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Abstract This study examines the impact of cloud cover, relative humidity, rainfall and the daily values of global solar
radiation at eight locations in Nigeria, using different proposed empirical models for 16 years (1995-2010). The accuracy of
the proposed models was tested using statistical indicators; RMSE (Root Mean Square Error), MBE (Mean Bias Error),
Standard Error (SE), MPE (Mean Percentage Error) and Correlation Coefficient (r). The Equation with high value of
correlation coefficient and low values of MPE, MBE, RMSE and SE is considered as the best Equation (Eqs.7). It was
observed that the new model can be used for estimating daily values of global solar radiation with a higher accuracy and has

good adaptability to highly variable weather conditions.
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1. Introduction

The quantity of solar radiation reaching the Earth’s
surface varies dramatically as a function of changing
atmospheric conditions as well as the changing position of
the Sun through the day. Accurate data of global solar
radiation are necessary at various steps of the design,
simulation, and performance evaluation of any project
involving solar energy. The solar radiation modelling has
shown significant progress in recent decades, reaching at
present integration in geographic information systems that
allow quantification at its spatial distribution, also provide
detailed estimates or forecast climate changes which have
improved significantly in recent years. Several models have
been proposed for generation of global radiation. The
random nature of global solar radiation is included in all
proposals, but the way of implementing this in a model
varies significantly[1-6].

Meteorological parameters such as cloud cover, relative
humidity, rainfall and temperature play an important role in
the radiative energy budget of the Earth and in the transfer of
energy between the surface and the atmosphere.[7 and 8]
proposed solar radiation estimation using differences
between maximum and minimum ambient temperature.
Some studies were based on hourly solar radiation prediction
using different meteorological parameters and the methods
are claimed to perform well[9-21]. Meteorological
parameters are frequently used as predictors of atmospheric
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parameters since acquiring detail atmospheric conditions
require advance measurement. Meteorological parameters
have been used to estimate atmospheric transmittance
coefficient in parametric model. This kind of model is called
meteorological mode.

[22] predicted the daily global solar radiation of Amman
city in Jordan on a horizontal oriented surface using four
models, including a sine wave model. Statistical results
showed that the sine wave model gave best fit.[23] used a
cosine wave model to calculate the daily global solar
radiation in six climatic zones of Greece and the correlation
coefficient for all cases is higher than 0.996.

In this paper, different models were used to estimate the
global solar radiation using cloud cover, rainfall, relative
humidity, maximum and minimum temperature difference.
The purpose of using different models is to identify the most
appropriate models for the estimation of global solar
radiation.

2. Data

Daily measured global solar radiation (H), cloud cover
(CC), rainfall (RF) and relative humidity (RH) data for 16
years (1995-2010) listed in Table 1 and displayed in Figure 1,
for 8 meteorological stations covering some selected cities in
Nigeria, taken from Archives of Nigerian meteorological
Agency Oshodi, Lagos State. These sites are located widely
throughout Nigeria, they are considered as representative of
different climatic regions in Nigeria.

Data Analysis

Daily solar radiation is a quasi-periodic phenomenon on a
yearly cycle due to seasonal effects. Trigonometric
correlations give good fitting among the models for
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predicting daily global solar radiation by the day of the year. Ws = Sunset hour angle for the typical day n for each

month in degrees
= MGSC(l + 0.033C0sﬂj
n
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M 0 = Latitude angle for the location in degrees
0= declination angle for the month in degree
n = mean day of each months
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Where Ho = monthly mean daily extraterrestrial radiation
MJ/m’
Gsc = Solar constant = 1367 W/m®

Table 1. Geographical location of the stations

Stations LAT. Locations LONG. Altitudes (Km)
Sokoto 13.0IN, 05.15E 350.8
Maiduguri 11.51N, 13.05E 353.8
Port-Harcourt 04.51N, 07.01E 19.50
Enugu 06.28N, 07.33E 141.8
Owerri 05.29N, 07.00E 91.0
Abeokuta 07.01N, 03.20E 104.0
Yola 09.14 N, 12.28E 186.1
Jos 09.52N, 08.45E 1922
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Figure 1. The Map of Nigeria showing the stations used
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The correlations to which the measured data were fitted
are as follows:

T, -T. )rCCO) @
H,
H
—=a+b(Tax —Tin) +C(RH) (4
Hop
H
_=a+b(Tmax _Tmin)+C(RF) (5)
H,
H
H_=a+b(cW)+C(RH)+d(RF) (6)
0

Hi =a+b(Tax — Tnin) + C(RH) + d(RF) +e(CC) (7)
o

Where a, b, ¢, d and e are empirical constants. The
measured data were used in multiple linear regression
analysis to obtain the values of empirical constants in Egs. (3)
-(.

