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ABSTRACT

Correlations for the city of Lagos (latitude 6.58°N, longitude 3.33°E) have been found

between the records of bright sunshine hours and the daily and monthly components of the

total hemispherical aolar radiation. Four new models have been developed which include

HjHQ as a predictor in the Angstrom type models for the diffuse and beam fractions.

They contain the quadratic term of the sunshine index, (n/N) and are given as follows:

Q/Ho = a + b(H/H0) + c{n/N)+d(n/N)2

Q/HQ = a + b(H/Ho) 4- d(n/N)2

Q/H = a + biH/H<,) + c{n/N) + d(n/Nf

Q/H = a + b(H/H0) + d(n/N)2

where Q is the diffuse or beam radiation on a horizontal plane. The statistical test

carried out showed that the new equations generally improved the prediction of the beam

or diffuse components from the Angstrom type equations by over 25%.
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1 Introduction

A knowledge of the components of the total hemispherical solar radiation is essential

for the successful design and operation of solar energy devices. Apart from the global

solar radiation which has traditionally been obtained from the Angstrom type equation

with the sunshine hours as the main predictor [1-5], the other components of the total

hemispherical solar radiation, namely the diffuse and the beam irradiance, are usually

predicted from correlations based on their relationships with the global radiation itself

[6-10]. The bright sunshine hours measured with a Campbell-Stokes sunshine recorder

is easily the most abundant data from most meteorological stations in Nigeria. Records

of about 50 years or more are available in many Nigerian locations. This has made some

authors [11-13] investigate the possibility of estimating all the components of the total

hemispherical solar radiation from the available sunshine hours. The problems of using

the sunshine hours recorded by the Campbell-Stokes as pointed out by Benson el a/. [11]

is that the instrument is activated only when the elevation of the sun above the horizon

is at least 5°. Others include inability to respond to levels of insolation below a threshold

value for the instrument, humidity and weather effects. This has not reduced the usage

of bright sunshine hours as a predictor of the components of the total hemispherical solar

radiation.

In the following work we present some correlations obtained from data measured with

the more accurate PSP type pyranometers other than the usual Gunn-Bellani distillation

pyranometer used in the measurement of solar radiation in most parts of Nigeria.

1.1 Rationale

Tiie apparent poor correlation between the Angstrom coefficients is sometimes attributed

to the type of sunshine recorders used and the methodology for generation of data. This

is often more pronounced when the researcher has no control over the data so generated.

There is also the inherent problem of 'true threshold' value of the irradiance necessary to

produce a burn since this value has a bearing with the level of insolation, humidity and

weather. Consequently, some of these measurement uncertainties are implicitly embedded

in these coefficients.

Apart from the afore mentioned, there are also the issues of clearness index and the

number of bright hours of sunshine being unable to describe and account for all the

climatic variables such as the optical properties of different types of clouds, the ground

albedo etc.

Thus, the linear Angstrom model for predicting available solar radiation is limited in

scope because of the measurement uncertainties of the available sunshine duration. Also,

it gives equal weighting to sunshine hours recorded at any hour of the day.

To minimize these limitations correlations based on measured values of the compo-

nents of the hemispherical solar radiation which naturally include multiple reflected dif-

fuse radiation in its recordings is employed as addressed in this paper, hi addition, the

quadratic Angstrom equation embodies the relative sunshine duration dependence of the

coefficients, assigning a different pair for each month and location with different relative

sunshine duration.

It should be pointed out, however, that where as the beam transmittance through a

day is generally not constant, the directional intensity of diffuse irradiance will depend

directly on the position of the clouds.

2 Mathematical tools

2.1 Correlations of the global horizontal radiation with n/N

The modified Angstrom equation given by Prescott [14] is

H/Ho = a + b(n/N) (1)

where H is the daily sum of the horizontal global radiation, Ho is the extraterrestrial

daily radiation incident on a horizontal surface, n is the daily or monthly average bright

sunshine hours, and N is the monthly average of the maximum possible bright sunshine

hours. The values of a and 6 which are the regression coefficients are location dependent.

