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Abstract

Estimation of global solar radiation (Rs) value is essential for many applications such as architectural design,
solar energy systems, crop growth models and determination of crop water requirement. In this research,
twenty-four empirical global solar radiation models were evaluated using measured daily solar radiation and
actual sunshine hours data for the years of 2001-2011 at Tabriz station located in the northwest of Iran.
Statistical analysis showed that the most of these models presented good results in the study area. According to
the relative percentage error (RPE) results, good agreement (|[RPE| < 10%) was obtained between the measured
and calculated values of the solar radiation by use of nineteen numbers of the models. In contrast, the five rest
models had not acceptable results. RPE values varied from 0.65% to -54.61% for the studied models. According
to the ranking of the models performance, the RMSE, MBE, d and RPE values of the best model were 2.95, -0.18,
0.97 and 0.65, respectively. This model was recommended to use in the study region, where sunshine hours were

measured.
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Introduction

Global solar radiation at the earth surface is an
important variable used in agricultural sciences,
especially in crop growth modeling and crop water
requirements models. It is also important in
hydrology, meteorology and soil physics sciences.
Numerous models are developed to estimate global
solar radiation based on different available
meteorological data. They are broadly categorized as
cloud-based (Kasten 1983), sunshine duration-based
(Angstrom 1924, Prescott 1940) and air temperature-
based (Bristow and Campbell 1984). The most
commonly used parameter for estimating solar
radiation is sunshine duration. In the other words, it
is generally recognized that the sunshine-based
models, in particular the Angstrom—Prescott and its
modified models, which are based on actual to
maximum possible sunshine duration ratio, have the
best performance (Almorox and Hontoria 2004,
Trnka et al. 2005, Zand-Parsa et al. 2011, Majnooni-
Heris and Bahadori 2014). Since the establishment of
the Angstrom—Prescott model, it is under constant
modifications centered on improvement of its
prediction accuracy and general validity. The
modifications are made mainly in three forms: (1) the
model coefficients are based on geographical or
meteorological variables (Glover and Mc Cullogh
1958, Halouani et al. 1993). In this form, the original
linear structure of the Angstrom—Prescott model
remains unchanged; (2) additional terms are
considered in the equation by increasing the order of
measured actual sunshine (n) to maximum possible
sunshine (N ) durations ratio, for example to second
order is used by Akinoglu and Ecevit (1990),
Ogelman et al. (1984), Bahel et al. (1986) or to third
order (Ulgen and Hepbasli 2004, Zabara 1986). In
these modifications, the original structure of the
Angstrom—Prescott equation is changed from linear
to nonlinear form; and (3) more terms are added to
the equation by introducing additional parameters
such as air temperature and relative humidity (Ododo
et al. 1995) and air vapor content (Garg and Garg
1982). In these modifications, the structure of the
Angstrom—Prescott model is changed from single

linear to multi-linear. Based on the Menges et al.

2014

(2006) results, the sunshine duration based methods
could give more accurate results than the models that

are based on the other meteorological data.

Depending on atmospheric conditions, humidity, dust
and global solar declination the -coefficients of
Angstrom Prescott methods vary for different regions.
Many researchers have calibrated and used the basic
form of the Angstrom—Prescott model for different
regions (Page 1961, Bahel et al. 1986, Allen et al.
1998, Louche et al. 1991, Benson et al. 1984). The
main goal of this study was evaluation of the several
sunshine hours based models for estimation of the
global solar radiation and selection of the best

accurate model at Tabriz meteorological station.

Materials and methods

The experimental data are obtained from the weather
station of Tabriz located in east Azarbijan province,
Iran. The

meteorological data reported in the paper are a part

global solar radiation and other
of the data measured at the meteorological station
during 2001 to 2011. The latitude, longitude and
elevation above mean sea level of the station are 38°

04" 47"N, 46° 17° 30”E and 1364 m, respectively.

