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This study proposes a multivariable model of monthly mean daily diffuse solar radiation on horizontal surfaces for three cities
(Abuja, Benin City and Katsina), in Nigeria. The estimation was based on a correlation between clearance index and diffuse to
global solar radiation ratio and was computed using monthly mean daily data set for global solar radiation on horizontal surfaces.
The predictive efficiency of the proposed model was compared with the observed values and those believed to be universally
applicable. The results suggest that the existing methods could be replaced by the developed model for a diffuse solar radiation

data generation scheme.

1. Introduction

Global solar radiation data on the earth’s surface are required
by engineers, agriculturists, and hydrologists. Their effective
harnessing and utilization are of significant importance
globally, especially at the time of rising fossil fuel costs and
the environmental effects of fossil fuel, such as the climate
change problems. The knowledge of diffuse solar radiation
and its contribution to global solar radiation is of immense
importance since an inclined surface besides getting direct
beam of solar radiation also receives diffuse solar radiation
(scattered plus reflected). Long-term mean values of hourly
or daily beam and diffuse solar radiations on a horizontal
surface are often required in many solar energy applications.
For example, the computation of insolation on inclined
surface requires the corresponding hourly or daily beam and
diffuse solar radiation. Global and diffuse solar radiation
data are not measured by the forty-five (45) meteorological
stations in Nigeria [1]. In the absence of these data (measured
global and diffuse solar radiation data) one has to rely on the
available methods and also to develop new ones.

Several models have been proposed to estimate global
solar radiation. Liu and Jordan [2] developed a theoretical
method for deriving the mean hourly solar radiation from

the mean daily total radiation, with the assumption that the
atmospheric transmission is constant throughout the day,
and this is independent of solar altitude. Page [3] developed
a linear relationship between clearance index and diffuse
to global solar radiation ratio, while Igbal [4] proposed a
linear relationship in terms of clearance index for estimating
monthly mean diffuse solar radiation. Using collected data
for five US stations and Liu and Jordan’s curve, Collares-
Pereira and Rabl [5] developed an analytical expression for
the ratio of hourly to daily solar radiation, in terms of sunset
hour angle. Erbs et al. [6] and Muneer et al. [7] developed
correlations between hourly diffuse and global solar radia-
tion on a horizontal surface as a function of the clearness
index. Ulgen and Hepbasli [8] correlated the ratio of monthly
average hourly diffuse solar radiation to monthly average
hourly global solar radiation with the monthly average
hourly clearness index in form of polynomial relationships
for the city of Izmir, Turkey. In another study, they [9] cor-
related solar radiation parameters (global and diffuse solar
radiation) with respect to ambient temperature in the fifth
order. In the absence of measured data, Ahmed et al. [10]
applied Liu and Jordan’s and Page models to estimate the
global and diffuse solar radiation for Hyderabad and Sindh,
Pakistan. Recently Okundamiya and Nzeako [11] proposed
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TaBLE 1: Analysis of estimation (proposed and existing) models using five-year (2001-2005) monthly mean daily data obtained for the study

locations.
Error terms

Models MBE (kWh/m?/day) RMSE (kWh/m?/day) TS*

Abuja Benin City Katsina Abuja Benin City ~ Katsina Abuja Benin City Katsina
Present study —0.0012 —0.0008 —0.0097 0.0397 0.0340 0.0901 0.1021 0.0814 0.3578
Liuand Jordan [1]  —0.1464 —0.2374 —0.0179 0.2348 0.2604 0.1366 2.6444 7.3567 0.4375
Page [2] 0.0647 0.0544 0.0540 0.0931 0.0828 0.1082 3.2072 2.8978 1.9114
Igbal [3] 0.3849 0.2582 0.5136 0.4202 0.2964 0.5215 7.5819 5.8834 18.9162
Erbs et al. [6] 0.8927 1.1042 0.5246 0.9393 1.1099 0.5661 10.1357 32.5672 8.1787

*te(11, 0.025) = 1.96.

a temperature-based model for predicting the monthly mean
global solar radiation on horizontal surfaces for Abuja, Benin
City, Katsina, Lagos, Nsukka, and Yola, representing the six
geopolitical zones in Nigeria. In another study, they [12]
showed the predictive ability of the temperature-based model
over the linear model [13] using Warri meteorological data.

