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Abstract: This study investigates the most accurate sunshine and temperature dependent models for estimating global solar 

radiation over Makurdi and Ibadan situated in the Guinea savannah of Nigeria by comparing nine (9) different existing sunshine 

dependent models. The study also proposed two temperature dependent models that took the form of quadratic logarithmic and 

quadratic exponential and were compared to three existing temperature dependent models (Chen, Hargreaves and Samani (HS) and 

Garcia). The measured monthly average daily global solar radiation, sunshine hours, maximum and minimum temperature 

meteorological parameters during the period of thirty one (1980-2010) years was utilized and the accuracy of the sunshine and 

temperature dependent models to ascertain the most suitable models in each location were tested using seven various statistical 

validation indicators of coefficient of determination (R
2
), Mean Bias Error (MBE), Root Mean Square Error (RMSE), Mean 

Percentage Error (MPE), t-test, Nash-Sutcliffe Equation (NSE) and Index of Agreement (IA). The results revealed that the exponent 

sunshine dependent model proposed by Bakirci and the linear exponential sunshine dependent model proposed by Bakirci were 

found more accurate for estimating global solar radiation in Makurdi and Ibadan respectively. The proposed quadratic logarithmic 

and quadratic exponential temperature dependent models were found more suitable for estimating global solar radiation in Makurdi 

and Ibadan respectively. These recommended models can be found appropriate, if properly calibrated in regions with similar climatic 

information. The HS temperature dependent model evaluated in this study for Ibadan was compared with those available in literatures 

and was found more suitable. Furthermore, the most suitable sunshine dependent model was found more suitable for global solar 

radiation estimation when compared to the most suitable temperature dependent model in each of the studied locations and this was 

testified from the figures of the comparison between the measured and estimated sunshine and temperature dependent models as the 

sunshine dependent models depicts the best fitting with the measured global solar radiation data. 

Keywords: Global Solar Radiation, Guinea Savannah Climatic Zone, Sunshine and Temperature Dependent Models, 

Statistical Validation Indicators, Meteorological Parameters 

 

1. Introduction 

Solar radiation data has been considered as an essential 

requirement to conduct feasibility studies for solar energy 

systems. A reasonable estimate of global solar radiation is 

important for most of the solar energy applications at any place. 

Knowledge of the availability of global solar radiation data is of 

basic importance in utilizing solar energy economically and 

efficiently. Technology for measuring solar radiation is costly 

and has instrumental hazards [1]. Thus, alternative methods for 

estimating these data are required. One of these methods is the 

use of empirical models. Accurate modeling depends on the 

quality and quantity of the measured data used, and is a good 

tool for generating solar radiation at locations where measured 

data are not available [2]. 

The widely used correlations for estimating solar radiation 
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are mainly based on sunshine duration and air temperature. In 

fact, the models estimating solar radiation from sunshine 

duration are generally more accurate than those involving 

other meteorological observations [3–6]. On a contrary, in the 

study carried out by Ogolo [7], he found that the temperature 

dependent models are more suitable for estimating global 

solar radiation in the sahelian and coastal region of Nigeria, 

except in the Midland and Guinea savannah where the 

sunshine dependent models are more suitable. The sunshine 

duration is not as readily available as air temperature data at 

standard meteorological stations [8–9]. So, it is meaningful to 

elaborate models that estimate solar radiation based on air 

temperature as an alternative [10]. 

Several models have been proposed to estimate global 

solar radiation. �ngström [11] was the first scientist known to 

suggest a simple linear relationship to estimate global solar 

radiation. Page [12] presents a linear regression model used 

in correlating the global solar radiation data with relative 

sunshine duration, which is a modified �ngström type model. 

El-Sebaii and Trabea [13] present and analyzed the global 

solar radiation and sunshine duration data recorded at five 

cities which represent the various weather conditions of 

Egypt. The data covered a period of three years (1990-1992) 

while for Tanta (1986-1988). New constants for the first, 

second and third order �ngström type correlations were also 

developed which according to them may be used for 

estimating global solar radiation at any location of Egypt. 

According to them, statistical comparisons between 

measured and estimated global solar radiation indicated that 

the second and third order �ngström type correlations do not 

improve the accuracy of estimation of global solar radiation. 

Therefore, first order or linear correlations between the 

monthly average daily clearness index and the relative 

possible sunshine duration for the selected locations and also 

for all Egypt was proposed. Isikwue et al. [14] proposes the 

coefficients for �ngström-Prescott type of model for the 

estimation of global solar radiation in Makurdi, Nigeria using 

relative sunshine duration alongside the measured global 

solar radiation data obtained from Air force Based Makurdi, 

Nigeria, between the periods (2001-2010). The model 

constants “a” and “b” obtained in their investigation for 

Makurdi are 0.138 and 0.488 respectively. Gadiwala et al. 