Another form of the above equation is the second order polynomial equation given as:

H/Ho = a + b{n/N) + c(n/N? (2)

These equations have been used extensively for predicting the daily and monthly values

of the global horizontal solar radiation.

2.2 Correlations of the diffuse horizontal radiation with n/N

There is no simple linear relationship between D/Ho and n/N as in Eq.(l). D is the daily

or monthly diffuse irradiance. This is because the ratio n/N does not explicitly reveal

the type and thickness of clouds present or the magnitude of the airmass [12]. However,



lqbal [15] has correlated D/Ho against n/N for some Canadian data using a second order

polynomial equation given as:

D/HQ = a + b(n/N) + c(n/N)2
(3)

It is also possible to correlate D/H with sunshine hours and get good results [11-13]. This

is because D/H responds to variations of the possible sunshine since H itself shows over

90% of variability with n/N [16]. Jt is therefore possible to write for the diffuse fraction

an equation similar to Eq.(l) as

D/H = a + b{n/N) (4)

or as a second order polynomial as reported in literature:

D/H =a + b(n/N) + c(n/N)'i (5)

There is also a well-known relationship between D/H and H/Ho which is given as

D/H = a + b(H/H0) (6)

or its variants which include second or third degree polynomials as used by Erbs et al.

[17] and some other workers. Ft is also possible to combine Eqs.(2) and (3) as done by

N. Al-Hamdani et al. [16] to give an equation such as

D/H = a + b(H/H0) + c{n/N) (7)

This paper will further examine Eqs.(2) and (4) and also four new relations which combine

Eqs.(5) and (6) on one hand and Eq.(3) with H/Ho in order to improve the prediction

performance of the models. These new equations are:

D/Ho:

D/Ho =

D/Ho =

(8)

(9)

For D/H:

D/H = a + b(H/H0) + c(n/N) + d(n/N)2 (10)

D/H = a + b(H/H0)^c(n/N)'i (11)

The improvement achieved or otherwise would be observed in the values of the R.MSE,

MBE and MAB. The MAB is also reported because MBE may cancel significant positive

and negative values.

2.3 Correlations of the beam irradiance with n/N

Some authors [11,18] have investigated the relationship between the beam irradiance and

the ratio n/N. However, it is more common to see correlations between B/Ha and H/Ho

as discussed by Perez et al. [19]. A correlation similar to Eq.(l) or its higher order forms

can be written for B/Ho and n/N. The simplest of them is given below

A second order type has also been reported by Fjouche et al. [18] as follows:

B/Ho = a + 4(n/JV) + c(n/N)2 (13)

Furthermore, since the correlation between BjHa and H/Ho is quite good [17] we can

expect that we can have a combination of n/N and H/Ho to predict B/Ho which will be

similar to Eq.(4)

It is also possible to develop equations for the beam fraction such as found for the diffuse

as:

B/H = a + b(n/N) (15)

and

B/H = a + b(n/N) + c(n/Ny (16)

and other forms such as those given for the diffuse correlations in Eqs.(8-ll).

For B/Ho:

For B/H:

B/Ha = a + b(H/H0) + c(n/N) + d(n/N)2

B/Ho = a

B/H =

B/H =

(17)

(18)

(19)

(20)

Again the performance of these new equations would be compared to the known equations

using the statistical tests already described.



3 Data analysis

The data (1990-1991) used for the present work was generated from Middleton pyranotne-

ters with and without a shadow band. The instruments were mounted adjacent to the

Science Faculty building of the University of Lagos and shading effects corrected for. The

readings were taken hourly with the integrator.

The hourly beam irradiance / t, is obtained from the relation

— /s cos Z — (21)

where !s and Id are the hourly global irradiance and the hourly diffuse irradiance respec-

tively, Z is the zenith angle. The hours of bright sunshine, n, come from measurements

made at the meteorological station about 8km away with a Campbell-Stokes sunshine

recorder.

