUCTION  

Solar radiation is one of the principal energy sources for 
physical, biological and chemical processes, occupying the most 
important role in many engineering applications [1]. The process 
of converting sunlight to electricity without combustion allows 
to create power without pollution. The major problem of such 
energy source is its intermittence and its stochastic character 
which make difficult their management into an electrical 
network [2]; Thereby, the development of forecasting models is 
necessary to use ideally this technology. By considering their 
effectiveness, it will be possible for example to identify the most 
optimal locations for developing a solar power project or to 
maintain the grid stability and security of a power management 
system [3]. Thus the solar energy forecasting is a process used 
to predict the amount of solar energy available for various time 
horizons [4]. Several methods have been developed by experts 
around the world and the mathematical formalism of Times 
Series (TS) has been often used for the short term forecasting 
(among 6 hours ahead) [5]. TS is a set of ordered numbers that 
measures some activities over time. It is the historical record of 
global horizontal irradiance with measurements taken at equally 
spaced intervals with a consistency in the activity and the 
method of measurement. Some of the best predictors found in 
literature are Autoregressive and moving average, Bayesian 

inferences, Markov chains, k-Nearest-Neighbors predictors, 
support vector machine, regression tree, or artificial neural 
network (ANN). All these approaches are related to the machine 
learning application. The most often used is the last presented 
method: the artificial neural network and particularly the 
multilayer perceptron (MLP) [6]. In the present study, we focus 
on this prediction method, the goal being to detail the 
uncertainties related to the global radiation prediction. These 
uncertainties can be decomposed into several components that 
will be explained and developed. 

II. DATA 

In Corsica Island, the data used to build the models are GHI 
measured in the meteorological stations of Ajaccio (41°55’N, 
8°44’E, 4m asl) and Bastia (42°42’N, 9°27’E, 10m asl). They 
are located near the Mediterranean Sea and nearby mountains 
(1000 m altitude at 40 km from the sites). The data representing 
the global horizontal solar radiation were measured on an 
hourly basis from 1998 to 1999 (exactly two years). The two 
last studied stations are Montpellier (43.6°N and 3.9°E, 2 m asl) 
and Marseille (43.4°N and 5.2°E, 5 m asl) concerning the years 
2008 and 2009. All these stations are equipped with 
pyranometers (CM 11 from Kipp & Zonen). The choice of these 
particular places is explained by their closed geographical and 
orographical configurations. These stations are located near the 
Mediterranean Sea and mountains. This specific geographical 
configuration of the four French meteorological stations makes 
cloudiness difficult to forecast. Mediterranean climate is 
characterized by hot summers with abundant sunshine and mild, 
dry and clear winters. Irradiance nighttime values are not being 
used, the first morning data forecast are operated with the day 
before evening data 

III.  PREDICTION METHODOLOGY AND ERROR 

DECOMPOSITION 

We chose to develop error propagation in the GHI prediction 
for the most common used predictor: the MLP. The base of this 
model is the time series approach (TS). A TS x(t) can be defined 
by a linear or non-linear model called fn (see Equation 1 where 
t = n, n-1,…, p+1, p with n, the number of observations and p 
the number of parameters of the model ; n ≫ p; h is the horizon 
of prediction and ϵ(t+h) the committed error)[1].  

 x(t+h)=fn (x(t), x(t-1)…., x(t-p+1))+ϵ(t+h)             (1) 



To estimate the fn model, a stationarity hypothesis is often 
necessary. This condition usually implies a stable process [7]. 
This notion is directly linked to the fact that whether certain 
feature such as mean or variance change over time or remain 
constant. Previous studies[ 8–11] show that the use of clear sky 
index (CSI) allows to make stationary the time series and so to 
correctly use the MLP forecasting. 