[15] estimates global solar radiation for five different stations 

in Pakistan using different sunshine based models. The mean 

monthly sunshine hour and mean monthly solar radiation 

were obtained from Computerized Data Processing Centre, 

Karachi for the period 1961-2009. According to them, the 

�ngström model provides the best estimation of global solar 

radiation. Olatona and Adeleke [16] developed some simple 

empirical models for the prediction of monthly mean daily 

solar radiation on a horizontal surface for Ibadan from 

sunshine hours and minimum and maximum temperatures 

data obtained from International Institute of Tropical 

Agriculture (IITA) Meteorological station at Ibadan, the data 

obtained covered a period of twenty years (1992-2011). Their 

results showed that the sunshine hour has lower mean errors 

than those based on minimum and maximum temperature 

which consistently produced an overestimation. 

The purpose of this study is to (i) compare nine different 

sunshine dependent models to ascertain the most suitable model 

for estimating global solar radiation in Makurdi and Ibadan (ii) 

to develop new temperature dependent models for estimating 

global solar radiation in each of the studied areas; and (iii) 

compare the most suitable sunshine and temperature dependent 

model with a view to find out which is more suitable in the 

Guinea savannah climatic zone of Nigeria using meteorological 

parameters of monthly average daily global solar radiation, 

sunshine hours, maximum and minimum temperature during the 

period of thirty one (1980-2010) years.. 

2. Methodology 

2.1. Acquisition of Data 

It was mentioned according to the World Meteorological 

Organization [17] and Ojo and Adeyemi [18] that to ensure the 

optimal climate modelling, data series should be a minimum of 

thirty years long. Based on this, the measured monthly average 

daily global solar radiation, maximum and minimum 

temperature meteorological data during the period of thirty one 

years (1980-2010) was used in this study. The meteorological 

data were obtained from the Nigerian Meteorological Agency 

(NIMET), Oshodi, Lagos, Nigeria. Twenty five (25) (1980-

2004) years data was used for developing the empirical models 

while six (6) years (2005-2010) data was used for validation of 

the models. According to Olaniran [19] Nigeria is classified 

into four climatic zones; these are the Coastal zone, Guinea 

savannah zone, Midland zone and the Sahelian zone. The 

locations within the Guinea savannah zone considered in this 

study are shown in Figure 1. 

 

Figure 1. Location of the studied regions in Nigeria. 

2.2. Regression Analysis 

The monthly average daily extraterrestrial radiation on a 

horizontal surface (��) in MJ/m
2
/day can be calculated for days 

giving average of each month from the following equation [20-

21]: 
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�� = ���� 	 
�� 
1 + 0.033��� �
����
��� 	� 
����������� � + �

��!"
��� 	 ���������                             (1) 

where 
��  is the solar constant (=1367 Wm
-2
), � is the latitude of 

the site, �  is the solar declination and  �  is the mean sunrise 

hour angle for the given month and � is the number of days of 

the year starting from 1�# of January to 31�# of December. 

The solar declination, � and the mean sunrise hour angle, 

 � can be calculated using the following equation [20-21]: 

� = 23.45��� '360 ��)�*���� 	+                     (2) 

 � = ���,-.−01��01��2                       (3) 

For a given month, the maximum possible sunshine 

duration (monthly average day length (3�)) in hours can be 

computed [20-21] by 

3� = �
-� �                                      (4) 

The clearness index (45 ) is defined as the ratio of the 

observed/measured horizontal terrestrial solar radiation	�, to 

the calculated/predicted/estimated horizontal extraterrestrial 

solar radiation �� [22]. 

45 = 7
78                                       (5) 

where � is the monthly average daily global solar radiation 

on a horizontal surface (MJ/m
2
/day). In this study, �� and 3� 

were computed for each month using equations (1) and (4) 

respectively. 

Tables 1 and 2 shows the existing sunshine and 

temperature dependent models obtained from the literature 

that were evaluated in this study to determine their respective 

empirical coefficients which was used for the validation 

using seven different statistical indicators. In table 1, nine (9) 

existing sunshine dependent models were utilized while in 

Table 2; three (3) existing temperature dependent models 

were utilized. In this study, two new temperature dependent 

models (Table 3) were proposed and compared with the three 

existing models. Attempt were made to propose new 

sunshine dependent models; however, not found suitable for 

estimating global solar radiation when compared with the 

existing sunshine based models. 

Table 1. Sunshine dependent models proposed in the literature used in this study. 

