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Abstract—This paper presents a systematic approach to empirical model selection for the global solar radia-
tion (GSR) estimation considering the Algerian town of Adrar. The approach is based on various meteoro-
logical variables. The accuracy of the selected model is validated using GSR measurements in the considered
location (i.e. Adrar) through eight statistical indicators. Long-term six-parameter data measurements are col-
lected. The collected measurements are divided into two subsets; the first subset (from year 2009 to 2013) is
used for the modeling purpose, while the second subset (years 2014–2016) is used for the model evaluation
purpose. The results show that the statistical performance of the traditional Angström formula for GSR esti-
mation can be significantly improved by including the effect of the maximum and minimum temperatures in
the GSR empirical models. In addition, the results show that excluding the cloud cover from the empirical
models significantly reduces the statistical performance of these models.
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INTRODUCTION
The Algerian Big South is a carrier of a develop-

ment promise for Algeria, where it covers the bulk of
Algerian territory. In addition, it is expected to
become the Algeria’s supply of renewable energy espe-
cially solar energy. Algeria is one of the Sun Belt coun-
tries [1]. Therefore, the potential of solar radiations in
the Sahara (Algerian) is highly significant; a median
annual radiation of 2650 kWh/m2/year and the insula-
tion time reaches 3500 h/yr [2, 3].

With the exception of rural areas, the global solar
radiation (GSR) measuring instruments are widely
available in Algeria. The empirical modeling, estima-
tion, and evaluation of the GSR estimation in these
rural areas is an economically feasible option. Previ-
ous publications show that appropriately constructed
empirical GSR models are accurate enough for most
solar energy applications. In this context, several
empirical models have been developed to estimate
global solar radiation based on meteorological param-
eters such air temperature, relative humidity, cloud

cover, and sunshine duration. The most widely model
used in different locations of the world which presents
a linear regression model used in correlating the global
solar radiation data with relative sunshine duration was
proposed by Angstrom–Prescott [4], and several modifi-
cations have been proposed since it was developed, many
researchers have established correlations based on these
model and exploring other regression forms.

Recently, several studies realized in different places
in the world have appeared in the literature, some of
these studies have been reviewed here. Abdo and EL-
Shimy [5], Almorox and Hontoria [6], Bakirci [7] and
Namrata et al. [8] attempted to estimate the monthly
means for daily global solar radiation taking into con-
sideration only the sunshine duration measurements.
Duzen and Aydin [9] correlate the global solar radia-
tion to relative sunshine duration in simple linear,
quadratic, cubic, logarithmic and exponential regres-
sion form for Lake Van region in Turkey. Some other
reported literatures was based on the empirical rela-
tionship using other commonly measured meteoro-
logical data; Khalil and Shaffie [10] employed shine
hours, ambient temperature, cloud cover, relative1 The article is published in the original.
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humidity, maximum and Minimum ambient tempera-
tures to determine direct and diffuse and global solar
radiation for Cairo in Egypt. Almorox et al. [11], con-
cluded that daily global solar radiation can be esti-
mated properly with temperature based models for
locations where measured values are not available. The
authors presented a new linear model which consid-
ered the saturation vapor pressure and temperature
range. Further, several evaluation studies were devel-
oped for different locations in Algeria. For example,
Mecibah et al. [12] developed a study for estimating
the monthly GSR on a horizontal surface in six Alge-
rian sites using just sunshine duration data. Chegaar
and Chibani [13] employed sunshine hours, air tem-
perature, relative humidity, number of rainy days, alti-
tude, latitude, total precipitation, evaporation and
cloudiness in a model to determine monthly average
daily GSR radiation. Nia et al. [14] evaluated eight
regression models to estimate the monthly mean daily
solar radiation on a horizontal surface at various places
in Algerian, by using sunshine. Salmi et al. [15] evalu-
ated three sunshine duration model to estimate the
monthly mean global solar radiation on a horizontal sur-
face in various cities in Algerian (Algiers, Constantine,
Oran and Tamanrasset). Aoun and Bouchouicha [16]
presented and compared ten simple empirical models for
estimating monthly mean daily global radiation on a hor-
izontal surface, these model are compared with three
existing models proposed by [14, 15].