In this study, the investigated models coefficients
were estimated by minimizing the sum of square
errors between the measured and predicted values.
Models performances were evaluated by statistical
error tests such as correlation coefficient (r) (Walpole
et al. 1998), index of model agreement (d) (Willmott
1982), and mean bias error (MBE, the difference
between estimated and measured values) and relative

percentage error (RPE) indexes as follows:

RMSE = 72&41:—01)2

MBE — =S (P, — O,)
N — i i
> (P —0,)7

d =1 =

> (P~ S| +[o ~5)*

RPE — [(ZOX:_OZ P )] >=<100
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where, n is the total number of measurements, i is the
measurement number, O and P are the measured and
estimated values, respectively and O is the average of
measured values. When d =1, it indicates a prefect
agreement between model estimations and the direct
measurements of the parameters in question and d=0
indicates that the measured and estimated values are
not in a good agreement. Hence, MBE >0 is an
indication of over-prediction and MBE <0 is an
indication of under-prediction. A relative percentage
error between -10% and +10% is considered
acceptable. The mean percentage error can be defined
as the percentage deviation of the calculated and

measured daily global solar radiation.

Investigated models

The Angstrom—Prescott ( Prescott 1940) model is one
of the most widely used sunshine based models to
estimate global solar radiation, which given as

follows:

Where Rs and Ra are the global and extraterrestrial
solar radiation (see more details in Allen et al. 1998),
respectively, “a” and “b” are the Angstrom-Prescott
model coefficients, n and N are the actual and

maximum possible sunshine hours, respectively.

Page (1961) has given the -coefficients of the
Angstrom—Prescott model, which is believed to be
applicable for any other parts of the world, as the

following:
Rs _ n
e 0.23 +0.48 N
(Model-1)

Bahel et al. (1986) recommended the following

coefficients for Angstrom—Prescott model:

RS = 0.175+0.5522
Ra N

(Model -2)

Allen et al. (1998) suggested values of 0.25 and 0.5,
for “a” and “b” coefficients of Angstrom- Prescott

model, respectively for the northern hemisphere.
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Rs n
ol 0.25 + O.SOE

(Model -3)
Louche et al. (1991) presented a model for global solar

radiation prediction as follow:

RS = 0.206 +0.5462
Ra N

(Model- 4)

Majnooni-Heris et al. (2008) recommended 0.31 and

]

0.60 for “a” and “b” coefficients of Angstrom-

Prescott model, respectively for south of Iran.

Rs _ n
o 0.31 4+ 0.60 v
(Model -5)

Benson et al. (1984) proposed two different

formulations for two intervals of a year as follows:

R —018+ 0.60

= January—March and October—

December

Rs _ n S

= 024+ 053 April-September
(Model- 6)

Gopinathan (1988) suggested use of the Angstrom—

Prescott model coefficients as follow:

a=0.265+ 0.07Z — 0.135%; b =0.401—0.108Z —

0.325% (Model-7)

Above equations, coefficients were proposed for
estimation of the global solar radiation, where Z is the

station elevation.

Zabara (1986) correlated “a” and “b” values of the

Angstrom—Prescott model with relative sunshine
duration (%) as a third order function and expressed

the “a” and “b” coefficients as:
a=0395—1.247 (%) +2.680 (%)2 —1.674 (%)3

n

b =0.395 + 13845 ) — 3.249 (ﬁ)2 +2.055 (3)3
(Model-8)

Rietveld (1978) examined several published values of
the “a” and “b” coefficients and noted that “a” is
related linearly and “b”  hyperbolically to the

appropriate mean value of% such as the following:
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a=010+ 0.245% ; b =038+ 0.080%

(Model 9)

Almorox and Hontoria (2004) proposed the
following exponential model to global solar radiation

estimation in this form:

% = a+ bexp (ﬁ)

a

(Model-10)

Ampratwum and Dorvlo (1999) proposed the

following model

E—: = a + blog (%)

(Model-11)

Ogelman et al. (1984) correlated (E) with (%) in the

form of a second order polynomial equation [33]:
Rs n n\?2 Rs n
S=atb(f)+c() 5 ==0195+0676(3) -
2
0.142(}) (Model-12)

where a, b and c are empirical coefficients.