Model No. Model Type Regression equation Source 

1 Linear (�ngström) 
7
78 = 1 + 9 �

:
:8	  Angstom [11] and Prescott [23] 

2 Quadratic 
7
7; = 1 + 9 �

:
:;	 + � �

:
:;	

�
  Ogelma et al.[24] 

3 Cubic 
7
7; = 1 + 9 �

:
:;	 + � �

:
:;	

� + < � ::;	
�
  Samuel [25] 

4 
Linear 7

7; = 1 + 9 �
:
:;	 + � 	ln �

:
:;	  Newland [26] 

Logarithmic 

5 Logarithmic 
7
7; = 1 + 9 ln �

:
:;	  Ampratwum and Dorvlo [27] 

6 
Linear 7

78 = 1 + 9 �
:
:8	 + �?@A �

:
:;	  KadirBakirci [28] 

Exponential 

7 Exponential 
7
78 = 1 + 9?@A �

:
:;	  Almorox and Hontoria [29] 

8 Linear (Louche) 
7
7; = 1 + 9 �

:
:BC	  Louche et al. [30] 

9 Exponent 
7
7; = 1 �

:
:;	

D
  KadirBakirci [28] 

Table 2. Temperature based models proposed in the literature used in this study. 

Model No. Model Type Regression equation Source 

1 Logarithmic 
7
7; = 1� + 9�E�∆G  Chen et al. [31] 

2 Linear exponent 
7
7; = 1� + 9�∆G

�.�
  Hargreaves and Samani [32] 

3 Linear 
7
7; = 1� + 9� �

∆5
:;	  Garcia [33] 

 
where � , ��  and 3�  are as previously defined. ∆G is the 

difference between the monthly average daily maximum and 

minimum temperature i.e., GHIJ − GHK�. 

The constants 1�,, 1�, 1� , 9� , 9�	1�<	9�  in Table 1 are 

empirical coefficients determined by regression analysis and 

the other terms are the model correlated parameters. The 

models are basically the three widely used temperature 

dependent models and has been found suitable in all climatic 

conditions. The five proposed temperature dependent models 

in this study are given in Table 2. 

Table 3. Temperature based regression model proposed in this study. 

Model No. Model Type Regression equation 

1 Quadratic logarithmic 
7
78 = 1 + .∆G2 + �.∆G2

� + <E�.∆G2  
2 Quadratic 7

78 = 1 + 9.∆G2 + �.∆G2
� + <?@A.∆G2  

 
exponential 
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The models in Table 2 are proposed for this study in form 

of mathematical equations that relate the clearness index as 

the dependent variable and temperature as the independent 

variables. The proposed temperature dependent models are 

based on the modification of the existing models. The 

essence of modification is to find out if it improves the 

accuracy of the existing models. 

The accuracy or validation of the estimated values was 

statistically tested by computing the MBE, RMSE, MPE, t-

test, NSE and the IA, similarly, M� was determined for each 

of the models. The expressions for the MBE, RMSE and 

MPE as stated according to El-Sebaii and Trabea [13] are 

given as follows. 

NOP = -
�∑ R�K,�IS − �K,HTIU�KV-                       (6) 

MN3P = 
-�∑ R�K,�IS − �K,HTIU��KV- �
W
X
                (7) 

NYP = -
�∑ Z7[,\]^,7[,_^`7[,\]^ a ∗ 100�KV-                  (8) 

The t-test defined by student [34] in one of the tests for 

mean values, the random variable t with n-1 degrees of 

freedom may be written as follows. 

0 = 
 .�,-2.cde2X
.fc:e2X,.cde2X�

W
X
                           (9) 

The study site was statistically tested at the .1 − g2 
confidence levels of significance of 95% and 99%. For the 

critical t-value, i.e., at α level of significance and degree of 

freedom, the calculated t-value must be less than the critical 

value .0�jK#K�IS = 2.20, <k = 11, A < 0.052  for 95%  and 
.0�jK#K�IS = 3.12, <k = 11, A < 0.012 for 99%. 

The Nash-Sutcliffe equation (NSE) is given by the 

expression 

m3P = 1 − ∑ R7[,\]^,7[,_^`UXBW
∑ R7[,\]^,7n[,\]^"UXBW

                     (10) 

The Index of Agreement (IA) is given as 


o = 1 − ∑ R7[,_^`,7[,\]^UXB[pW
∑ Rq7[,_^`,7n[,\]^q*q7[,\]^,7n[,\]^qUXB[pW

        (11) 

From equations (6)-(11) �K,HTI , �K,�IS  and �  are 

respectively the �#r  measured and �#r  calculated values of 

monthly averaged global solar radiation and the total number 

of observations, also �nK,HTI  is the mean measured global 

radiation. 

Chen et al. [31] have recommended that a zero value for 

MBE is ideal and a low RMSE and MPE are desirable. The 

smaller the value of the MBE, MPE and RMSE the better is 

the model’s performance, a positive MPE and MBE values 

provide the averages amount of overestimation in the 

calculated values, while the negative values gives 

underestimation. The percentage error between −10%	and 

+10% is considered acceptable [35]. The smaller the value 

of 0 the better is the performance. High value of R
2
, NSE and 

IA are desirable. The MBE and the RMSE are in MJm
-2

day
-1

, 

while R
2
, MPE, NSE and IA are in percentage (%), the t-test 

is non dimensional. 

