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ABSTRACT 
 

This study uses the Hargreaves and Samani (HS) modified model in estimating daily global 
solar radiation at Nsukka. The model equation was based on daily air temperature range and 
extraterrestrial solar radiation. The estimated results obtained for six months, staring from 25th August, 
2003 to 20th February, 2004 were compared to measured values obtained with standard Eppley 
pyranometer. The measurements were taken manually within the same period. The comparison 
indicates that in the dry season months under consideration (December, 2003; January, 2004 and 
February, 2004) the model clearly gave higher insolation values of the daily global solar radiation. In 
the wet season months considered (i.e., part of August, 2003 through November, 2003) the model 
showed neither a clear pattern of higher nor a lower insolation. Further correlation analysis produced 
neither bias for the wet season nor dry season months. This indicates that on a monthly basis, the 
monthly average for estimated and measured values correlated well. 
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INTRODUCTION 

Solar radiation at the earth’s surface is very necessary for the existence of life on the 

earth. Solar radiation is usually referred to as solar energy. When absorbed, it determines the 

rate of photosynthesis in plants, warms this planet and drives the atmosphere into the dynamic 

patterns we experience in everyday life. To utilize this energy effectively we need to have a 

good knowledge of the amount of radiation reaching the earth’s surface at the location of 

interest. This can be done through measurement. However, it is very difficult to measure solar 

radiation at every place on the earth’s surface. The problem is worse with developing nations 

like Nigeria, which has few weather stations to measure daily solar radiation. Even where 

weather stations exist in most cases there is a problem of availability of sufficient and 

functional equipment for such measurements. This problem even exists in developed nations, 

for example in U.S.A and many other developed nations, availability of measured daily solar 

radiation data is limited to very few weather stations. (Mahmood and Hubbard, 2002). 

This problem is addressed by numerous methods to estimate solar radiation as cited by 

(Cengiz et al., 1981; Bristow and Campbell, 1984; Thornton and Running, 1999; Mahmood 

and Hubbard, 2002). There are a number of techniques available for estimating daily solar 

radiation. These vary in sophistication from simple empirical formulations based on common 

weather or climatic data to complex radiative transfer schemes that explicitly model the 

absorption and scattering of the solar beam as it passes through the atmosphere (Goodin et al., 

1999). It has been reported by several works that complex models are capable of highly 

accurate estimations. However, they tend to be too complex and data intensive and are not 

very suitable to be used in a developing nation like ours, which has little or no equipment for 

such intensive data acquisition. Even where such equipment is available, they can only be 

found in very few locations, mainly the big cities or towns with higher institutions (Awachie 

and Okeke, 1990). Although Nsukka town has a higher institution it has no functional weather 

station as at the time of taking the data for this research work not to talk of equipment for 

measuring and acquiring data for sophisticated empirical formulations. 

However, it is possible to obtain accurate estimations from simple empirical 

formulations. Ehnberg and Bollon (2005), reported that simple or very simple models can be 

useful in the estimation of global solar radiation. One common and simple approach to 

estimate total solar radiation is to first determine extra-terrestrial radiation, which may be 

calculated using standard geometric methods (Ball et al., 2004) for a given day of the year 

based upon Latitude and solar constant. Then the value of extraterrestrial solar radiation is 

modified with an estimate of atmospheric transmissivity (Tt) (Ball et al., 2004). The basic 

equation for this estimate is 
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Rs = Ra x Tt (1) 

where, 

Rs is solar radiation at the earth’s surface. 

Ra is extraterrestrial solar radiation. 

Different models use different approaches for the calculation of atmospheric transmissivity 

(Tt). The models are based on empirical coefficients, temperature differentials, cloudiness, 

daily sunshine hours, precipitation status etc (Ball et al., 2004). 

The present study uses the Hargreaves and Samani model as modified by Annandale et 

al. (2002) to estimate daily solar radiation at Nsukka. The results of the estimation will be 

compared to measured values to see whether the model gives accurate estimations of daily 

solar radiation in the study area. 

