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a b s t r a c t

While the value of solar radiation can be expressed physically in the days without clouds, this expression
becomes difficult in cloudy and complicated weather conditions. In addition, solar radiation measure-
ments are often not taken in developing countries. In such cases, solar radiation estimation models are
used. Solar radiation prediction models estimate solar radiation using other measured meteorological
parameters those are available in the stations.
In this study, a solar radiation estimation model was obtained using Buckingham theorem. This theory

has been shown to be useful in predicting solar radiation. In this study, Buckingham theorem is used to
express the solar radiation by derivation of dimensionless pi parameters. This derived model is compared
with temperature based models in the literature. MPE, RMSE, MBE and NSE error analysis methods are
used in this comparison. Allen, Hargreaves, Chen and Bristow-Campbell models in the literature are used
for comparison. North Dakota’s meteorological data were used to compare the models.
Error analysis were applied through the comparisons between the models in the literature and the

model that is derived in the study. These comparisons were made using data obtained from North
Dakota’s agricultural climate network. In these applications, the model obtained within the scope of
the study gives better results.
Especially, in terms of short-term performance, it has been found that the obtained model gives satis-

factory results. It has been seen that this model gives better accuracy in comparison with other models. It
is possible in RMSE analysis results. Buckingham theorem was found useful in estimating solar radiation.
In terms of long term performances and percentage errors, the model has given good results.
� 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Solar radiation is an important variable for daily life and appli-
cations. Therefore, it is important that this value is known cor-
rectly. Estimation models are in effect when solar measurements
cannot be performed [1].

In this study, Buckingham theorem based solar radiation esti-
mation model will be established. Applications for this model will
be done and error analysis will be performed. The model will be
calibrated in the different regions of the world.

Main mathematical expressions about solar radiation

Main mathematical expressions about solar radiation will be
given in this section.

Solar declination angle is given in Eq. (1). J is the calendar day of
the year [2,3].

sind¼0:39785�sin½278:97þ0;9856Jþ1:9165�sinð356:6þ0;9856JÞ�
ð1Þ

Sunrise hour angle is given in Eq. (2).xs is sunrise angle; ø is the
latitude [2,3].

xs ¼ cos�1½�tanø � tand� ð2Þ
Eccentricity correction factor is called eccentricity factor; Eo.

The simple expression of the eccentricity factor is given in Eq. (3)
[2,3].

E0 ¼ 1þ 0:033 � cos 2p � J
365

� �� �
ð3Þ

Mathematical expression of extraterrestrial radiation is given in
Eq. (4) [2,3]. Isc is the solar constant; 4.921 MJ/day.m2 [2].
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H0 ¼ 24
p

� Isc � E0 � sinø � sind � p
180

� �
�xs � tanxs

h i
ð4Þ

Error analysis methods

Error analysis will be done with the help of meteorological data
for the model derived using Buckingham theorem in this study.
When performing these error analyzes, the percentage errors,
short-term performance, long-term performance, and compatibil-
ity between the model and the meteorological data will be exam-
ined. Error analysis methods will be able to evaluate these
performances.

RMSE analyzes provide information on the short-term perfor-
mance of the models. MBE analyzes provide information on sys-
tematic errors and long term performance. The MPE error
analysis gives the percentage error between the measured values
and the values obtained from the models. As the results of this
analysis approach to zero, the models become perfect [3,4]. These
error analysis methods are given in Eqs. (5)–(7).

MPE ¼ 1
N

Xn
i¼1

Hi;c � Hi;m

Hi;m

� �
� 100 ð5Þ

MBE ¼
Pn

i¼1Hi;c � Hi;m

N
ð6Þ

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼1ðHi;c � Hi;mÞ2
N

					
					

vuut ð7Þ

The Nash-Sutcliffe equation is also an error evaluation method.
A model is more efficient when NSE converges to 1. NSE equation is
given in Eq. (8) [10].

NSE ¼ 1�
Pn

i¼1ðHi;m � Hi;cÞ2Pn
i¼1ðHi;m � �HmÞ2

ð8Þ

Modeling the solar radiation

According to the Buckingham theorem, all terms collected in
an equation must have the same dimensions. This situation is
expressed as dimensional homogeneity law. This law guarantees
that all terms in an equation are in the same dimension. Unit
analysis has to be performed for nondimensionalization process
[5].

Dimensionless parameters are often referred to as P. The rela-
tionship between dimensionless pi numbers that are related to
each other is expressed as follows [6].Y

1
¼ U

�Y
2
;
Y

3
;
Y

4
; . . . ;

Y
k�r

�
As the first step in the Buckingham Pi theorem, it is desirable to

list the variables that affect the problem [5].

Using Buckingham’s Pi theorem, it is seen that the solar radia-
tion expression can be mathematically modeled [6]. First of all,
the solar radiation will be mentioned in terms of the parameters
available in the literature, in the models and in theory for the cor-
rect expression. Many models in the literature appear to have the
expression of solar radiation together with extraterrestrial radia-
tion [7–12]. It is also seen in many examples in the literature;
global solar radiation can be expressed using the maximum and
minimum air temperature differences, which is usually the square
root of the temperature difference in mathematical formulas
[9,12,13,14]. The global solar radiation value varies with meteoro-
logical factors when reaching the Earth’s surface from the atmo-
sphere. Radiation is subjected to multiple attenuation processes;
the permeability of the atmosphere is related to the attenuation
processes [2]. Transmittance, which is a proportional expression,
will be another parameter to be considered in this theorem.

Using Buckingham theorem, models were developed using dif-
ferent temperature and humidity parameters (daily maximum,
minimum and mean values) and error analysis were made with
the station data. Mathematical expressions that are not satisfied
with the results will not be shared here.

The expressions to be used in the formation of P’s are given
above. It is possible to express the global solar radiation function-
ally as follows, in which some parameters are written for use in
nondimensioning the above-mentioned parameters.

H ¼ f ðH0; s;DT; Tmin;RHÞ
It should be noted here again; the P parameters are without

units. Both global solar radiation and extraterrestrial solar radia-
tion expresses in energy per square meter (MJ�m�2�day�1). Hence,
it is possible to write the first P parameter as in Eq. (5).

Y
1
¼ H

H0
ð5Þ

The second pi parameter is obtained by nondimensioning the
difference between the maximum and minimum daily tempera-
tures (Eq. (6)). Here, the minimum temperature will be used for
the nondimensioning process.

Y
2
¼ Tmin

DT

� �
ð6Þ

Finally, the atmospheric transmissivity expression will be used
in the derivation of the thirdP as in Eq. (7). Since atmospheric per-
meability is a proportional expression, the relative humidity,
which is another proportional expression, will be used. The maxi-
mum, minimum, or mean value of the relative humidity will be
used to modeling the solar radiation for these nondimensioning.
This choice will be made in future.Y

3
¼ 100 � s

RH
ð7Þ

As the result of the processes, the situation in Eq. (8) finds out
according to the Buckingham Pi theorem.

Abbreviations

H Daily total global solar radiation, units of MJ�m�2�day�1

H0 Extraterrestrial solar radiation, units of MJ�m�2�day�1

Hm Measured daily total global solar radiation, units of
MJ�m�2�day�1

Hc Calculated daily total global solar radiation, units of
MJ�m�2�day�1

Tmin Daily minimum temperature, units of �C
Tmax Daily maximum temperature, units of �C
RH Relative humidity, units of %rh
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