3. Results and Discussion 

3.1. Sunshine and Temperature Dependent Models 

3.1.1. Sunshine Based Models for Makurdi 

The empirical sunshine dependent models for Makurdi 

obtained through regression techniques based on Table 1 are 

7
7; = 0.156 + 0.713	

:
:;                           (12) 

7
7; = 0.030 + 1.23

:
:; − 0.506 �

:
:;	

�
                (13) 

7
7; = 0.63 − 2.37	

:
:; + 6.5 �

:
:;	

� − 4.5 � ::;	
�
          (14) 

7
7; = 0.578 + 0.218	

:
:; + 0.246 ln �

:
:;	             (15) 

7
7; = 0.763 + 0.353 ln �

:
:;	                     (16) 

7
7; = 0.657 + 1.73	

:
:; − 0.609 exp �

:
:;	             (17) 

7
7; = −0.192 + 0.426 exp �

:
:;	                (18) 

7
7; = 0.156 + 0.816	

:
:�r                      (19) 

7
7; = 0.833 �

:
:;	

�.�xy
                        (20) 

Table 4. Statistical analysis of the sunshine dependent models for Makurdi. 

Models R2 MBE RMSE MPE t NSE IA 

Eqn.12 90.4 0.0032 0.694 -0.0778 0.0155 95.3551 98.8315 

Eqn.13 90.8 0.0937 0.6925 -0.5341 0.4528 95.3746 98.8733 

Eqn.14 91.0 -0.2461 0.7224 1.2500 1.2016 94.9676 98.6364 

Eqn.15 90.8 0.0183 0.6855 -0.1328 0.0887 95.4687 98.8722 

Eqn.16 90.7 0.0270 0.6899 -0.1722 0.1299 95.4102 98.8625 

Eqn.17 90.8 0.0741 0.6894 -0.4287 0.3584 95.4170 98.8777 

Eqn.18 89.6 0.0118 0.7187 -0.1495 0.0545 95.4170 98.7422 

Eqn.19 90.4 0.0095 0.6948 -0.1116 0.0454 95.3443 98.8308 

Eqn.20 91.4 -0.0024 0.6866 -0.0308 0.0117 95.4541 98.8596 
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Table 5. Ranking of the evaluated sunshine dependent models for Makurdi. 

Models R2 MBE RMSE MPE t NSE IA Total Rank 

Eqn.12 5 2 6 2 2 6 6 29 

Eqn.13 3 8 5 8 8 5 2 39 

Eqn.14 2 9 9 9 9 8 9 55 

Eqn.15 3 5 1 4 5 1 3 22 

Eqn.16 4 6 4 6 6 4 4 34 

Eqn.17 3 7 3 7 7 3 1 31 

Eqn.18 6 4 8 5 4 3 8 38 

Eqn.19 5 3 7 3 3 7 7 35 

Eqn.20 1 1 2 1 1 2 5 13 

 

Tables 4 and 5 summarizes the different statistical validation 

indicators utilized in this study and the ranking of the sunshine 

dependent models for Makurdi. Based on the R
2
 the model, 

equation 20 (exponent) sunshine dependent model has the 

highest value of 91.4%; the model also has the lowest MBE, 

MPE and t-test values with underestimation of 0.0024 MJm
-

2
day

-1
 and 0.0308% in their estimated values and 0.0117 

respectively. The model equation 15 (linear logarithmic) has the 

lowest and highest values of RMSE and NSE with 0.6855 MJm
-

2
day

-1 
and 95.4687% respectively. The model equation 17 (linear 

exponential) has the highest IA value of 98.8777%. The result of 

the sunshine dependent models for Makurdi show that 

regardless of the overestimation and underestimation exhibited 

in their estimated values they are all within the acceptable range 

.NYP ≤ ±10%2. Similarly, the calculated t-test values are less 

than the critical t-test values for all the examined models; 

therefore the t-test analysis shows that all the studied models are 

significant at 95% and 99% confidence levels. 

The total ranks acquired by the various sunshine dependent 

models (Table 5) were in the range 13 to 55. The overall 

results for Makurdi; revealed that the exponent sunshine 

dependent model given in equation 20 as proposed by 

Bakirci [28] was found more accurate for estimating global 

solar radiation in this location as compared to other evaluated 

sunshine dependent models. 

The 1
st 

order evaluated �ngström type model results 

obtained for Makurdi in this study were compared to that 

carried out by Isikwue et al. [14]. The model equation 

with its empirical constants is given in equation 12 while 

the empirical constants given by Isikwue et al. [14] are 

0.138 and 0.488. In this study, R
2
 where compared to that 

of Isikwue et al. [14] as that is the only statistical test 

performed by them. In this study R
2
 is 90.4% while in 

their case R
2
 is 79.5%. Thus, this is evident that the 

evaluated �ngström type model in this study performs 

better than their model based on the statistical test result. 