In this study, an empirical model for estimating the
monthly mean daily diffuse solar radiation on horizontal
surfaces was developed for three different cities in Nigeria.
The diffuse solar radiation was also estimated from other
established models, and the results were compared with
our estimated results. Figure 1 shows the study locations in
Nigeria.

2. Methods

In order to get the best model for the study locations, besides
the established models [2—4, 6], we proposed a second-order
polynomial relationship between diffuse and global solar
radiation of the form

Hy = H(my +mKr +msK7), (1)

where m is the empirical constant, H is the monthly mean
daily diffuse solar radiation on a horizontal surface (kWh/
m?/day), H is the monthly mean daily global radiation on
a horizontal surface (kWh/m?/day), and Kr (= H/H,) is
the monthly mean daily clearance index. The performance of
the proposed model was evaluated using the t-statistic (TS),
a statistical indicator proposed by Stone [14], Root Mean
Square Error (RMSE), and Mean Bias Error (MBE). These
indicators are mainly employed for the adjustment of solar
radiation data [15-17]. Detailed analysis of RMSE, MBE, and
TS is given in the literature [11].

The results of (1) were compared with the results pro-
posed by Liu and Jordan [2], Page [3], Igbal [4], and Erbs
et al. [6]. The available parameters informed the choice of
the selected models for comparison. We have also considered
the ability of these models to generate data from limited
mean values and the accuracy (quality) of their results. The
accuracy of the results reported by the original authors and
those published in reviews were proven satisfactorily.

2.1. Data. A twenty-two-year (1983-2005) monthly mean
global and diffuse solar radiation data set on a horizontal
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F1Gure 1: Map of study locations in Nigeria.

surface was obtained from the archives of National Aeronau-
tics and Space Administration (NASA) [18] for three cities
in Nigeria (Abuja, Benin City, and Katsina). The clearance
index (K7) was obtained from the observed H and computed
H, for the study locations. H, is the daily extraterrestrial
radiation on a horizontal surface (kWh/m?/day).

2.2. Simulation. We developed computer codes in MATLAB
programming language to compute the empirical constants
of (1) using the data discussed above (in Section 2.1). Our
simulation results are illustrated in (2)—(4). The second-
order polynomial model was chosen since it produced the
best fit. Regression analysis was performed on the proposed
model (2)—(4) using Microsoft Excel 2007. Codes were devel-
oped in MATLAB to compute the other statistical indicators
(MBE, RMSE, and TS). In this study, the performance of the
TS was analyzed at the 95% confidence level. A stochastic
analysis was performed on the estimation models (proposed
and existing [2—4, 6]) using five-year (2001-2005) monthly
mean daily data. The results of the analysis are illustrated in
Table 1 and Figure 2.

3. Results and Analysis

The results of the simulation of (1) are illustrated in (2)—(4).
These results informed the proposal of an empirical model
for estimating the monthly mean daily diffuse solar radiation
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F1GURE 2: Correlation between the estimated and observed values of the monthly mean daily diffuse solar radiation using five-year (2001—
2005) monthly mean daily clearance index: (a) Abuja, (b) Benin City, and (c) Katsina.

on a horizontal surface using clearance index for the loca-
tions investigated in this study as follows.
Model for Abuja:

Hy,, = H(0.8733 — 0.5902Ky — 0.583K7). (2)
Model for Benin City:
Hy, = H(0.9467 — 0.809Ky — 0.4755K%). (3)
Model for Katsina:
Hage = H(3.031 — 7.64K7 — 5.166K%). (4)

Figure 2 shows the correlation between the estimated and
observed values of the diffuse solar radiation using (2)—(4).
The results of the stochastic analysis performed on the esti-
mation models are illustrated in Table 1.

3.1. Comparison of Results. Figure 3 shows a comparison of
the estimated values of monthly mean diffuse solar radiation
obtained using (2)—(4) with those from the existing models.
Figure 4 illustrates the comparison of the estimated values
of the monthly mean diffuse solar radiation obtained using
the proposed model with the observed values for the study
locations.