The raw data were reduced to usable foi ins and all possible violations of physical limits

were removed using conditions such as those employed by Reindl et al, [20]. Regression

analysis were carried out and relationships as given by Eqs.(l-3, 5-20) were obtained. The

models given by Eqs.(3, 5-11) were tested against themselves using two simple statistical

tests: RMSE, MBE and MAB. The same was done for Eqs.(12-20). The models given

by Eqs.(l) and (2) were tested against two well-known modeis in literature namely the

Reitveld and the Glover and McCullogh models as described by C.C.Y Ma and M. [qbal

[21].

In addition to the daily and monthly analysis, seasonal analysis were also carried out.

The Lagos climate can be grouped mainly into two, namely: the Dry and Wet seasons.

The dry season consists of January, February, March, November and December while the

wet season consists of April, May, June, July, August, September and October. Only the

SEE are reported for the seasonal correlations.

4 Results and discussions

The following are the results obtained from the regression analysis carried with the data:

4.1 Global horizontal correlations

Daily values:

For the daily values the regression equations found are

H/Ho = 0.32 + 0.42(n/JV)
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it; m w

H/Ho = 0.27 + 0.66(n/A0 - 0.26(n

and

Monthly values:

For the global horizontal data the correlation equation is:

H/Ho = 0.36 + 0.34(n/JV)

(23)

(24)

and

H/Ho = 0.18 + 1.16(n/iV) - 0.91(n/iV)2 (25)

Tables la and U show the RMSE and the MBE for correlations 22-25 and the comparison

with the Reitveld and Glober and McCullogh models as given by M. lqbal [21]. From

Table la which is the comparison of predictions of the daily values of global horizontal

radiation shows that the model for Lagos represented by Eq.(23) has the best RMSE and

MAB values while the Reitveld model has the best MBE. However, the Glober and Mc-

Cullogh model has a better RMSE value than Reitveld's model. Eq.(25) for the monthly

prediction of global horizontal radiation has the best RMSE, MBE and MAB as shown

in Table lj. Reitveld's model does better than the Glover and McCullogh model which

gave the worst result.

4.2 Diffuse fraction correlations

Daily values:

The analysis for the correlations of the diffuse fraction data yielded the following results:

For D/Ho:

For D/H:

D/Ho

D/Ha

D/Ho

D/Ho

D/H

D/H

D/H

0.27 + 0.32(n/JV) - 0.39(n/JV)s

0.24 + 0.28{tf///0) - 0.16(n/AT)

0.20 + 0.2§{H/Ho) + 0.13(n/W) - 0.32(n//V)2

0.21 J

0.95 - 0.65(n/A0

0.94 - 0.62(n/7V) - 0.03(n/JV)'

1.16 -

(26)

(27)

(28)

(29)

(30)

(31)

(32)



D/H = 1.13-0.67(f////o)-0.18(n/JV)-0.20(n/AT)2

D/H = 1.11- 0.71 (#///„)-0.37(n/Af)5

(33)

(34)

Table 2a shows the results of the statistical tests carried out on models 26-34.

For the models predicting D from the ratio D/Ho the best result is obtained from

Eq.(29) which has the lowest statistical results. For the models predicting D from the

ratio D/H the best overall statistical result is given by Eq.(34) though Eq.(33) is quite

close in values. Eq.(31) has the best MBE which could have resulted from the cancellation

of significant positive and negative values. The results show that the inclusion of HjHa

has improved the prediction of the daily values of the diffuse fraction and that the new

models given by Eq.(28) and (29) and Eqs.(33) and (34) would generally improve the

accuracy of prediction of this variable.