However, the exponent sunshine dependent model given 

in equation 20 as proposed by Bakirci [28] is reported as 

the best and therefore most suitable for estimating global 

solar radiation in this location as compared to other 

evaluated sunshine dependent models. 

3.1.2. Temperature Based Models for Makurdi 

The empirical temperature dependent models for Makurdi 

obtained through regression techniques based on Table 2 are 

7
7; = −0.0795 + 0.190 ln ∆G                     (21) 

7
7; = 0.163 + 0.111 Sqrt ∆G                     (22) 

7
7; = 0.364 + 0.176	

∆5
:;                          (23) 

The proposed developed empirical temperature dependent 

models for Makurdi obtained through regression techniques 

based on Table 3 are 

7
7; = −1.73 − 0.236	∆G + 0.00376	.∆G2

� + 1.85 ln ∆G                                                (24) 

7
7; = −0.227 + 0.125	∆G − 0.00480	.∆G2

� + 0.0 exp ∆G                                              (25) 

Table 6. Statistical analysis of the temperature dependent models for Makurdi. 

Models R2 MBE RMSE MPE t NSE IA 

Eqn.21 (Chen) 77.4 0.0112 1.0465 -0.4204 0.0355 89.4385 97.1545 

Eqn.22 (HS) 74.0 0.0237 1.1265 -0.5440 0.0697 87.7622 96.6730 

Eqn.23 (Garcia) 70.4 0.0071 1.2076 -0.5198 0.0195 85.9357 96.0984 

Proposed Models R2 MBE RMSE MPE t NSE IA 

Eqn.24 90.0 -0.0093 0.7055 -0.0192 0.0437 95.1998 98.7865 

Eqn.25 89.4 -0.3849 1.0918 1.9187 1.2493 88.5047 96.7444 

Table 7. Ranking of the evaluated temperature based models for Makurdi. 

Models R2 MBE RMSE MPE t NSE IA Total Rank 

Eqn.21 (Chen) 3 3 2 2 2 2 2 16 

Eqn.22 (HS) 4 4 4 4 4 4 4 28 

Eqn.23 (Garcia) 5 1 5 3 1 5 5 25 
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Models R2 MBE RMSE MPE t NSE IA Total Rank 

Proposed Models R2 MBE RMSE MPE t NSE IA Total Rank 

Eqn.24 1 2 1 1 3 1 1 10 

Eqn.25 2 5 3 5 5 3 3 26 

 

Tables 6 and 7 summarizes the different statistical validation 

indicators utilized in this study and the ranking of the 

temperature dependent models for Makurdi. Based on the R
2
, 

NSE and IA the proposed model, equation 24 (quadratic 

logarithmic) has the highest values with 90.0%, 95.1998% and 

98.7865% respectively; the model also have the lowest RMSE 

and MPE values of 0.7055 MJm
-2

day
-1

 and underestimation of 

0.0192% in the estimated value. The Garcia model has the 

lowest MBE and t-test values with overestimation of 0.0071 

MJm
-2
day

-1
 in its estimated value and 0.0195 respectively. The 

result of the temperature dependent models for Makurdi show 

that regardless of the overestimation and underestimation 

exhibited in their estimated values they are all within the 

acceptable range .NYP ≤ ±10%2. Similarly, the calculated t-

test values are less than the critical t-test values for all the 

examined models; therefore the t-test analysis shows that all the 

studied models are significant at 95%  and 99%  confidence 

levels. 

The total ranks acquired by the various sunshine dependent 

models (Table 7) were in the range 10 to 28. The overall 

results for Makurdi; revealed that the proposed quadratic 

logarithmic temperature dependent model given in equation 

24 was found more accurate for estimating global solar 

radiation in this location as compared to other evaluated 

temperature dependent models. 

3.1.3. Sunshine Based Models for Ibadan 

The empirical sunshine dependent models for Ibadan 

obtained through regression techniques based on Table 1 are 

7
7; = 0.184 + 0.690	

:
:;                         (26) 

7
7; = 0.0679 + 1.31

:
:; − 0.777 �

:
:;	

�
            (27) 

7
7; = 0.515 − 2.27	

:
:; + 8.26 �

:
:;	

� − 7.27 � ::;	
�
 (28) 

7
7; = 0.617 + 0.124

:
:; + 0.216 ln �

:
:;	         (29) 

7
7; = 0.711 + 0.263 ln �

:
:;	                    (30) 

7
7; = 1.12 + 2.25

:
:; − 1.04 exp �

:
:;	              (31) 

7
7; = −0.226 + 0.457 exp �

:
:;	             (32) 

7
7; = 0.183 + 0.789	

:
:�r                     (33) 

7
7; = 0.798 �

:
:;	

�.�x�
                           (34) 

Table 8. Statistical analysis of the sunshine dependent models for Ibadan. 