As this literature review attests, although the devel-
opped models have been evaluated in few cities of
Saharan Algeria region, monthly average daily global
solar radiation data are needed for other cities of Alge-
ria as a Saharan Medium region. The objectives
include the construction of a systematic framework for
the construction of accurate empirical models for the
estimation of the monthly average daily GSR over a
horizontal surface. The available long-term GSR
measurements over in the Algerian site of Adrar are
considered in the model construction and evaluation
phases. The site is located Southern West region
exactly at 27°53′ N latitude and 0°17′ W longitudes.
The GSR measurements from year 2009 to year 2013
are used in the modeling phase while the measure-
ments in the duration 2014–2016 are used for the
model evaluation phase. Several statistical indicators
are used for assessing the accuracy of various models
and the best model is then selected.

DATA SOURCE
The data of the solar radiation used in this study are

obtained from The Research Unit for Renewable
Energies in the Saharan Medium (URERMS), affili-
ated to the Renewable Energy Development Center.
The GSR measurements are performed by the Kipp
and Zonen CM11 pyranometer. The collected dataset
is divided into two datasets. The first dataset contains
the mean values of the GSR in the period 2009–2013
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and it is used for model construction. The mean GSR
values of the second dataset cover the period 2014–
2016 and they are used for model evaluation.

METHOD FOR ESTIMATION
In the absence of solar radiation measurements, it

is necessary to develop methods sufficiently accurate
estimation. There are numerous methods for estimat-
ing the solar radiation from other available meteoro-
logical measurements. These methods are usually
based on the use of input datasets such as astronomical
factors, geographical factors, geometrical factors,
physical factors, and meteorological factors. Empiri-
cal models of the GSR are classified into three main
categories;

(a) Models based on the sunshine duration data,
(b) Models based on the Temperature data, and
(c) Detailed meteorological data-based models.
The most popular meteorological based model is

the temperature-based model. This is due to the avail-
ability of the temperature datasets in the vast majority
of meteorological stations. In this model, the datasets
of the minimum and maximum temperatures are used
for estimating the GSR. If the empirical parameters of
the temperature model are well calibrated for the con-
sidered site, the accuracy of the temperature model
can reach high levels.

The Angström formula (Eq. (1)) is a simple model
used for estimating the monthly average daily GSR on
a horizontal surface. This formula is the modified
form of the Angström–Prescott equation [17] and it
provides good results if sunshine fraction ( ) is avail-
able, which is the ratio between the actual sunshine
hours and the maximum possible sunshine hours
respectively (  and , accordingly).

(1)
where a and b are regression constants determined
empirically. The monthly average daily extraterrestrial
solar radiation on a horizontal surface in MJ/m2 day
can be calculated by using [18]:

(2)

where Isc is the total extraterrestrial solar irradiation
(118.108 MJ/m2 day); f is the eccentricity correction
factor; λ is the latitude in degrees; δ is the solar decli-
nation in degrees; and ωs is the hour angle of the sun
in degrees. These parameters can be computed by the
following equations [19]:
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Table 1. Summary of selected empirical models considering the sunshine duration, and temperature

Model Model requirements Ref. Correlation Eq.

M1   [22] (8)

M2   [23] (9)

M3   [24] (10)

M4   [25] (11)

M5  [26] (12)

M6  [27] (13)

M7  [28] (14)

M8  [29] (15)

,S ,o oS H = + + 2  /    g o f fH H a bS cS

,S ,o oS H = + + +2 3  /      g o f f fH H a bS cS d S

,S ,o oS H ( )= +  /  expg o fH H a b S

,S ,o oS H ( )= +  / logg o fH H a b S

max min, , oT T H = + Δ  /g oH H a b T

min, oT H ( )= + min  / /65g oH H a b T

max min, , oT T H ( )= + Δ  / logg oH H a b T

max min, , oT T H ( )= + min max  / /g oH H a b T T
(4)

(5)

(6)

The maximum possible sunshine hours is approxi-
mated by [20]:

(7)

where γ is the day angle in radians, and  is the day
number; 1 at January 1 and 32 at February 1.  of a
given month is the daily extraterrestrial solar radiation
of 15th day of that month.