Monthly mean of cloud cover, rainfall and relative
humidity (1995-2010) varied both spatially and seasonally in
Nigeria. The weather regimes often change significantly
during each of the conventional two seasons. The monthly
available amount of solar energy at these latitudes depends
on the contributions of wet (May -October) season during the
same period, southern Nigeria begins its rainy season which
is the reason why global solar radiation are at their lowest in
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Port-Harcourt, Abeokuta and Owerri and reverse is the case
for high global solar radiation in dry seasons (November-
April) in Sokoto, Maiduguri, Yola and Jos. It was noticed
that the rainfall is intense between the months of June and
August (see Figure 2). Contour plots of monthly spatial
distribution of global radiation for Nigeria reveals a strong
influence of latitude and the monthly course in the cloud
cover on the incoming solar radiation patterns. It has been
observed in the distribution of the monthly amounts of global
solar radiation, which may be due to differences in the
atmospheric circulation. Cloud cover, rainfall and relative
humidity are the most important atmospheric phenomena
limiting solar radiation at the Earth surface. It was noted that
the cloud cover influences the clear days, decreasing cloud
cover will lead to an increase in the number of clear days.

In the month of April to October there are high values of
cloud cover, high rainfall and high percentage of relative
humidity was observed between the latitude of4.51 and 7.01.
This meteorological parameters used in this research reduce
the availability sunshine duration when the solar elevation is
high. This implies that there was high proportion of cloudy
days and relative to low solar energy between April and
October of 1995-2010 and relative abundant of solar energy
between November and March of 1995-2010 in Nigeria. It
was also observed that the regions with higher cloud density
(for example humid regions) receive less solar radiation than
the cloud-free climates (for example deserts). For any given
location, solar radiation reaching the Earth’s surface
decreases with increasing cloud cover.