Models R2 MBE RMSE MPE t NSE IA 

Eqn.26 93.8 0.0212 0.6533 -0.3157 0.1077 94.1623 98.4561 

Eqn.27 94.9 -0.0381 0.6012 0.1186 0.2108 95.0574 98.708 

Eqn.28 95.5 0.0318 0.5654 -0.2601 0.1868 95.6278 98.8901 

Eqn.29 94.7 0.0122 0.6123 -0.188 0.0658 94.8718 98.6681 

Eqn.30 94.6 -0.0106 0.6163 -0.0393 0.0571 94.8058 98.6508 

Eqn.31 94.9 0.0031 0.5975 -0.1101 0.0174 95.1177 98.7406 

Eqn.32 92.5 0.006 0.7126 -0.2831 0.028 95.1177 98.1286 

Eqn.33 93.8 -0.0186 0.6534 -0.0801 0.0944 94.1606 98.4439 

Eqn.34 95.5 -0.0057 0.6184 -0.0975 0.0305 94.7694 98.6334 

Table 9. Ranking of the evaluated sunshine based models for Ibadan. 

Models R2 MBE RMSE MPE t NSE IA Total Rank 

Eqn.26 5 7 8 9 7 7 7 50 

Eqn.27 2 9 3 5 9 3 3 34 

Eqn.28 1 8 1 7 8 1 1 27 

Eqn.29 3 5 4 6 5 4 4 31 

Eqn.30 4 4 5 1 4 5 5 28 

Eqn.31 2 1 2 4 1 2 2 14 

Eqn.32 6 3 9 8 2 2 9 39 

Eqn.33 5 6 7 2 6 8 8 42 

Eqn.34 1 2 6 3 3 6 6 27 

 

Tables 8 and 9 summarizes the different statistical validation 

indicators utilized in this study and the ranking of the sunshine 

dependent models for Ibadan. Based on the R
2
 the model, 

equation 28 (cubic) and 34 (exponent) sunshine dependent 

model has the highest value of 95.5%. The model equation 28 

(cubic) has the highest values of NSE and IA with 95.6278% 

and 98.8901% respectively; the model also has the lowest 

RMSE value of 0.5654 MJm
-2

day
-1

. The model equation 31 

(linear exponential) has the lowest MBE and t-test values with 

overestimation of 0.0031 MJm
-2

day
-1

 in the estimated value and 

0.0174 respectively. The model equation 30 (logarithmic) has 

the lowest MPE value with underestimation of 0.0393% in the 



131 Davidson Odafe Akpootu et al.:  Sunshine and Temperature Dependent Models for Estimating Global Solar  

Radiation Across the Guinea Savannah Climatic Zone of Nigeria 

estimated value. The result of the sunshine dependent models for 

Ibadan show that regardless of the overestimation and 

underestimation exhibited in their estimated values they are all 

within the acceptable range .NYP ≤ ±10%2 . Similarly, the 

calculated t-test values are less than the critical t-test values for 

all the examined models; therefore the t-test analysis shows that 

all the studied models are significant at 95%  and 99% 

confidence levels. 

The total ranks acquired by the various sunshine dependent 

models (Table 9) were in the range 14 to 50. The overall 

results for Ibadan; revealed that the linear exponential 

sunshine dependent model given in equation 31 as proposed 

by Bakirci [28] was found more accurate for estimating 

global solar radiation in this location as compared to other 

evaluated sunshine dependent models. 

3.1.4. Temperature Based Models for Ibadan 

The empirical temperature dependent models for Ibadan 

obtained through regression techniques based on Table 2 are 

7
7; = −0.324 + 0.372 ln ∆G                     (35) 

7
7; = −0.264 + 0.251 Sqrt ∆G                  (36) 

7
7; = 0.144 + 0.455	

∆5
:;                        (37) 

The proposed developed empirical temperature dependent 

models for Ibadan obtained through regression techniques 

based on Table 3 are 

7
7; = −0.55 + 0.39	∆G + 0.0165	.∆G2

� − 0.502.43 ln ∆G                                                  (38) 

7
7; = −0.855 + 0.268	∆G − 0.0128	.∆G2

� − 0.00000005 exp ∆G                                            (39) 

Table 10. Statistical analysis of the temperature dependent models for Ibadan. 

Models R2 MBE RMSE MPE t NSE IA 

Eqn.35 (Chen) 83.0 0.0371 1.0599 -0.6573 0.1161 84.6358 95.741 

Eqn.36 (HS) 81.0 -0.0128 1.1214 -0.4252 0.038 82.8007 95.11 

Eqn.37 (Garcia) 77.4 0.0061 1.2340 -0.6911 0.0165 79.1726 93.819 

Proposed Models R2 MBE RMSE MPE t NSE IA 

Eqn.38 91.2 0.2454 0.8227 -1.584 1.0364 90.7426 97.7286 

Eqn.39 91.2 0.0782 0.7864 -0.575 0.3313 91.543 97.867 

Table 11. Ranking of the evaluated temperature based models for Ibadan. 