4. Discussion

The following observations were deduced from the analysis
of the results presented in Section 3. The empirical constants

(m) of the proposed model (2)—(4) vary for the study loca-
tions. This may be due to seasonal variations of the diffuse
solar radiation caused apparently by the degree of cloud
cover, atmospheric dust, and presence of water vapour and
Ozone and so forth in the atmosphere which differs from one
location to another. The correlation between the estimated
and the observed values of the monthly mean daily diffuse
solar radiation data as illustrated in Figure 2 is close to unity
(0.933-0.988) for the proposed model. This is an indication
of a good agreement of the estimated with the observed dif-
fuse solar radiation.

The test of MBE provides information on the long-term
performance of the proposed model. It is observed that Liu
and Jordan’s estimates are lower than the observed values.
Igbal and Page’s estimates are higher, while Erbs et al’s
estimates are extremely higher than the observed values
throughout the year as shown in Table 1. Almorox et al. [19]
and Che et al. [20] have recommended that a zero value
for MBE is ideal. This suggests significant underestimation
(from Liu and Jordan’s model) and overestimation (from
Igbal, Page, and the Erbs et al’s models) of the diffuse
solar radiation in the study locations. The proposed model
has good long-term performance; the estimates compare
favourably (with negligible underestimation) with their
observed values. The result of this comparison is illustrated
in Figures 3 and 4.

The test of RMSE provides information on the short-
term performance of the proposed model. The RMSE values
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FiGure 3: Comparison of the observed and estimated values of monthly mean diffuse solar radiation obtained using proposed (2)—(4) and

existing models for (a) Abuja, (b) Benin City, and (c) Katsina.

vary from a minimum (from the proposed estimates) to a
maximum (from Erbs et al’s estimates). Low RMSE values
are desirable [19, 20]. This indicates that the proposed model
has the best short-term performance for the study locations.
The use of the MBE and the RMSE statistical indicators is not
adequate for the evaluation of model performance [16, 17].
This informs the use of the TS indicator.

The TS allows models to be compared and at the same
time can indicate whether or not a model’s estimate is
statistically significant at a particular confidence level. It takes
into account the dispersion of the results. The t-values of the
Igbal and Erbs et al’s models lie outside the range of the
critical t-values (fc.025) = =1.96) for the study locations.
These results indicate that their estimates should be rejected.
The t-values of Page and Liu and Jordans estimates lie
within the range of the critical ¢-values only in Katsina.
This suggests that their estimates are statistically insignificant
in Abuja and Benin City. The t-values of our proposed
models lie within the range of the critical ¢-values. That is,
our estimated results are statistically significant at the 95%
confidence level. However, the low ¢-values of the proposed
model demonstrate its good performance accuracy.

The variation of diffuse solar radiation with the months
of the year is almost uniform throughout the year (Figure 4).
The annual mean diffuse solar radiations in Abuja, Benin

City, and Katsina are 1.90, 2.07, and 1.64 kWh/m?/day, re-
spectively. The annual mean diffuse solar radiation estimates
in Abuja, Benin City, and Katsina vary from a minimum of
1.76,1.83,and 1.61 kWh/m?/day (Liu and Jordan’s estimates)
to a maximum of 2.79, 3.17, and 2.16 kWh/m?/day respec-
tively (Erbs et al’s estimates). Our proposed annual mean dif-
fuse solar radiations are 1.90, 2.07, and 1.63 kWh/m?/day,
respectively. These compare favourably with the observed
data as expected.

5. Conclusion

The study has demonstrated the availability of diffuse solar
radiation on horizontal surface for Abuja, Benin City, and
Katsina, employing clearance index. A second-order polyno-
mial model was deduced from this and used to predict the
monthly mean daily diffuse solar radiation, which was in
agreement with the observed values. The study also verified
the diffuse solar radiation models by Liu and Jordan, Page,
Igbal, and Erbs et al. The results indicate that the proposed
model (2)—(4) compared favourably with the observed values
in the three studied locations in Nigeria (Abuja, Benin
City, and Katsina), while Page and Liu and Jordan’s mod-
els only compared favourably with the observed values in
Katsina.
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FIGURE 4: Comparison of the estimated values of the monthly mean diffuse solar radiation obtained using the proposed model with the
observed values at (a) Abuja, (b) Benin City, and (c) Katsina, respectively.
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