Monthly values:

The following equation was obtained for the monthly diffuse fraction using the type of

Eq.(2)

D/Ho

D/Ho

D/Ho

D/Ho

D/H

D/H

D/H

D/H

D/H

0.384 -0.25(n/A0 + 0.31 (n/Nf

0.372- 0.11 ( / / /#„)+ 0.06(n//V)

0.431 -O.ll(HfHo) - 0.22(n/N) + 0.300(n/JV)3

0.385 - 0A2{H/Ho) + 0.067(n/iV)2

0.82 - 0.39(n/JV)

0.824 - 0.55(n/iV) + 0.377(n/A')2

1.36-1.35(/////o)-0.0012(«/JV)

1.429 -1.44(ff///o)-0.17(n/A0

1.383 -1A

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

The results of the statistical tests applied to Eqs.(35)-(43) are shown in Table 2t for the

monthly values. As in the case of the daily values the statistical tests show that adding

H/Hfj has improved the prediction of the monthly diffuse fraction. Eqs.(38) and (43)

which are the newly proposed models are the best.

4.3 Beam irradiance correlations

Daily values:

The correlations obtained for the daily beam values for the ratio B/Ha are:

B/Ho = -0.012 + 0.46(n/Af) (44)

B/Ha = 0.018+ 0.30(n/JV) + 0.167(n/JV)a (45)

B/Ho = -0.241 - 0.72{H/Ho) - 0.16(n/JV) (46)

B/HB = -0A95 + Q.74(H/Ho)-0.l5(n/N) + 0M'i(n/N)'2 (47)

B/HQ = -0.213 + 0.71(#//7o) + 0.182(n/JV)1 (48)

and the correlations using the ratio B/H are:

B/H = 0.078+ 0.58(rc//v") (49)

B/H = 0.083 + 0.56(n/JV) + 0.029(n/tf)* (50)

B/H = -0.17 + 0.78(///ffo)+0.26(n/JV) (51)

B/H = -0.136 + 0.80(ff/#o) + 0.03(n/7V) + 0.235(ri/A02 (52)

B/H = -0.133 + 0.86(7//ffo)+0.264(n/Ar)s (53)

The statistical tests for the daily beam values shown in Table 3a show that the models

which incorporate H/Ho and njN do better than those with n/N alone. Moreover, the

polynomial equations do better. For the daily values of B/Ho the statistical tests show

that Eqs.(47) and (48) are the best and both have the same values of RMSE, MBE and

MAB. For the daily values of B/H Eq.(52) gives the best result statistically.

Monthly values:

For the monthly values of the beam irradiance using the ratio B/Ha produces the following

correlations:

B/Ho = -0.037 + 0.33(n/JV) (54)

B/Ho = 0.037 + 0.52(n/7V) - 0.393(n/JV)2 (55)

B/Ho = -0.360+1.04(ff/ffo) + 0.0016(n/JV) (56)

B/Ho = -0.431 + 1.1 l(///i/o)+0.22(n/AO-0.3Q0(n/Ar)2 (57)

B/Ho = -0.385 + 1.12(tf/tf0) - 0.067(n/JV)2 (58)

and for the ratio B/H we get the following relations:

B/H = 0.245 + 0.22(n/JV) (59)
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B/H

B/H

0/ff

B/H

0.167 + 0.58{n/N) - 0.394(n/Ar)2

-0.40+1.48(///ffo)-0.06(n//V)

-0.453 + 1.48(/////o)+0.19(n/JV)-0.272(r./JV)2

-0.414 + 1.48(tf/Ho) - 0.073(n/AT)2

(60)

(61)

(62)

(63)

The statistical tests shown in Table 3b show that the model given by Eq.(57) is the best

predictor of the monthly beam component if B/Ho is the variable to be determined while

Eq.(63) is the best predictor of B/H. All these equations that give the beat statistical

results incorporate H/HQ and n/N in the same equation as given by the newly proposed

equations.