Cloud Cover (CC)
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Figure 2. Monthly mean cloud cover, rainfall and relative humidity for Nigeria, 1995-2010
Table 2. Shows equation with regression and statistical indicators across the eight stations
SOKOTO
5 MPE s RMSE
S/N EQUATIONS T r SE MJ/m M/ MBE MJ/m M/m?
1 H/Hy=-2.826+0.0085(W)+9.258( Tumax-Tmin) 0.8800 0.7750 0.0607 0.5635 -0.90E-07 0.0518
2 H/Hg=-1.370+0.120(Tmax-Timin)+0.0116(RH) 0.9134 0.8344 0.0520 0.4590 1E-06 0.0444
3 H/H¢=0.5733+0.0140( Tmax-Tmin)-0.00073(RF) 0.8474 0.7182 0.0679 0.0788 7.272E-07 0.0579
4 H/H¢=-3.7835+11.867Cw+0.00369(RH)-0.0112(RF) 0.9334 0.8712 0.0491 0.2716 9.090E-8 0.0392
H/Hy=-4.03308+0.0740( T yax.Timin)+0.01075(RH)-0.0
5 0065(RF)+9.008Cs 0.9716 0.9440 0.0349 0.1490 -1.8182E-7 0.0258
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MAIDUGURI
]S\; EQUATIONS r r SEMJ/m* | MPEMJ/m*> | MBE MJ/m* | RMSE MJ/m’
1| H/H=-0.569+0.0096(Tmux-Timin)+2.446(CC) 0.9064 0.8215 0.0370 0.4272 6.363E-7 0.0315
2 | H/H¢=-0.556+0.031016(T pay-Trnin)+0.0027(RH) | 0.9008 0.8116 0.0380 0.4714 -2.727E-7 0.0324
3 | H/H¢=0.43788+0.0070(T max-Trmin)-0.00054(RF) 0.9022 0.8141 0.0378 0.3911 2.727E-7 0.0322
4 }RI/FI){":'O'”S §+2.242CC+0.0011RH-0.00081( | 5,3, 0.8523 0.0360 0.3065 -9.091E-8 0.0287
H/H=-0.22093+0.02179( T max-Tumin)+0.021792(
5 RHY+0.7561 (RF)-0.0008(CC) 0.9598 0.9211 0.0228 0.1722 -9.091E-8 0.0210
JOS
N EQUATIONS r r SE MPE MJ/m* | MBE MJ/m*> | RMSE MJ/m?
N MJ/m?
1 | H/Hg=-0.5072+0.0156(T pay-Timin)+2.556(CC) 0.9859 0.9721 0.0278 0.1987 -5.454E-7 0.0237
2 | H/Hg=1.4893-0.0284(T max-Trmin)-0.00922(RH) 0.9537 0.9096 0.0501 0.4378 -1E-06 0.0428
3 | H/H=0.785+0.0024(T msx-Timin)-0.0013(RF) 0.9654 0.9320 0.0435 0.1754 3.6363E-7 0.0379
4 | H/H=0.10904+2.172(CC)+0.000499(RH)-0.0 | 59, 0.9922 0.0158 0.0502 1.0909E-6 0.0129
0082(RF)
H/H=0.07964-0.00833(T ax-Tomin)+2.09688(C
5 C)-0.00085(RF)-0.0059(RH) 0.9963 0.992 0.0166 0.0486 -71.273E-7 0.0859
YOLA
) MPE MBE RMSE
S/IN EQUATIONS r r SE MJ/m M/ M/ M/
1 H/H=0.31858140.03477(Tnax-Tinin)+0.00001CC 0.9024 0.814 0.0606 0.6262 2.727E-7 0.0549
2 | H/H¢=0.24358+0.0382(Tmax-Tmin)+0.000598(RH) 0.9032 0.8158 0.0641 0.6294 -2.727E-7 0.0546
3 | H/H¢=0.7571+0.00733(T max-Tmin)-0.0013(RF) 0.9355 0.8753 0.0527 0.3525 -1E-06 0.0450
4 | H/H=0.778+0.0001CC+0.002703(RH)-0.00231(RF) 0.9467 0.8962 0.0481 0.2566 1.818E-7 0.0410
H/H=0.52479+0.01475(Tax-Tmin)+0.0001(CC)+0.00
5 3389(RH)-0.00187(RF) 0.9541 0.9103 0.0477 0.2503 -5.455E-7 0.0381
ABEOKUTA
) SE MPE MBE RMSE
SN EQUATIONS ’ ! MIm® | MIm®> | MI/m® | MIm?
1| H/H=7.431885+0.03947(Tumax-Timin)-20.682Cw 0.9033 | 0.8159 | 0.0414 | 0.6979 | 6.364E-7 | 0.0353
2 | H/Hy=-1.61995+0.0868(Tmax-Tmin)-10.0162RH 0.9431 | 0.8895 | 0.0321 | 0.5153 | -9.091E-8 | 0.0273
3 | H/H¢=0.09612+0.04234(Tmax-Trmin )-0.000072RF 0.8775 | 0.7700 | 0.0463 | 0.9738 | -2.727E-7 | 0.0395
4 | H/Hy=11.1626-28.924Cw-0.00048RF-0.00525(RH) 0.8010 | 0.6417 | 0.0618 | 1.4743 | -2.727E-7 | 0.0493
5 | H/H¢=4.3852+0.07738(Tmax-Tumin)-16.538Cw-0.00012RF+0.01543RH | 0.9609 | 0.9234 | 0.0309 | 0.3450 -1E-06 0.0228
Owerri
5 SE MPE MBE RMSE
SN EQUATIONS r r M | M | MIm® | Mo
1 | H/H=-0.75949+0.03379(T pnax-Trmin)+2.63563(Cw) 0.9724 | 0.9455 | 0.0222 | 0.2229 | 9.0909E-8 | 0.0189
2 | H/H¢=0.8585+0.0133(Tpmax-Tinin)-0.00698(RH) 0.9547 | 09114 | 0.0283 | 03263 | 7.2727E-7 | 0.0241
3 | H/Hg=0.17128+0.03898(Tmux-Tmin )-0.00017(RF) 0.9474 | 0.8977 | 0.0304 | 0.4174 | -5.455E-7 | 0.0259
4 | H/H¢=0.0528-0.00567Cw-4.4E-05(RF)+2.3377(RH) 0.9761 | 0.9528 | 0.0221 | 0.2045 | 1.818E-7 | 0.0176
5 | H/Hy=-0.19355+0.0121(Tpmax-Timin)-0.0036(RH)-4.7E-06(RF)+2.3227 | 0.9774 | 0.9552 | 0.02024 | 0.1985 | -3.154E-19 | 0.0172
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PORT-HARCOURT

S/N EQUATIONS r r SEMJ/m*> | MPE MJ/m* | MBE MJ/m* 11\2/[1\]/25“13
1 H/H=0.17405+0.0545(Tymax-Tinin)-0.2536(Cw) 0.9488 0.9003 0.0316 0.3306 2.7272E-7 0.0269
2 | H/Hg=-0.05614+0.05699(Tpmax-Tmin)t0.00146(RH) | 0.9492 0.9009 0.0315 0.3318 6.364E-7 0.0269
3 H/H=0.00067-+0.062 14(T ya5-Tryin )0.000113(RF) 0.9501 | 0.902595 0.0312 0.3149 -1.363E-6 0.0266
4 | H/Hg=-0.2877+3.673299Cw(RF)-0.00039(RH) 0.9134 0.83437 0.0435 0.5141 -2.727E-7 0.0347