A. Stationary process 

In previous studies [1,12], it was demonstrated that the clear 
sky index calculated with the simplified Solis model [13] is the 
most reliable for our locations. The Solis model generates a clear 
sky hourly irradiation (CS) expressed by Eq. (2), the use of this 
model requires fitting parameter (g), extraterrestrial radiation 
(I0),  solar elevation (h) and total measured atmospheric optical 
depth (τ): 

 ����� = �	 ���. ��
 � ��
����������� . ��� �ℎ����      (2) 

The simplified “Solis clear sky” model is based on radiative 
transfer calculations and the Lambert-Beer relation [14]. The 
expression of the atmospheric transmittance is valid with 
polychromatic radiations, however when dealing with global 
radiation, the Lambert-Beer relation is only an approximation 
because of the back scattered effects. According to [1] this 
model remains a good fitting function of the global horizontal 
radiation. The new computed time series (CSI) can be directly 
used with the MLP forecasting and is described by the equation 
3: 

  CSI(t)=GHI(t)/CS(t)           (3) 

B. MLP prediction 

Although a large range of different architectures of ANN is 
available [9], MultiLayer Perceptron (MLP) remains the most 
popular. In particular, feed-forward MLP networks with two 
layers (one hidden layer and one output layer) are often used for 
modeling and forecasting time series. Several studies [15] 
validated this approach based on ANN for the non-linear 
modeling of time series. To forecast the time series, a fixed 
number p of past values are set as inputs of the MLP, the output 
is the prediction of a future value [16]. Considering the initial 
time series equation (Equation 1), this equation can be adapted 
to the non-linear case of one hidden layer MLP with b related to 
the biases, f and g to the activation function of the output and 
hidden layer, and ω to the weights. The number of hidden nodes 
(H) and the number of the input node (In) allow to detail this 
transformation. The number of layer 1 and 2 is given in 
superscript. (Equation 4):  

���� �� + 1� = "�∑ $�%�&' (�) + *)� with 

$� = +�∑ ����� − - + 1�.�/&' (�/' + *�'�        (4) 

In the presented study, the MLP has been computed with the 
Matlab© software and its Neural Network toolbox. The 
characteristics chosen and related to previous work are the 
following: one hidden layer, the activation functions are the 
continuously and differentiable hyperbolic tangent (hidden) and 
linear (output), the Levenberg-Marquardt learning algorithm 
with a max fail parameter before stopping training equal to 5. 

This algorithm is an approximation to the Newton’s method. The 
prediction of the GHI is obtained using the equation: 

 (GHI) ̂(t+1)=(CSI) ̂(t+1).CS(t+1)           (5) 

To customize the input layer of the MLP we choose the use 
of the mutual information to determine In as described in [1,17–
20]. According the results obtained in these papers, we use H 
equal to In for all the experiments conducted in this study. 
Furthermore in order improve the learning of the MLP, it is a 
common practice to filter out the data removing night hours. 
Indeed we consider only periods between sunrise and sunset. We 
have chosen to apply a selection criterion based on the solar 
zenith angle (SZA): solar radiation data for which the solar 
zenith angle is greater than 80° have been removed [1]. This 
transformation is equivalent to a filtering related to the solar 
elevation angle lower than 20. 

C. Error decomposition 

In these section, we propose to decompose the error 
considering four kinds of uncertainties: the error due to the 
measurement, the error due to the variability of the time series, 
the error related to the machine learning uncertainty and the 
error related to the horizon. 

In our assumption, all the previous σ terms are independent 
random variables that are normally distributed (and therefore 
also jointly so), then their sum is also normally distributed and 
the global form of the standard deviation 0�1��� + 1� becomes 
(in this equation the quick fluctuations are taken into account 
with 0234, but it is also possible to consider 0���): 

0�1��� + 1� =
5�0673��) + �0�368�� + 1��) + �0����� + 1��) + �0234�� + 1��) 

                (6) 

Considering that there is a persistence of the variability for a 
short horizon, 0234��� = 0234�� + 1� 

thus: 

0�1��� + 1� =
5�0673��) + �0�368�� + 1��) + �0����� + 1��) + �0234����) 

              (7) 

With 0673� = 0������∑ �∑ (�)(�/'9:�&' �)97/&' �'/), 0�368 and 
0��� are computed respectively with k-fold and 50 random 
initializations and 0 234 = =>�� �� + 1�. +�?@A2����. For an 
easier computing, it is also possible to use 0��� replacing 0234��� 
with a less robust result but not dependent on the instant of the 
prediction. 