 

DATA AND MATERIALS 

The data used for this model estimation were taken from 25th August, 2003 to 20th 

February, 2004. This spanned through 180 days which is a period of about six months. The 

measurements of daily global solar radiations were taken at a single spot at the Physics and 

Astronomy Department of the University of Nigeria, Nsukka, with a precision Epply 

pyranometer with sensitivity of 8.46x10-6 V/Wm-2 and the ambient temperature was taken 

with a mercury-in-glass thermometer. These measurements were taken at an open place 480m 

above sea level with neither trees nor buildings to obstruct solar radiation impinging on the 

instruments. The measurements were taken manually on a daily basis starting from 7.00am to 

6.00pm Nigerian time at an interval of 30minutes. Measurements were taken at the top of 

every hour and at half of the hour. The daily solar radiation measured were calculated by 

summing the values at the top of every hour from 7.00am to 6.00pm and then summing that of 

half hour from 7.30am to 5.30pm and there after, the average of the two were determined in 

Wm-2 units. It was then converted to MJm-2d-1 (mega joule per meter square per day). 

The two instruments (Eppley pyranometer and mercury-in-glass thermometer) used 

for the measurement were mounted and dismounted on a daily basis. This was so because the 

instruments were mounted in an open place, so to safeguard against removal by an external 

agent, it was dismounted after the last reading for a day was taken and mounted back the 

following day. On a daily basis the horizontal position of the Epply pyranometer was checked 

and the leveling screws adjusted to ensure that the instrument was always in a horizontal 

position using its mercury level. The thermometer was placed near the Eppley pyranometer to 

measure the ambient air temperature. It was discovered that minimum values of temperature 

were obtained in the morning hours at about 6.00am to 7.30am and maximum values of 
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temperature were obtained between 2.00pm to 4.00pm, Nigerian time. A digital voltmeter was 

connected to the Eppley pyranometer and measurements of global solar radiations were taken 

at interval from the meter in millivolts. The conversion from millivolts to watt-per meter 

square (Wm-2) was done using the calibration standard of the Eppley pyranometer as stated 

above.The battery of the digital meter was checked from time to time and old batteries 

replaced with new ones to ensure fairly uniform reading from the digital meter. 

 

MODEL EQUATIONS 

The model is based on equation (1) Extraterrestrial radiation Ra, in MJm-2d-1 (mega 

joule per meter square per day) was determined using standard geometric methods based on 

latitude φ, solar constant Isc, half day length ωs, eccentricity correction(ro/r)2 and solar 

declination δ. The equation for Ra is given by (Igbal, 1983) 

Ra = 86400(24/π)Isc(ro/r)2sinφsinδ[(π/180) ωs - tan ωs] (2) 

Measured in magajoule per metre square per day (MJm-2d-1)  

 Half day length ωs measured in degree is calculated from the following equation 

(Igbal, 1983)  

ωs =  Cos-1[-tanφtanδ] (3) 

The  Hargreaves and Samani atmospheric transmissivity Tt equation as modified by 

Annandale et al. (2002) to include a correction for altitude measured in metres is given by 

Tt = KRSx(1+ 2.7x10-5 x Alt )x(Tmax-Tmin)0.5 (4) 

KRS is an empirical coefficient with values set at 0.16 for inland sites and 0.19 for 

coastal sites (Ball et al., 2004). Tmax is the daily maximum air temperature and Tmin is the daily 

minimum air temperature. 

This present work is based on equations (1 – 4) with values of (ro/r)2 and δ obtained 

from Tables (Igbal, 1983). 

