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ABSTRACT
Relative humidity and temperature data are more readily available to obtain from observatories than 
sunshine hour data. In this work, 10 years (1986–1987, 1990–1997) monthly average measurement of 
relative solar radiation, daily temperature range, relative humidity and the ratio of minimum to maxi-
mum temperature were used to establish the coefficient of eight models for estimating solar radiation 
in Ikeja and Port Harcourt. Coefficient of correlation (R), Mean Bias Error (MBE), Root Mean Square 
Error (RMSE), Mean Percentage Error (MPE), t-statistic and the rank score were used as  performance 
indicators. In Port Harcourt, the equation producing the best result with MBE, RMSE, MPE and 
t- statistic value of −0.1078, 0.9850, −0.4373% and 0.3653, respectively, is given by:
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In Ikeja, the equation producing the best estimation with MBE, RMSE, MPE and t-statistic value of 
0.1590, 1.0110, 2.0559% and 0.5281, respectively, is given by:
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1 INTRODUCTION
The energy transferred from the sun in the form of radiant energy to the earth’s surface is 
called solar radiation. Global solar radiation is the combination of normal direct solar radia-
tion and the angular or oblique diffuse solar radiation received on a horizontal plane. It is very 
germane to the earth’s ecosystem as it provides the energy for photosynthesis in plants. It also 
affects both air and soil temperature, influences the rate of evaporation and regulates weather 
and climate.

As different sites on the earth surface have varying solar energy potential, an understand-
ing of this variation is important in choosing solar equipment for socio-economic uses such 
as irrigation, electricity generation, and so on. Effective harnessing and utilization of solar 
radiation is vital to solving the world’s energy crisis and climate change problem [1].

However, this solar radiation data may not be available where it is needed as it has reported 
that the global ratio of weather stations collecting solar radiation data relative to those 
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 collecting temperature data is about 1:500 [2]. Also, solar radiation measuring equipments 
are expensive to purchase and maintain for each site of interest.

A viable alternative to providing solar radiation data is by employing various solar radia-
tion models. Using metrological variables such as relative sunshine hours, cloudiness and 
temperature, models have been developed by [3–11].

The objective of this study is to assess the performance (annually and seasonally) of eight 
solar radiation empirical formulas in Ikeja and Port Harcourt, Nigeria.

2 METHODOLOGY
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Where Rs  is the global solar radiation in MJm−2day−1, Ro is the Extra-terrestrial radiation 
in MJm−2day−1, N  is the daylight hour in hours, ∆T  is the difference between maximum 

temperature and minimum temperature values, RH is the relative humidity and q is the ratio 

of minimum temperature to maximum temperature. a b c di i i i, , and  for i = …1 2 3 8, , , ,  are 
constants which are to be determined by regression analysis.

Hargreaves and Samani [5] developed eqn (1) as an empirical equation that took the form of a 
linear regression between the relative incoming solar radiation and the square root of the  difference 
between maximum and minimum temperature. Garcia [8] developed eqn (2) as an adaptation of 
the common Angstrom-Prescott model to estimate incoming solar radiation in Peru.
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Equations (3) have been developed to investigate the relationship between solar radiation 
and relative humidity [12]. Equation (4) compares relative solar radiation and the ratio of the 
minimum temperature to the maximum temperature.

Equations (5–8) are newly proposed empirical relations to be employed and tested in this 
paper. Equations (5–8) are formed based on the assumption that there is a strong relationship 
between global solar radiation and a combination of relative humidity, difference between 
minimum and maximum temperature and ratio of minimum temperature to maximum tem-
perature. Equation (7) is based on the relationship between solar radiation and relative 
humidity as an adaptation of the Hargreaves model (eqn (1)).

2.1 Study area and data measurement

The study site is located in Ikeja and Port Harcourt, Nigeria. They are located in the extreme 
southern region of Nigeria, very close to the Atlantic Ocean. Ikeja and Port Harcourt is in the 
rainforest and mangrove region characterized by thick vegetation with very high canopies. 
With an annual average temperature of 23.0°C (73.4°F),. The warmest months are from 
 February to April, where daytime temperatures can exceed 29°C (84.2°F).

Rainfall season is often throughout the year with mean annual falls ranging between 
1,500 mm and 2,300 mm. They are characterized by regular torrential showers known in 
many tropical regions. The humidity is generally low and the Harmattan (hot, dry north-
east trade wind), a cold and fairly dusty wind is experienced between December and 
February. There are two major seasons in these stations namely the wet and dry seasons. 
The rainy season is from April to November while the dry season is from December to 
February.