Sunshine Based Empirical Models

In the Sunshine based models (also shown in Table 1),
the monthly mean global fraction of the solar radia-
tions is formulated as a function of the sunshine frac-
tion ( ). In Table 1, four empirical models are con-
sidered; quadratic and cubic, logarithmic and expo-
nential models. The table shows the popular literature
models.

Temperature Based Empirical Models

Researchers have also developed numerous empir-
ical equations for connecting the GSR with the daily
air temperature data. Models based on the tempera-
ture assume that the difference between the maximum
and minimum temperature is directly linked to the
monthly mean global fraction of solar radiations at the
ground level [20]. Models of solar radiation that utilize
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the maximum and minimum air temperatures are
shown in Table 1.

Empirical Models Based on Detailed
Meteorological Variables

The temperature-based models use maximum and
minimum air temperature to estimate atmospheric
transmissivity. These models assume that maximum
temperature will decrease with reduced transmissivity.
On the other hand, the minimum temperature will
increase due to the cloud emissivity. Clear skies will
increase the maximum temperature due to higher
short-wave radiation, and minimum temperature will
decrease due to higher transmissivity. Several studies
have demonstrated that adding others meteorological
data to the temperature-based model results in
enhanced accuracy levels. These models include one
or more of the following meteorological variables: pre-
cipitation, dew point temperature ( ), relative humid-
ity ( ), cloud cover (C) and averaged saturation
deficit. These correlations are shown in Table 2.

VALIDATE MODELS

As stated in Section 2, the GSR as well as other
meteorological dataset of Adrar is divided into two
subsets. The first subset is used for determining the
coefficients of various empirical models, while the
second subset is used for testing the accuracy of each
model in estimating the monthly average daily GSR.
The 15 models shown in Tables 1 and 2, as well as the
model of Eq. (1) are considered. The validity of each
model is statistically assessed through six statistical
indicators [33]; mean bias (MBE) in MJ/m2 day, rela-
tive error (MPE), root mean square error (RMSE) in
MJ/m2 day, root mean square difference (RMSD),
correlation coefficient (R), the Nash-Sutcliffe (NSE).
The best model for the considered site is selected
based on the superiority of the values of the statistical

T
RH
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Table 2. Summary of emprical models considering detailed meterological data

Model Model requirements Ref. Correlation Eq.

M 9  [29] (16)

M10  [30] (17)

M11  [31] (18)

M12  [32] (19)

M13  [33] (20)

M14  [34] (21)

M15  [35] (22)

0,C H = + + 2  /g oH H a bC cC

0, ,fS C H = + +  /g o fH H a bS cC

max min, , , oT T C H = + Δ +  /g oH H a b T cC

max min, , , oT T C H = + Δ +  /g oH H a b T cC

, ,f oS RH H = + +  /g o fH H a bS cRH

, , oT RH H = + +  /g oH H a bT cRH

, , ,f oS T RH H = + + +  /g o fH H a bS cT dRH
indices in comparison with other models. The equa-
tions of these statistical indicators are [34–36]:
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Fig. 1. Long-term average annual variation of various
meteorological parameters for the candidate location.
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where N is the total number of available data points
and  and  are the i-th calculated value and
measured value, respectively.

RESULTS AND DISCUSSION
The long-term average annual variations of various

meteorological parameters are illustrated in fig. 1 for
investigated location. The shown data include air tem-
perature, relative humidity, sunshine fraction, and
cloud cover. The sunshine fraction is used for the
rough description of the fair weather based on the rel-
ative sunshine hour classification scheme reported by
[37]. Through the application of statistical regression
techniques, the first dataset is  used for estimating the coef-
ficients of each of the considered models (see Eq. (1),
Tables 1 and 2). The results are shown in Table 3.