Models R2 MBE RMSE MPE t NSE IA Total Rank 

Eqn.35 (Chen) 2 3 3 3 3 3 3 20 

Eqn.36 (HS) 3 2 4 1 2 4 4 20 

Eqn.37 (Garcia) 4 1 5 4 1 5 5 25 

Proposed Models R2 MBE RMSE MPE t NSE IA Total Rank 

Eqn.38 1 5 2 5 5 2 2 22 

Eqn.39 1 4 1 2 4 1 1 14 

 

Tables 10 and 11 summarizes the different statistical 

validation indicators utilized in this study and the ranking of 

the temperature dependent models for Ibadan. Based on the 

R
2
 the proposed models equation 38 (quadratic logarithmic) 

and 39 (quadratic exponential) has the highest value of 

91.2%. The proposed model equation 39 (quadratic 

exponential) has the lowest value of RMSE and highest 

values of NSE and IA with 0.7864 MJm
-2

day
-1

, 91.5430% 

and 97.8670% respectively. The Garcia model has the lowest 

MBE and t-test values with overestimation of 0.0061 MJm
-

2
day

-1
 in the estimated value and 0.0165 respectively. The 

Hargreaves and Samani (HS) model has the lowest MPE 

value with underestimation of 0.4252% in the estimated 

value. The result of the temperature dependent models for 

Ibadan show that regardless of the overestimation and 

underestimation exhibited in their estimated values they are 

all within the acceptable range .NYP ≤ ±10%2. Similarly, 

the calculated t-test values are less than the critical t-test 

values for all the examined models; therefore the t-test 

analysis shows that all the studied models are significant at 

95% and 99% confidence levels. 

The total ranks acquired by the various sunshine dependent 

models (Table 11) were in the range 14 to 25. The overall 

results for Ibadan; revealed that the proposed quadratic 

exponential temperature dependent model given in equation 

39 was found more accurate for estimating global solar 

radiation in this location as compared to other evaluated 

temperature dependent models. 

The Hargreaves and Samani model results obtained for 

Ibadan in this study were compared to that carried out by 

Sanusi and Abisoye [36]. The model equation with its 

empirical constants is given in equation 36 while the 

empirical constants “a” and “b” given by Sanusi and Abisoye 

[36] are 0.278 and 0.331. In this study, the MBE, RMSE, 

MPE and R
2
 are found to be -0.0128 MJm

-2
day

-1
, 1.1214 

MJm
-2

day
-1

, -0.4252% and 81.0% respectively while the 

MBE, RMSE, MPE and R
2
 given by Sanusi and Abisoye [36] 

are 0.82 MJm
-2

day
-1

, 1.59 MJm
-2

day
-1

, -7.36% and 72.0% 

respectively. Thus, this is evident that the evaluated 

Hargreaves and Samani (HS) temperature dependent model 
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in this study performs better as compared to those given by 

Sanusi and Abisoye [36]. However, the proposed quadratic 

exponential temperature dependent model given in equation 

39 is reported as the best and therefore most suitable for 

estimating global solar radiation in this location as compared 

to other evaluated temperature dependent models. 

3.2. Comparison Betaween the Most Accurate Sunshine and Temperature Dependent Models 

3.2.1. For Makurdi 

Table 12. Ranking of the most accurate sunshine and temperature dependent models for Makurdi. 

Models R2 MBE RMSE MPE t NSE IA Total Rank 

Eqn.20 1 1 1 2 1 1 1 8 

Eqn.24 2 2 2 1 2 2 2 13 

3.2.2. For Ibadan 

Table 13. Ranking of the most accurate sunshine and temperature dependent models for Ibadan. 

Models R2 MBE RMSE MPE t NSE IA Total Rank 

Eqn.31 1 1 1 1 1 1 1 7 

Eqn.39 2 2 2 2 2 2 2 14 

 

The result shown in Tables 12 and 13 shows that the sunshine 

dependent model (Eqn. 20 and 31) performed better than the 

temperature dependent model (Eqn. 24 and 39) in Makurdi and 

Ibadan respectively. This indicates that the sunshine dependent 

model is more accurate for estimating global solar radiation in 

the Guinea savannah climatic zone of Nigeria and this is in line 

with the study reported by Ogolo [7]. 

3.3. Correlation Between the Measured and Estimated 

Sunshine and Temperature Dependent Models 

Figure 2a shows the comparison between measured and 

estimated sunshine dependent global solar radiation models for 

Makurdi. The estimated sunshine dependent models 

underestimated the measured global solar radiation in the month 

from January to March and in July and overestimated the 

measured in the month April, May and August. The pattern of 

variation of the estimated models follows the same pattern as 

that of the measured global solar radiation except that the 

measured global solar radiation decreases from March to April 

during the onset of the rainy season and then to August (short 

dry period) while the estimated models increases from March to 

April and decreases subsequently to July and increases further to 

November during the onset of dry season and drop to December. 