5 Conclusion

The results obtained show that it is possible to estimate the components of the total

hemispherical solar radiation reaching the earth surface in Lagos with only a knowledge

of the available bright sunshine hours to a fairly good degree. In the absence of the

global horizontal insolation the beam and diffuse components can be calculated with the

equations obtained through the records of available bright sunshine hours. However, it is

still better to estimate them through correlations with the global horizontal insolation or

by combining the global radiation records with the available bright sunshine hours.
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TABLE CAPTIONS

Table la Statistical comparison of daily H/Ho models with two existing models.

Table l t Statistical comparison of monthly H/Ho models with two existing models.

Table 2a Statistical comparison of all model equations for predicting the daily diffuse

solar radiation in Lagos.

Table 2k Statistical comparison of all model equations for predicting the monthly diffuse

solar radiation in Lagos.

Table 3a Statistical comparison of all model equations for predicting the daily beam

solar radiation in Lagos.

Table 3b Statistical comparison of all model equations for predicting the monthly beam

solar radiation in Lagos.
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Table la Table 2a

MODEL

Eq.(22)
Eq.(23)
Reitveld
Glover and McCuliogh

RMSE

0.0777
0.0762
0.0850
0.0818

MBE

0.0234
0.0211
-0.0080
0.0286

MAB

0.0535
0.0512
0.0551
0.0586

MODEL

Eq.(26)
Eq.(27)
Eq.(28)
Eq.(29)
Eq.(30)
Eq.(31)
Eq.(32)
Eq.(33)
Eq.(34)

RMSE

0.0403
0.0355
0.0367
0.0342
0.0877
0.0892
0.0750
0.0748
0.0748

MBE

0.0155
0.0183
0.0147
0.0180
0.0216
0.0165
0.0225
0.0214
0.0217

MAB

0.0185
0.0183
0.0192
0.0180
0.0637
0.0646
0.0435
0.0439
0.0427

Table h

MODEL

Eq.(24)
Eq.(23)
Reitveld
Glover and McCuliogh

RMSE

0.0420
0.0403
0.0426
0,0481

MBE

0.0100
0.0069
-0.0077
0.0162

MAB

0.0254
0.0223
0.0231
0.0315

Table 2fc

MODEL

Eq.(35)
Eq.(36)
Eq.(37)
Eq.(38)
Eq.(39)
Eq.(40)
Eq.(41)
Eq.(42)
Eq.(43)

RMSE

0.0068
0.0088
0.0048
0.0039
0.0583
0.0571
0.0073
0.0073
0.0028

MBE

0.0031
0.0062
0.0023
0.0015
0.0046
0.0200
0.0038
0.0038
0.0008

MAB

0.0031
0.0062
0.0023
0.0015
0.0354
0.0354
0.0038
0.0038
0.0008

15



Table 3a

MODEL

Eq.(44)
Eq.(45)
Eq.(46)
Eq.(47)
Eq.(48)
Eq.(49)
Eq.(50)
Eq.(51)
Eq.(52)
Eq.(53)

RMSE

0.0663
0.0689
0.0380
0.0353
0.0352
0.0903
0.0886
0.0597
0.0592
0.0725

MBE

0.0218
0.0192
0.0149
0.0130
0.0130
0.0188
0.0249
0.0 i 70
0.0165
0.0359

MAB

0.0429
0.0447
0.0239
0.0205
0.0205
0.0654
0.0625
0.0380
0.0376
0.0540

Table 3b

MODEL

Eq.(54)
Eq.(55)
Eq.(56)
Eq.(57)
Eq.(58)
Eq.(59)
Eq.(60)
Eq.(61)
Eq.(62)
Eq.(63)

RMSE

0.0484
0.0455
0.0096
0.0068
0.0092
0.0631
0.0623
0.0149
0.0149
0.0118

MBE

-0.0215
0.0131
0.0046
0.0031
0.0038
0.0123
0.0115
0.0069
0.0069
0.0046

MAB

0.0246
0.0285
0.0046
0.0031
0.0038
0.0431
0.0423
0.0069
0.0069
0.0046
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