 

RESULTS AND DISCUSSION 

The results of the estimated values (Rse) and measured values (Rse) of daily global 

solar radiation for each day under consideration are presented in Figs. 1 – 7.Table 1 contains 

the monthly mean bias error (mbe) and monthly root mean square error (rmse).  
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Fig: 1 Graph of daily global solar radiation 
estimated (Rse)/ measured (Rsm) verses Date

In
so

la
tio

n 
/M

Jm
-2

d-
1

Rse/MJm-2d-1
Rsm/MJm-2d-1

    25                   26                            27                           28                       29                  30                       31   

Table1: Monthly Mean Bias Error (mbe) and Root-Mean-Square Error (rmse) 

Month mbe rmse 

August, 2003 0.102101 0.309896 

September, 2003 0,255852 0.550316 

October, 2003 0.094313 0.323176 

November, 2003 0.154050 0.271296 

December, 2003 0.182746 0.250373 

January, 2004 0.360867 0.407185 

February, 2004 0.322947 0.394259 

 

The values of estimated global solar radiation and the measured values obtained as 

listed in Figs. 1- 7.conform to values got by Bala and Muhammed (1995) with their 

percentage difference lower than the monthly mbe obtained for this study. 

 

 

 

 

 

 

 

 

 

It could be seen from Fig. 1 that for the period 25th August to 31st August the 

estimated values of the daily global solar radiation are higher than the measured values except 

for 29th and 31st of August. This period was characterized by heavy clouds with day-time rain 

coming once on the 30th August. Lower estimation results on 29th August a day prior to the 
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Fig. 2 Graph of daily global solar radiation 
stimated(Rse)/measured(Rsm) verses Date
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day it rained and on 31st August a day after the rain. This could be as a result of the 

precipitation status which can affect air temperature. 

In September 2003, the weather was characterized by mostly diurnal rain. As from 4th 

to 7th September, the model estimated lower insolation as portrayed in Fig.2. The models 

lower insolation also occurred from the 9th to 11th September. This was followed with almost 

two weeks of higher insolation and then another four-days of lower insolation, 24th to 27th 

September and on the 29th September. Figure 2 shows a plot of average daily global solar 

radiation (estimated-Rse/measured-Rsm) for the month of September 

 

.  

 

 

 

 

 

 

 

 

 

The graph of the estimated daily global radiation passed through the middle of the 

graph of measured daily global radiation. There is a remarkable difference between estimated 

values of daily global solar radiation and measured values of daily global solar radiation. The 

measurement fluctuates between a wider range showing very high values of daily global solar 

radiation on some days and low values on other days. These values were between 111.8MJm-

2d-1 and 666.2MJm-2d-1 while the estimated daily global solar radiation was between 

206.0MJm-2d-1 and 462.8MJm-2d-1. 

In October the period had very little diurnal rain unlike September but a comparison of 

graph of September, Figure 2, and that of October, Figure 3, gave nearly a similar shape. A 

look at Figure 3 shows that the graph of estimated values of daily global radiation nearly 

passed through the middle of the graph of measured values of daily global solar radiation. 
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Fig. 4 Graph of daily global solar radiation estimated(Rse)/measured(Rsm)verses Date
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This month has fourteen days of lower values of estimated insolation and seventeen 

days higher values of estimated insolation. The lower estimated values of average daily global 

solar radiation coming towards the end of the month of October. 

In November, the period had very little rain and Figure 4 indicates very few days of 

lower estimated values of average daily global solar radiation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Graph of daily global solar radiation estimated(Rse)/measured(Rsm)verses Date 
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Fig. 5 Graph of daily global solar radiation estimated(Rse)/measured(Rsm)verses Date
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The graph of estimated values of daily global solar radiation is barely on top of the 

graph of measured values of daily global solar radiation showing that the estimated values are 

barely higher than the measured values during this month. 

In December, there was no rain, and Figure 5 clearly indicates a higher estimated 

insolation than measured values 

 

 

.  

 

 

 

 

 

 

 

 

This could be a result of dusty harmattan wind and misty weather especially during the 

morning hours. However on the 13th, 14th and 16th to 18th December lower insolation for the 

model estimation occurred but with very little difference between estimated values of daily 

global solar radiation and measured values with an exception on 16th December. The graph of 

estimated values of daily global solar radiation shift a little on top of the graph of measured 

values of daily global solar radiation. 