The correlation coefficient and the RMSD have
been given high attention in [5], [38], for selecting the
best empirical models for GSR estimation. This is
because these indicators respectively, provide clues
about the strength of linear dependence between the
measured and estimated values, and the deviation
between them. As previously stated, in this paper,
eight statistical indicators are used for assessing the
accuracies of various empirical models in estimating
the GSR. The selection of the best model is then based
on its overall statistical performance in comparison
with the other models. Through the use of numerous
statistical indicators, the confidence of the results is
enhanced. In addition, the statistical behavior of each
model can be easily depicted as shown in Table 3. It is
generally depicted from the results that all the models
provide good performances with a minimum value of
correlation of 0.971 (models M6) and the maximum
value of RMSD of 6.083% (model M4). The worst
values of the MBE, MPE, RMSE, and NSE respec-
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Table 3. Regression analysis and statistical test of various models for estimating the GSR on a horizontal surface at the
Adrar sit. Shaded row presents the best found model. Italic numbers present worst indicators while bold numbers present
best indicators

Model
Estimated coefficients Statistical indicators

a b c d MBE MPE RMSE RMSD R NSE

Eq. (1) 0.438 0.313 – – 0.425 1.040 1.249 5.650 0.982 0.926

M1 0.515 0.116 0.124 – 0.407 0.970 1.210 5.472 0.984 0.930

M2 1.867 –5.097 6.785 –2.820 0.288 0.500 1.027 4.646 0.989 0.951

M3 0.373 0.141 – – 0.405 0.960 1.205 5.450 0.984 0.931

M4 0.743 0.245 – – 0.463 1.190 1.345 6.083 0.978 0.914

M5 0.620 0.016 – – 0.228 0.440 1.250 5.654 0.975 0.934

M6 0.680 0.021 – – 0.125 –0.010 1.303 5.893 0.971 0.929

M7 0.630 0.020 – – 0.207 0.320 1.260 5.699 0.974 0.932

M8 0.683 0.003 – – 0.144 0.010 1.289 5.832 0.972 0.929

M9 0.737 –0.024 –0.001 – 0.017 –0.270 0.894 4.043 0.986 0.969

M10 0.529 0.230 –0.013 – 0.289 0.630 0.990 4.476 0.988 0.957

M11 0.702 0.002 –0.028 – 0.093 0.140 0.853 3.859 0.987 0.972

M12 0.683 0.014 –0.028 – 0.083 0.080 0.859 3.885 0.987 0.972

M13 0.410 0.381 –0.001 – 0.432 1.390 1.190 5.384 0.980 0.940

M14 0.751 –0.001 –0.001 – 0.032 –0.410 1.261 5.704 0.972 0.934

M15 0.462 0.378 –0.001 –0.002 0.343 0.960 1.149 5.197 0.981 0.944

Fig. 2. Comparison between the statistical performances of
models M4 and M11.
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tively, are 0.463 (model M4), 1.390 (model M13),
1.345 (model M4), 0.914 (model M4).

The best values of various statistical indicators are
illustrated in Table 3 by bold numbers while their
worst values are illustrated by italic numbers. It can be
easily seen from Table 3 that best model is the model
number M11 while the worst model is the model num-
ber M4. A comparison between the statistical perfor-
mances of these two models is shown in Fig. 2 which
proves the superiority of model M11 in comparison
with model M4. Therefore, the model number M11 is
selected for estimating the GSR over the Adrar site.
Further evaluation of the accuracy of the selected
model will be presented by the use of the evaluation
subset of measured data as explained in Section 2.

Figure 3 illustrates a comparison between various
groups of models i.e. sunshine duration, temperature,
and detailed meteorological data groups. For enhanc-
ing the readability of the figure, the correlation coeffi-
cient and RMSD are only displayed. It can be seen
from Fig. 3 that detailed meteorological group pro-
vides the highest value of the correlation coefficient
and the lowest value of the RMSD. Therefore, the
detailed meteorological data-based models show a
superior performance in comparison with the sun-
shine duration and the temperature-based models. On
the other hand, the maximum correlation provided by
the sunshine duration group equals to the highest cor-
relation of the temperature group; however, the mini-
mum RMSD of the sunshine duration group is lower
than the minimum RMSD of the temperature group.
Therefore, it is clear that the sunshine duration group
shows a better performance in comparison with the
temperature group.