Akinoglu and Ecevit (1990) obtained the correlation
below between (g) and (%) in a second order

polynomial equation for Turkey:

=== 0.145 + 0.845 (ﬁ) —0.280 (3)2

(Model -13)

Samuel (1991) obtained the correlation between ratio
of global to extraterrestrial solar radiation and the
ratio of actual to maximum possible sunshine
duration as follows:

RO CREION

R n

= =014+252(5)-3.71 (ﬁ)2 +2.24 (%)3

a

(Model -14)

wherea, b , c and d are empirical coefficients.

Bahel et al. (1987) developed a worldwide correlation
based on bright sunshine hours and global radiation
data of 48 stations around the world, with varied
meteorological conditions and a wide distribution of

geographic locations:

2014

= =016 +0.87 (%) - 0.16 (%)2 +0.34 (3)3

(Model -15)

One of the most interesting solar radiation estimation
models, including a logarithmic term, presented by

Newland (1988) as follows:

E=a+b(§)+clog(§) : §=0.34+0.40(§)+

0.171log (%) (Model -16)

The Angstrom—Prescott—Page model has been
modified by Louche et al. (1991) through the use of
the ratio of (n/Nun) instead of (n/N), where Nun is the
sunshine duration, so as to take into account the
natural horizon of the site. It can be calculated as

follows:

Rs n . 1 0.8706
E_a+b(Nnh) : = 0.0003 + 22

nh

(Model -17)

where a, b, ¢ and d are empirical coefficients.

Elagib and Mansell (2000) suggested the following
models:

Rs n

w2 =aexp [b (3)]

(Model -18)

(3

(Model -19)

Togrul et al. (2000) proposed the following
correlations, where the coefficients of the Angstrom—
Prescott model seem to be a function of the sunshine

duration ratio:

a=i+j(3) and b=k+L(3)
(Model -20)
a=in(3)+]j and b = kinn + m
(Model -21)
=i +E) T and vorem@)es ()

(Model -22)
a=i+j(§)+k(§)2+l(§)3 and b=m+s(§)+
P() +r ()

a=i+j(%)+k(%)2+l(%)3+m(%)4 and

(Model -23)
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b= () +r() + o)+ ()

(Model -24)

Results and Discussion

Estimation of earth received solar radiation is
required in many study fields due to its vital role as a
input to agronomical, ecological, hydrological and
soil-plant-atmosphere transfer models. Evaluation of
twenty-four radiation estimation models has been
performed using the RMSE, MBE, d and RPE and the
results are given in table 1. All coefficients of

investigated models are presented for each equation

2014

at the end of the mentioned table columns. According
to the obtained results, model -24 was found as the
most accurate model for estimation of the solar
radiation in Tabriz station. The RMSE, MBE, d and
RPE values for this model were 2.95, -0.18, 0.97 and
0.65, respectively. The model-24 can be presented for
Tabriz station as follows:

R, = Ra[<0.24 +0.37% - 0.62 (%)2 +0.28 (%)3 +

0.045 (3)4) + (0.52 ~079(2) + 038 (%)2 +

3.22 (3)3 —0.18 (%)4) 5

r=0.91
Table 1. Statistical results of investigated models.
Statistical index Model -
1 2 3 4 5 6 7 8
RMSE 3.19 3.43 3.34 3.30 5.40 3.35 11.08 3.59
MBE -0.80 -1.13 0.16 -0.32 3.78 -0.11 -7.99 0.27
d 0.93 0.94 0.94 0.94 0.88 0.94 0.45 0.92
Statistical index Model -
9 10 11 12 13 14 15 16
RMSE 3.70 3.21 3.97 3.39 3.53 9.40 8.29 3.84
MBE -0.94 -0.19 -0.34 -0.23 -0.54 7.50 5.81 -0.73
d 0.94 0.94 0.83 0.94 0.94 0.75 0.80 0.92
Local a=-0.064 a=0.649
coefficients b=0.316 b=0.410
Statistical index Model -
18 19 20 21 22 23 24
RMSE 3.72 3.21 3.23 3.01 3.25 3.21 3.25 2.05
MBE -1.47 -0.18 -0.20 1.73 -0.15 -0.18 -0.18 -0.18
d 0.91 0.94 0.94 0.93 0.94 0.94 0.94 0.97
Local a=0.250 a=0.258 a=0.265 i=250 i=-0.05 i=0.24 i=0.24 i=0.240
coefficients b=0.470 b=1.132 b=0.524 j=0.30 j=0.05 j=-0.23 j=0.17 j=0.370
$=1.46 k=0.15 k=-0.13 k=-0.30 k=-0.74 k=-0.62
1=0.18 m=1.05 m=0.04 1=0.82 1=0.280
$=0.35 m=0.42 m=0.045
$=-0.06 $=0.520
p=0.34  p=-0.790
r=-0.39 R=0.380
t=3.220
v=-0.180
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Comparison of the measured data with the predicted
values of the global solar radiation by model-24
during study years are shown in figure 1. Comparing
the measured global solar radiation with the
predicted values showed these values laid around the
straight line. This means that the model-24 is valid

for estimation of global solar radiation in Tabriz

2014

region.

Statistical results indicated that the estimated values
of Rs are fairly close to the measured values as shown
by the values of d=0.97 and RPE=0.65% which d and

RPE are fairly close to one and zero, respectively.

Table 2. Ranking results of evaluated methods based on relative percent error.

Model- 1 2 3 4 5 6 7 8 9 10 11 12
RPE 4.88 6.89 -0.98 1.92 -22091 0.87 48,57 -1.66 570 116 2.05 140
Ranking 16 18 4 12 21 2 23 11 17 8 13 10
Model- 13 14 15 16 17 18 19 20 21 22 23 24
RPE 3.31  -54.61 -35.30 4.45 8.91 1.10 119 -10.53 0.88 109 111 0.65
Ranking 14 24 22 15 19 6 9 20 3 5 7 1

The values of RPE, which is used to rank the models,
are presented in table 2. For statistical analysis, it was
assumed that the best models were those that had the
lowest |RPE|. As a result, the model-14 has the lowest
accuracy. The RMSE, MBE, d and RPE values for
model-14 were 9.40, 7.50, 0.75 and 0.-54.61,
respectively. According to the ranking results, model-
24 has highest accuracy as it was depicted among the

other models.
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Fig. 1. Relationship between the measured and
predicted values of global solar radiation by model-

24.

The mean relative percentage error can be defined as
the percentage deviation of the calculated and
measured daily global solar radiation. Variation of
RPE values for 24 investigated models are shown in

figure 2. A relative percentage error between +10%

and -10% is considered acceptable (Menges et al.
2006). According to mentioned figure RPE of five
models, including model 5, 7, 14, 15 and 20, are in out

of acceptable range.
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Fig. 2. Calculated relative percentage error for 24

investigated models.

Conclusions

Global solar radiation is one of primary importance
for building solar energy devices, estimating crop
productivity etc. However, direct measuring is not
available in many areas, empirical equations become
effective alternatives to estimate global radiation
through observed sunshine duration data. In this
study twenty-four  sunshine-based radiation
estimation model were evaluated for Tabriz region.
According to the obtained results, the model-24 was
found the most accurate for the estimation of solar
radiation in study site. The RMSE, MBE, d and RPE

values of above model were suitable in comparison
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with other studied models. This means that
mentioned model is valid for estimation of global
solar radiation in research site. In contrast, the
model-14 had the lowest accuracy and showed poor
results. As a result, good agreement (RPE < +10%)
was confirmed between measured values and
calculated values of solar radiation at the nineteen

numbers of models.
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