In January, there was no rain. A look at Figure 6 shows a clear case of higher 

insolation for model estimation except on 30th January with lower model estimation of daily 

global solar radiation. 
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Fig. 6 Graph of daily global solar  radiation estimated(Rse)/measured(Rsm)verses Date
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Fig. 7 Graph of daily global solar radiation 
estimated(Rse)/measured(Rsm)verses Date
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Finally, the February period also with no rain has shown a clear case of higher 

insolation for model estimation as can be seen in Figure 7. Lower insolation for the model 

estimation occurred on 2nd February. 

 

 

 

 

 

 

 

 

 

 

In general, higher insolation values using the estimation model is more prominent in 

dry season months, December 2003 through February 2004, and less prevalent in the wet 

season months under consideration (i. e., part of August 2003 through November 2003). The 

mbe for the month of January and February (dry season months) were relatively high as 
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compared to wet season months. This clearly shows seasonal variation. This is even more 

pronounced when mbe and rmse are considered together. The higher insolation values 

obtained using the estimation model in dry season could be a result of dusty weather, which 

attenuated the measured insolation. 

The overall results indicate that the highest measured insolation occurred in September 

and the lowest measured insolation occurred in the same month. The rainy season months 

under consideration, part of August, 2003 through November, 2003 have neither a clear 

pattern of higher insolation for the model nor for lower insolation. This can be seen from the 

low values of mbe for these months and relatively high values of rmse for the same months. 

The random nature of measured radiation for these months could be as a result of random 

nature of precipitation status which can also affect air temperature differential. On a monthly 

basis the August insolation for the model falls between 70% and 90%, that of September 

between 45% and 75%, October between 68% and 91% and November between 73% and 

85%. The dry season months considered (December, 2003 through 20th February, 2004) show 

a fixed pattern. This can be seen from the values of mbe and rmse on monthly basis.The 

monthly insolation for the model falls between 75% and 82% for December, 59% and 64% 

for January, and 61% and 68% for february, indicating that the model can be used to estimate 

accurately  global solar radiation to these percentages on monthly basis. Furthermore, 

correlation analysis on a monthly basis and standard errors were considered and presented in 

Table 2. 
 

TABLE 2: Monthly correlation coeffcient (r2) and standard error of estimate 

Month r2 Standard error of estimate 
August, 2003 0.00 59.5 
September, 2003 0.21 58.3 
October, 2003 0.36 62.0 
November, 2003 0.35 39.7 
December, 2003 0.19 41.1 
January, 2004 0.53 37.5 
February, 2004 0.26 32.4 
 

The correlation for the month of August is 0.00 indicating no linear relationship between 

estimated and measured values of daily global solar radiation. This could be attributed to 

small data (N=7) for the month. On the whole, the monthly linear correlation was fair and 

showed no bias for dry or wet season. The correlation for the month of January which is 0.53 

was the best obtained, followed by October 0.36, November 0.35, February 0.26, September 

0.21 and December 0.19. The standard errors of the monthly estimated values of global solar 
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radiation are shown in Table 2 and they indicate lower values for dry season months from 

November, 2003 through February, 2004 and higher values of global solar radiation for wet 

season months from 25th August, 2003 through October, 2003. 

 

CONCLUSION  

The graphical comparison shows clearly a high insolation for the model for the dry 

season months. This could be attributed to dusty weather in these months. It is hoped that the 

use of site specific coefficient for KRS may increase the accuracy and precision of the 

estimation for the dry season months. This was also suggested by Ball et al. (2004). We could 

not use site – specific coefficient for this work because of time constraint coupled with the 

problem of obtaining data manually for the research work. In any case the model gave values 

that can be used to a small percentage error in the absence of measurements. The graphical 

comparison for wet season months indicates that the model estimated average values 

correspond to the average values of the measurements on monthly basis. The estimated values 

show little fluctuation, while the measured values show extreme fluctuation, getting very low 

on some days and very high on other days. 

 This could be attributed to precipitation status for the wet season months and it could 

affects air temperature range. The graphical comparison shows a clear climatic variation. The 

mbe and rmse taken together also show climatic variation giving better monthly averages in 

wet season than in dry season. 

 Finally, the model is highly recommended for use in Nsukka and other locations with 

the same climatic conditions, and the climatic variation should be taken into consideration 

when applying this model. 
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