The maximum and minimum thermometers were used to measure the highest and lowest 
temperature reached by air in each day at the observatory. These thermometers were kept at 
a height of 1.5 m above the ground in a white wooden-louvered shelter called Stevenson 
screen. Maximum and minimum thermometers are liquid in glass thermometers used for 
determining daily maximum and minimum temperatures. Sunshine hour was measured using 
the Campbell-stokes sunshine recorder. The device is designed to record the hours of bright 
sunshine which will burn a hole through the card.

18 years of monthly mean hourly solar radiation, sunshine hour, minimum and maximum 
temperature, relative humidity data were collected and used in this study. 15 years of data 
(1981–1995) were used for obtaining the regression coefficients a b c di i i i, , and  for 
i = …1 2 3 15, , , ,  while 3 years (1996–1998) was used for testing the performance of the 
models.

The site-specific inputs for the calculation of extra-terrestrial solar radiation are latitude 
and sunset hour angle. The extra-terrestrial daily solar radiation (in MJm−2day−1) is deter-
mined by the sets of equations given below [13].
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Where Ro is the extra-terrestrial radiation (MJm−2d−1).

 Gsc, solar constant = 0.082 MJm−2day−1,

 dr  is the inverse relative distance Earth-Sun,

 ws  is the sunset hour angle (radians),

 j  is the latitude (radians),

 d  is the solar declination (radians),

  J  is the Number of the day in the year between 1(1 January) and 365 or 366 
(31 December).

The daylight hours N (hours) is also calculated using the equation given below [13].
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The extra-terrestrial radiation and daylight hours for stations used in this research were 
calculated and they are shown in the Table 1 below.

Table 1:  Extra-terrestrial radiation (MJm−2day−1) and Daylight hours (hours) of the locations 
of study.

Extra-terrestrial rad Daylight hours

Month P/Harcourt Ikeja P/Harcourt Ikeja

January 34.3177 33.5460 11.7571 11.6649
February 36.1183 35.5766 11.8493 11.7922

March 37.4901 37.2984 11.9744 11.9646

April 37.4004 37.5936 12.1082 12.1493

May 36.1869 36.6738 12.2186 12.3016

June 35.2664 35.8817 12.2724 12.3757

July 35.5698 36.1215 12.2462 12.3396

August 36.6801 36.9865 12.1504 12.2075

September 37.2106 37.1552 12.0212 12.0292

October 36.2928 35.8598 11.8877 11.8451

November 34.5579 33.8411 11.7784 11.6943

December 33.5718 32.7346 11.7274 11.6240
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2.2 Acquisition of data and instrumentation

The data used in this study was collected from the Nigerian Metrological Agency (NIMET), 
Oshodi, Lagos which has been given the mandate to collect meteorological data for climatol-
ogy, agricultural and aviation purposes in the country.

At the Nigerian meteorological agency, global solar radiation is measured through the use 
of the Gunn Bellani radiometer (GB) which is a simple, cheap and easy to maintain instru-
ment commonly used in solar radiation estimation and evaporation studies.

The instrument provides a time-integrated assessment of radiation falling on a black body 
by measuring the volume of liquid distilled by the radiation. It is available in two forms: 
water filled for daily radiation of up to 6.28 MJm−2; and alcohol filled for daily radiation of 
up to 37.68 MJm−2. It requires neither powering nor any special skill to operate, and has been 
found suitable for field estimation of daily total radiation.

The liquid is contained in a thin-walled copper sphere blackened externally. Sealed into 
this, with its upper end above liquid level, is the distillation tube. The latter collects liquid 
distilled from the bulb in its lower section which is graduated in 0.1 mL divisions. The bulb 
holds about 42 mL of the working fluid. Initially, the liquid is transferred to the copper sphere 
by inverting the instrument, and the level remaining in the graduated receiver is noted. When 
exposed to solar radiation, the fluid in the blackened copper sphere vaporizes and condenses 
in the graduated receiver. Periodically, or at the end of each day, radiation level is recorded. 
Folayan [14] calibrated GB readings with pyranometer readings and came up with a conver-
sion factor which may be mathematically expressed as: . ( . )1 1 357 0 176 2ml MJmGB = ± − .

2.3 Treatment of data and error analysis

Models were developed for the locations under study by using 10 years (1986–1987,  
1990–1997) and 3 years (1998–2000) for model validation.