0�1��� + 1� =
5�0673��) + �0�368�� + 1��) + �0����� + 1��) + �0����) 

               (8) 

It is possible to define a prediction band taking into account 
all the uncertainties (Eq 9).  

 =>�� �� + 1� = =>�� CDE�� + 1� ± 0�1��� + 1�        (9) 



Such prediction intervals were often proposed in the 
literature [21–23]; they refer to machine learning method 
�0CD�� + 1��) = �0�368�� + 1��) +  �0����� + 1��) [21,23] 
or to volatility and 0234��� [22] but rarely both to the two kinds 
of uncertainty and never concerning 0673�. Note that in the case 
of other machine learning method used the term 0��� can be 
equal to zero (e.g. support vector regression, regression tree 
etc.). The ideal case would be to systematically propose a 
confidence interval of prediction related to the three sorts of 
uncertainty (with 0GH = 0234��� @I 0��� considering the desired 
reliability).  

0�1��� + 1� = J�0673��) + �0CD�� + 1��) + �0GH����) 
              (10) 

Now, considering the horizon of prediction, we define the 
new global uncertainty with the equation 30 with 0�14 =
=>�� �� + ℎ�. K�ℎ�. 

0�1��� + ℎ� =
J�0673��) + �0CD�� + 1��) + �0GH�) + �0�14�ℎ��)      (11) 

IV.  RESULTS 

The previous components allows to calculate the global 
uncertainty and to propose two prediction bands: UB for upper 
band and LB lower band [24]. Thus, the quality of the prediction 
can be defined by the triplet {=>�� �� + ℎ�; MN; ON} [25]. We 
can also estimate the reliability of the prediction considering that 
the prediction is efficient when UB-LB is very lower than 
=>�� �� + ℎ� and inefficient when UB-LB is equal or upper to 
=>�� �� + ℎ� value. From this hypothesis, we can define the 
reliability η as η(t+1)=1− (UB(t+1)-LB(t+1))/=>�� �� + ℎ�. 
Lower is this parameter, more efficient is the prediction. We 
construct a reliability index between 0 and 1 considering that if 
(UB(t+1)-LB(t+1))/=>�� �� + ℎ� P 1, then η(t+1)=0 , i.e. the 
prediction is not sure. The final prediction becomes: 

-=>�� �� + ℎ� = 〈=>�� �� + ℎ�〉, average of 50 simulations (50 
training and initialization weights, 50 different training sets) 

LB= 

5�0673��) + �=>�� 6���� + ℎ� − 〈=>�� �� + ℎ�〉�) + �0����) + �0�14�ℎ��) 

             (12) 

UB=

5�0673��) + �=>�� 63S�� + ℎ� − 〈=>�� �� + ℎ�〉�) + �0����) + �0�14�ℎ��) 
            (13) 

With 0673� T=>�� �� + 1�U = 1%. =>�� �� + 1�, 0��� =
=>�� �� + 1�. �WX�Y�=>��47�Z��� − =>�����, 0�14�ℎ� ==
=>�� �� + ℎ�. K�ℎ� and =>�� 6��/63S�� + ℎ� are the min and max 
values of the 50 predictions generated with 50 simulations. Fig. 
1. shows for Ajaccio an example of the prediction bands, 
considering all the kind of uncertainty with horizon h=1 hour. 
Line represents measurement and dashed lines the upper and 
lower bands concerning each kind of uncertainties.  