As described in Section 2, the GSR data in the
period from year 2014 to year 2016 are used for evalu-
ating the accuracy selected models in estimating the
GSR on a horizontal surface over Adrar. Based on the
results of Table 3 and the previous analysis, it is found
that the model number M11 provides the best statisti-
cal performance in fitting the dataset of years 2009–
2013. Careful inspection of the performance of the
APPLIED SOLAR ENERGY  Vol. 54  No. 6  2018
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Fig. 3. Comparison of the statistical performance of various model groups. Correlation coefficient (a), RMSD (b).
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other considered models shows that the performances

of model’s number 2, 9, 10, and 12 are very close to the

performance of model M11. This is illustrated in Fig. 4. It

can be easily seen from Fig. 4 that the selected cloud

cover (models M9) and the detailed meteorological

based models (model M12) are highly comparable

from the statistical performance point of view. In addi-

tion, these models have a closer statistical perfor-

mance to the best model (i.e. model M11) in compar-

ison with the selected temperature-based model

(model 11). Therefore, it is clear that adding the cloud

cover to the traditional Angström formula (Eq. (1))

improves its statistical performance. On the other

hand, models that exclude the maximum and mini-

mum temperatures suffer from degradation in their

statistical performance.

The prediction of the GSR for the years 2009–2016

is performed using the best selected models and com-
APPLIED SOLAR ENERGY  Vol. 54  No. 6  2018

Fig. 4. Statistical indicators of the best selected models for
GSR estimation over Adrar.
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pared with the measured GSR ( ) in the same
period. The results show that the estimation using the
model number 11 provides the best match with the
measured data in comparison with the other selected
models. It is shown in Fig. 5 that model M11 has the
tendency to slightly overestimate the values of the
GSR. As shown in Fig. 5, the estimated and the mea-
sured GSR values can be approximated by a linear
relation that takes the form,

(29)

CONCLUSIONS

This paper considers the problem of GSR estima-
tion through empirical modeling. Various categories
of empirical models are considered and they are statis-
tically analyzed through many statistical indicators.
Based on their input parameters, popular as well as

mH

≅ +11 0.938 1.119.mH H
Fig. 5. GSR predicted by the best model in comparison
with the observed GSR values over Adrar region for the
period 2009–2016.
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proposed empirical models are classified into three
groups; the sunshine fraction, temperature and
detailed meteorological data models.

Two long-term averaged radiometric and meteoro-
logical measurements datasets are used in the pre-
sented analysis, the data are collected from the Adrar’s
observing station, situated in the Algerian Big South
region. The first dataset which covers the period from
2009 to 2013 are used for estimating the coefficient of
the considered 16 empirical models (4 sunshine frac-
tion models, 4 temperature models, 7 detailed meteo-
rological data-based models and the traditional Ang-
ström formula).

The first dataset is also used in performing statisti-
cal tests on each empirical model. This for determin-
ing the statistical performance of various models and
for selecting the best candidates for GSR estimation
over Adrar. Six statistical indicators are considered for
enhancing the confidence of the results and for the
deep understanding of the statistical performance of
the empirical models. The detailed inspection of the
statistical performance of various model categories
can help in selecting appropriate GSR models for the
selected site.

The results obtained in this study indicate that all
the models provide good statistical performances, the
selected sunshine fraction and the detailed meteoro-
logical based models show a comparable statistical
performance, however, the model number M11 shows
the best statistical performance. It is important to note
that the nest found model belongs to the category of
detailed meteorological data-based models. In addi-
tion, the performance of the selected temperature-
based models is weaker than both the sunshine frac-
tion and detailed meteorological data-based models.
The selected detailed meteorological based models
show the most superior statistical performance in
comparison to all selected models. This is attributed to
the effect of considering the impact of the cloud cover
on the Angström formula in estimating the GSR.

The best-selected model is evaluated through the
use of the second dataset that cover measurements
from years 2014 to 2016. The results show the capabil-
ity of the selected model to accurately estimate the
GSR over Adrar; however, it is shown that this model
slightly overestimates the GSR values. This model can
be applied to estimate the monthly average global solar
radiation on a horizontal surface for any sites in similar
conditions of climate, in the absence of radiometric
measurements where measurements of meteorological
parameters were available.
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