In this study, the performance indicators used are the Mean Bias Error (MBE), Root 
Mean Square Error (RMSE), Mean Percentage Error (MPE) and the t-statistic test:
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Where Robs  and Rest  are, respectively, the observed and estimated values of global solar 
radiation and n  is the number of observations used. Generally, the lower the MBE, RMSE 
and MPE, the better the model. A positive MBE or MPE value indicates overestimation in 
calculated values, while a negative MBE or MPE value indicate underestimation. The MBE 
provides information about the long-term performance of the model while the RMSE pro-
vides information about the short-term performance of the model.
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Low values of RMSE are desirable, but few errors in the sum can produce a significant 
increase in the indicator. Low values of MBE are desirable, but overestimation of an indi-
vidual data element will cancel underestimation in a separate observation. It is also 
possible to have large RMSE values at the same time a small MBE or vice versa. There-
fore, the use of RMSE and MBE as indicators is not adequate for the evaluation of model 
performance [15]

The t-statistic is used in conjunction with the MBE and RMSE to test model performance 
more reliably [16]. The t-statistic is given by

 
t = −( )( ) −( )/N MBE RMSE MBE1 2 2 2  (17)

The estimates from the model will only be statistically significant if the calculated t is less 
than a critical t-value obtained from standard statistical tables.

The best performing models were determined using a ranking method. The MBE and 
RMSE were normalized by dividing each by the mean of the measured dataset. A rank score 
was obtained for each model. The model with the lowest rank score received the highest 
ranking.
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3 RESULTS AND DISCUSSIONS
The average monthly values of the sunshine hour, global radiation, and maximum 
and  minimum temperature data for Ikeja and Port Harcourt stations were calculated. Regres-
sion coefficients for each of the models were developed from the dataset of monthly mean of 

Rs/R0, RH , q , ∆T0.5 and ∆T/N, and they are stated below in Tables 2 and 3,  respectively, for 
Port Harcourt and Ikeja:

Tables 4 and 5, respectively, gives the coefficient of correlation (R), MBE, RMSE, MPE, 
t-statistic value, the Rank Score and the Rank for each of the eight models developed for Port 
Harcourt and Ikeja. From Table 4, the correlation coefficients for the eight models developed 

Table 2: Regression coefficients for Port Harcourt.

Equation ( i ) R ai bi ci di
1 0.926 −0.141 0.210 − −
2 0.913 0.185 0.399 − −

3 0.896 1.875 0.017 − −

4 0.907 1.479 −1.386 − −

5 0.876 0.777 −0.018 1.321 0.030

6 0.923 3.266 −0.306 − −

7 0.794 5.981 −1.991 − −

8 0.841 2.931 −0.570 −1.214 −
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Table 3: Regression coefficients for Ikeja.

Equation ( i ) R ai bi ci di
1 0.941 −0.318 0.271 − −
2 0.933 0.094 0.523 − −

3 0.869 2.024 −0.019 − −

4 0.914 2.042 −2.136 − −

5 0.929 −2.686 0.001 2.834 0.115

6 0.818 3.614 −0.351 − −

7 0.764 2.281 −0.675 − −

8 0.879 3.886 −0.673 −2.135 −

Table 4: Performance test result and ranking of models for Port Harcourt.

Equation R

Performance Indicators

Rank Score RankMBE RMSE MPE (%) t

Model 1 0.926 −0.4306 1.1010 −1.8116 1.4096 1.4944 6
Model 2 0.913 −0.5258 1.1420 −2.5116 1.7202 1.8126 7

Model 3 0.896 −0.2002 1.2685 −1.1496 0.5301 0.6115 2

Model 4 0.907 −0.6193 1.2698 −2.7971 1.8528 1.9575 8

Model 5 0.876 0.4424 1.2885 2.8799 1.2123 1.3083 4

Model 6 0.923 −0.1078 0.9850 −0.4373 0.3653 0.4258 1

Model 7 0.794 0.6193 1.6939 3.9494 1.3029 1.4311 5

Model 8 0.841 −0.3663 1.3966 −1.5154 0.9015 0.9992 3

for Port Harcourt ranged from 0.794 –0.926. This indicates a high positive correlation 
between the estimated and the measured or observed solar radiation values. All the models 
developed for Port Harcourt except Model 5 and Model 7 underestimated measured solar 
radiation as the produced negative MBE and MPE values. Model 6 gave the best MBE and 
MPE values of −0.1078% and −0.4373%, respectively, while Model 7 produced the poorest 
MBE and MPE values of 0.6193% and 3.9494%, respectively. The lowest RMSE value of 
0.9850 was recorded for Model 6 while Model 7 produced the highest RMSE value of 1.6939. 
The critical value for the t-test conducted is 1.796 at 95% confidence level. All the models 
except Model 4 gave t-value that was less than the critical value which means that all the 
models except Model 4 produced estimation that was statistically significant. All the models 
except Models 7 and 4 are recommended for estimating global solar radiation in Port Har-
court with Model 6 producing the best result.