 

Fig 1. Uncertainty in the GHI predictions for the horizon h=1 for Ajaccio case 

We see that 0673� is the parameter the less interesting for the 
bands construction and that it is necessary to consider the 
coupling of 0���  and 0CD  (related to 0�368  [�\ 0���� for a good 
prediction interval definition. For other sites the obtained curve 
are similar and no more information is observed. In Fig. 2, the 
top curve (same prediction configuration that previously) 
compared the average prediction =>�� �� + ℎ� (marks) versus the 
GHI measurement (line). The bottom curve shows the associated 
reliability index (η(t+1)).  

 

Fig. 2. Comparison for the horizon h=1 for Ajaccio of GHI predictions (mark) 
and GHI measurement (line) on the top and associated reliability index in the 
bottom  

We see that when the variability is low (two first day from 
3711 to 3726) the reliability is important (close to 70%) but 
when cloud occurs the value is much lower and can reach 0%. 

V. CONCLUSIONS 

In this paper we have shown that it is possible to compute a 
prediction band in the context of global radiation time series 
forecasting using machine learning. We have define for a 
popular machine learning technique, the multilayer perceptron, 



four kinds of uncertainties: the error due to the measurement, the 
variability of time series, the machine learning uncertainty 
(initialization and sampling) and the error related to the horizon. 
In literature, rarely both to the two kinds of uncertainty 0��� and 
0CD are studied, and never 0673�. We have also defined a 
reliability index which could be very interesting for the grid 
manager in order to estimate the validity of predictions. The 
described method has been successfully applied to five 
meteorological stations in Mediterranean area. We are sure that 
it is possible to generalize the approach to other sites and other 
machine learning tools. Thereby in future, we will try to apply 
the methodology to other time granularities and predictor as 
SVM, regression tree or random forest.  

ACKNOWLEDGMENT 

This work is supported by European Union's Horizon 2020 
research and innovation programme under grant agreement No 
646529 through the TILOS project (Technology innovation for 
the Local Scale, Optimum integration of Battery Energy 
Storage). It received also some grants by the French University 
Agency (AUF) and Romanian Institute of atomic physic (IFA) 
in the frame of a joint-project. The authors acknowledge the 
financial support of these two organizations. 

REFERENCES  
[1] Lauret P, Voyant C, Soubdhan T, David M, Poggi P. A benchmarking of 

machine learning techniques for solar radiation forecasting in an insular 
context. Sol Energy 2015;112:446–57. doi:10.1016/j.solener.2014.12.014. 

[2] Lorenz E, Remund J, Müller SC, Traunmüller W, Steinmaurer G, Pozo D, 
et al. Benchmarking of different approaches to forecast solar irradiance. 
24th Eur. Photovolt. Sol. Energy Conf. Hambg. Ger., vol. 21, 2009, p. 25. 

[3] Voyant C, Muselli M, Paoli C, Nivet M-L. Numerical weather prediction 
(NWP) and hybrid ARMA/ANN model to predict global radiation. Energy 
2012;39:341–55. doi:10.1016/j.energy.2012.01.006. 

[4] Voyant C, Randimbivololona P, Nivet ML, Paoli C, Muselli M. 24-hours 
ahead global irradiation forecasting using Multi-Layer Perceptron. 
Meteorol Appl 2013:1. 

[5] Diagne M, David M, Lauret P, Boland J, Schmutz N. Review of solar 
irradiance forecasting methods and a proposition for small-scale insular 
grids. Renew Sustain Energy Rev 2013;27:65–76. 
doi:10.1016/j.rser.2013.06.042. 

[6] Voyant C, Muselli M, Paoli C, Nivet M-L. Optimization of an artificial 
neural network dedicated to the multivariate forecasting of daily global 
radiation. Energy 2011;36:348–59. doi:10.1016/j.energy.2010.10.032. 

[7] Hornik K, Stinchcombe M, White H. Multilayer feedforward networks are 
universal approximators. Neural Netw 1989;2:359–66. doi:10.1016/0893-
6080(89)90020-8. 