The measured global solar radiation increases from August to 

November and drop to December. The third order �ngström 

type cubic model show a slight underestimation of its estimated 

values in the month of June, November and December as 

compared to other measured and estimated sunshine dependent 

models. 

Figure 2b shows the comparison between measured and 

estimated temperature dependent global solar radiation models 

for Makurdi. The estimated temperature dependent models 

underestimated the measured global solar radiation in the month 

of August and September and overestimated the measured in the 

month of May, June, October and November. The temperature 

dependent models almost behaved differently especially the 

existing models (Chen, HS and Garcia). It was observed that 

while the measured and proposed temperature dependent models 

exhibit a downward trough in August, the existing models 

delayed until October; this is line with the study reported by 

Ogolo [7] for Lokoja located in the Guinea savannah climatic 

region. The proposed temperature dependent models show better 

fitting with the measured data while the model, equation 24 

displayed the best fitting for Makurdi. 

 

Figure 2. Comparison between measured and estimated global solar radiation for Makurdi (a) Sunshine dependent models (b) temperature dependent models. 

Eqn.24-Quadratic logarithmic, Eqn.25-Quadratic exponential. 
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Figure 3a shows the comparison between measured and 

estimated sunshine dependent global solar radiation models for 

Ibadan. The estimated sunshine dependent models 

underestimated the measured global solar radiation in the month 

from May, August, September and December and overestimated 

the measured in the month from January to March and in June. 

The pattern of variation of the estimated models follows the 

same pattern as that of the measured global solar radiation 

except that the measured global solar radiation decreases from 

February to May while the estimated models increases from 

February to May. The third order �ngström type cubic model 

show a slight overestimation of its estimated values in the month 

of April and May when compared to the measured and 

estimated sunshine dependent models. 

Figure 3b shows the comparison between measured and 

estimated temperature dependent global solar radiation 

models for Ibadan. The estimated temperature dependent 

models underestimated the measured global solar radiation in 

the month of June and November and overestimated the 

measured in the month January, March, August and 

September. The Garcia model underestimated the measured 

and other estimated temperature dependent models in the 

months from April to June. Similarly, is the HS model in the 

months from October to December. The existing models 

(Chen, HS and Garcia) overestimated the measured and other 

estimated temperature dependent models in the month of 

January. Similarly, are the models equation 38 and 39 in the 

month of April and May. 

 

Figure 3. Comparison between measured and estimated global solar radiation for Ibadan (a) sunshine dependent models (b) temperature dependent models. 

Eqn.38-Quadratic logarithmic, Eqn.39-Quadratic exponential. 

4. Conclusion 

The performances of both sunshine and temperature 

dependent models for global solar radiation estimation over 

Makurdi and Ibadan situated in the Guinea savannah climatic 

zone of Nigeria were evaluated using monthly average daily 

global solar radiation, sunshine hours, maximum and 

minimum temperature meteorological data during the period 

of thirty one (1980-2010) years. In this study, nine (9) 

different existing sunshine dependent models were compared. 

The proposed quadratic logarithmic and quadratic 

exponential temperature dependent models were compared to 

three existing temperature dependent models (Chen, HS and 

Garcia). The evaluated models are validated using seven 

different statistical indicators of coefficient of determination 

(R
2
), Mean Bias Error (MBE), Root Mean Square Error 

(RMSE), Mean Percentage Error (MPE), t-test, Nash-

Sutcliffe Equation (NSE) and Index of Agreement (IA) to 

determine the most accurate model in each of the studied 

locations. The most suitable sunshine and temperature 

dependent models were compared in each location. The 

results of this study showed that: 

(i) The exponent sunshine dependent model proposed by 

Bakirci and the linear exponential sunshine dependent model 

proposed by Bakirci were found more accurate for estimating 

global solar radiation in Makurdi and Ibadan respectively. 

(ii) The proposed quadratic logarithmic and quadratic 

exponential temperature dependent models were found more 

suitable for estimating global solar radiation in Makurdi and 

Ibadan respectively. 

(iii) The models recommended in this study can be applied 

in locations with similar weather condition. 

(iv) The variation of the observed regression coefficients 

for the nine sunshine and five temperature dependent models 

revealed that they are site-specific and therefore the empirical 

coefficient need to be calibrated against the local data when 

applied in locations other than where the model was 

developed regardless of similarity in climatic zone. 

(v) The result of this study show that the performance of 

each model varies significantly in each of the locations under 

investigation. 

(vi) The sunshine dependent models was found more 

suitable for estimating global solar radiation in the Guinea 

savannah climatic zone of Nigeria when compared to the 

temperature dependent models and has been revealed from 

the figures comparing the measured and estimated models as 

the sunshine dependent models depicts the best fitting with 

the measured global solar radiation data. 
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