From Table 5, the correlation coefficients for the eight models developed for Ikeja ranged 
from 0.764 to 0.941. This indicates a high positive correlation between the estimated and the 
measured or observed solar radiation values. All the models produced a positive MBE and 
MPE value which indicates that they all overestimated the measured global solar radiation 
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data for Ikeja. Model 4 produced the best MBE and MPE values of 0.1590% and 2.0559%, 
respectively. The poorest MBE and MPE values of 1.6664% and 13.4271% respectively were 
observed for Model 3. The solely relative humidity-based models (Model 3 and Model 6) did 
not perform well as they produced the poorest MBE and MPE values. The lowest and the 
highest RMSE values of 0.8870 and 2.1181 were recorded for Model 1 and Model 7, respec-
tively. All the models except Models 3, 6 and 7 are not recommended for estimating global 
solar radiation in Ikeja as they produced t-values greater than the critical value of 1.796. 
According to the rank score, Model 4 with MBE, RMSE, MPE and t-statistic value of 0.1590, 
1.0110, 2.0559% and 0.5281, respectively, produced the best estimation in Ikeja. The ability 
of the models in estimating monthly radiation values are compared in Figs 1 and 2, respec-
tively, for Port Harcourt and Ikeja. The figures show that the models follow the same trend 
and are close to the measured global solar radiation values obtained from the observatory for 
Port Harcourt and Ikeja stations.

4 CONCLUSION AND RECOMMENDATION
In this work, 10 years monthly average values of relative solar radiation, daily temperature 
range, relative humidity and the ratio of minimum to maximum temperature were used to 
develop coefficients for empirical models for the estimation of global solar radiation in Port 
Harcourt, Ikeja, Jos and Sokoto stations in Nigeria. The models used all relative humidity and 
temperature-based models.

Comparison of the predictive efficiency of these five models is carried out using the 
 coefficient of correlation (R), MBE, RMSE, MPE, t-statistic and the rank score as perfor-
mance indicators. The rank score combines the MBE and RMSE to produce a value that 
has the lowest value for the best model and highest value for the poorest model. All the 
models except Models 7 and 4 are recommended for estimating global solar radiation in 
Port Harcourt with Model 6 producing the best result. In Ikeja, Model 4 with MBE, RMSE, 
MPE and t-statistic value of 0.1590, 1.0110, 2.0559% and 0.5281 respectively produced 
the best estimation. Also, Models 3, 6 and 7 are not recommended for estimating global 
solar radiation in Ikeja as they produced t-values greater than the critical value of 1.796.

The work has been seriously limited by the non-availability of meteorological data over a 
long period of years for the stations used. Hence, effort should be made to obtain more than 

Table 5: Performance test result and ranking of models for Ikeja.

Equation R

Performance Indicators

Rank Score RankMBE RMSE MPE (%) t

Model 1 0.941 0.3468 0.8870 3.0847 1.4087 1.4978 3
Model 2 0.933 0.4014 0.9622 3.5957 1.5223 1.6208 4

Model 3 0.869 1.6664 2.0520 13.4271 4.6161 4.8846 8

Model 4 0.914 0.1590 1.0110 2.0559 0.5281 0.6125 1

Model 5 0.929 0.4128 0.9888 3.5857 1.5236 1.6248 5

Model 6 0.818 0.9667 1.7854 8.0060 2.1359 2.3346 6

Model 7 0.764 1.2313 2.1181 10.0042 2.3695 2.6113 7

Model 8 0.879 0.4126 1.2932 3.4516 1.1165 1.2396 2
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Figure 1: Trend of monthly estimates compared with observed for Port Harcourt.

Figure 2: Trend of monthly estimates compared with observed for Ikeja.
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20 years data for the stations used in this study and other stations in Nigeria. This will help 
improve on the estimations produced by these empirical models.
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