[8] Voyant C, Muselli M, Paoli C, Nivet M-L, Poggi P, Haurant P. 
Predictability of PV power grid performance on insular sites without 
weather stations : use of artificial neural networks, Hambourg: 2009. 

[9] Paoli C, Voyant C, Muselli M, Nivet M-L. Solar Radiation Forecasting 
Using Ad-Hoc Time Series Preprocessing and Neural Networks. Emerg. 
Intell. Comput. Technol. Appl., vol. 5754, Springer Berlin / Heidelberg; 
2009, p. 898–907. 

[10] Voyant C, Paoli C, Muselli M, Nivet M-L. Multi-horizon solar radiation 
forecasting for Mediterranean locations using time series models. Renew 
Sustain Energy Rev 2013;28:44–52. doi:10.1016/j.rser.2013.07.058. 

[11] these cyril voyant pdf free ebook download. n.d. 

[12] Paoli C, Voyant C, Muselli M, Nivet M-L. Use of Exogenous Data to 
Improve Artificial Networks Dedicated to Daily Global Radiation 
Forecasting, Valencia, Spain: 2010. 

[13] Mueller RW, Dagestad KF, Ineichen P, Schroedter-Homscheidt M, Cros 
S, Dumortier D, et al. Rethinking satellite-based solar irradiance 
modelling: The SOLIS clear-sky module. Remote Sens Environ 
2004;91:160–74. doi:10.1016/j.rse.2004.02.009. 

[14] Ineichen P. A broadband simplified version of the Solis clear sky model. 
Sol Energy 2008;82:758–62. doi:10.1016/j.solener.2008.02.009. 

[15] Mellit A, Kalogirou SA, Hontoria L, Shaari S. Artificial intelligence 
techniques for sizing photovoltaic systems: A review. Renew Sustain 
Energy Rev 2009;13:406–19. doi:10.1016/j.rser.2008.01.006. 

[16] Kalogirou S. Artificial neural networks in renewable energy systems 
applications: a review. Renew Sustain Energy Rev 2001;5:373–401. 
doi:10.1016/S1364-0321(01)00006-5. 

[17] Voyant C, SOUBDHAN T, Lauret P, David M, Muselli M. Statistical 
parameters as a means to a priori assess the accuracy of solar forecasting 
models. Energy 2015;90:671–679. 

[18] Voyant C, Notton G, Paoli C, Nivet ML, Muselli M, Dahmani K. 
Numerical weather prediction or stochastic modeling: an objective 
criterion of choice for the global radiation forecasting. Int J Energy Technol 
Policy 2014. 

[19] Parviz RK, Nasser M, Motlagh MRJ. Mutual Information Based Input 
Variable Selection Algorithm and Wavelet Neural Network for Time 
Series Prediction. In: Kůrková V, Neruda R, Koutník J, editors. Artif. 
Neural Netw. - ICANN 2008, Springer Berlin Heidelberg; 2008, p. 798–
807. 

[20] Jiang A-H, Huang X-C, Zhang Z-H, Li J, Zhang Z-Y, Hua H-X. Mutual 
information algorithms. Mech Syst Signal Process 2010;24:2947–60. 
doi:10.1016/j.ymssp.2010.05.015. 

[21] David M. Probabilistic forecasting of the solar irradiance with recursive 
ARMA and GARCH models n.d. 

[22] Join C, Fliess M, Voyant C, Chaxel F. Solar energy production: Short-term 
forecasting and risk management. ArXiv160206295 Cs Q-Fin 2016. 

[23] Trapero JR. Calculation of solar irradiation prediction intervals combining 
volatility and kernel density estimates. Energy 2016;114:266–274. 

[24] Gneiting T, Katzfuss M. Probabilistic Forecasting. Annu Rev Stat Its Appl 
2014;1:125–51. doi:10.1146/annurev-statistics-062713-085831. 

[25] Wilks DS, Wilks DS. Statistical Methods in the Atmospheric Sciences An 
Introduction. Burlington: Elsevier Science; 2014. 

 
 

 

 