H/H=0.07923+0.06887(Timax-Tomin)-
5 0.7165(Cw)+0.001285(RH).0.0001 35(RF) 0.9507 0.9039 0.03080 0.3154 0 0.0264
ENUGU
5 SE MPE MBE RMSE
SN EQUATIONS r MIYm?) | (MIYm?) | (MI/md) (MJ/m?)
1 H/H¢=0.22163+0.04086( T max-Trmin)-0.1972(Cw) 0.8257 0.6818 0.05930 0.9496 | -2.727E-7 0.0506
2 H/H=-3.0346+0.15758(Tmax-Trmin)+0.02717(RH) 0.9619 0.9252 0.0288 0.1743 3.636E-7 0.0245
3 H/H=0.053322+0.04822(T ax-Tmin )0.000152(RF) 0.8285 0.6864 0.0589 0.9103 | -1.545E-6 0.0502
4 H/Hy=-1.2665+3.9920Cw-+0.005876(RH)-0.00059(RF) 0.7896 0.6234 0.0689 12630 | -2.727E-7 0.0550
H/Hy=-4.00369+0.146 1 (Timax-Tmin)+2.230389(Cw)+0.0
5 31183(RH)-0.00025(RF) 0.9754 0.9514 0.0268 0.1592 6.363E-7 0.0198

The accuracy of the estimated values was tested by
calculating the RMSE (Root Mean square Error), MBE
(Mean Bias Error), MPE (Mean Percentage Error) and SE
(Standard Error). The RMSE (MJ/m?), MBE (MJ/m?), MPE
(%) and SE MJ/m” for the 5 models.

3. Discussion of Result

The performance of the above five models, Eqs. (3)—(7),
are evaluated at eight meteorological stations over Nigeria,
namely Sokoto, Jos, Maiduguri, Yola, Abeokuta, Owerri,
Port-Harcourt and Enugu which represent geographical and
climatic conditions of their regions. According to MPE,
MBE, RMSE and r, r* and SE as shown in Table 1, the
proposed model, Eq. (7), has the best accuracy based on the
measured data at eight stations, with the MPE (MJ/m?), MBE
(MJ/m?), RMSE (MJ/m?) and SE (MJ/m?) vary from one
model to another model.

The monthly variations are most strongly correlated with
cloudiness. Generally, correlation coefficients (0.8257 -
0.9963) are high for across the stations. This implies that,
there are statistically significant relationships between the
clearness index, cloud cover, the relative humidity,
difference between maximum to minimum daily temperature
and rainfall, this is further demonstrated by high values of
coefficient of determination R? (0.6828 - 0.9920) across the
eight stations. The MBE obtained positive values and
negative values across the stations. This shows that the
models vary between over and under estimation of H.

The relative performance of the five models at eight
stations is that the Eq. (7) is the best equation. So, for Nigeria,
the daily global solar radiation can be estimated by the
proposed model with better accuracy. The accuracy of the
predicted data is tested and model performance was
evaluated using the root mean square error (RMSE), the
mean bias error (MBE) and mean percentage error (MPE).
The RMSE, MBE and MPE are mostly used methods for the
comparison and performance estimation of the solar
irradiation models. These calculated statistical indicators
concerning the global, direct and diffuse radiations are very
good. For most of the equations, the best performance, based
on MPE, MBE, RMSE and SE is achieved by Eq. (7). The
errors resulting from Egs. (3) - (7), for the eight stations are
such that the MPE, MBE, RMSE and SE lies between 0.149-

1474 MJ/m?, -9.09091E-08 - 1.09091E- 06MJ/m?
0.012227- 0.054997MJ/m* and 0.01575 - 0.06894 MJ/m’
respectively.

From the Table 2, the negative values of the MBE are
under-estimate, while RMSE slightly over-estimate. In all
cases, the absolute values of the MPE never reach 1.48%,
indicating very good agreement between the measured and
calculated data and a good fitting exists between the monthly
average of daily global solar radiation and the other
meteorological parameters used. It was noted that the
estimation result is either overestimating the solar radiation
or underestimating the solar radiation. This may be as a
result of the cloudy sky which sometimes appear or
disappears. The mean bias errors are expected to be small
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because the sunny and cloudy periods will average out while
the significant difference between a sunny and cloudy period
will lead to large standard deviations between different time
intervals. Also[24] established the overestimation which
could be due to the increased reflection of solar radiation
from snow cover or a decreasing role of atmospheric
scattering due to lower solar declination angles.

Figure 2, shows that there is greater availability of solar
radiation in Sokoto, Maiduguri, Yola and Jos than Abeokuta,
Enugu, Owerri and Port-Harcourt. The wet season minimum
is expected due to poor sky conditions caused by
atmospheric controls as the atmosphere is partly cloudy and
part of solar radiation are scattered by air molecules.
Increased cloud cover is as a result of the low value of
clearness index and temperature in the wet season, with high
values of rainfall and relative humidity has contributed to the
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decrease in clear days in the stations under analysis. Contour
plots of monthly spatial distribution of global radiation for
the eight locations reveal a strong influence of latitude and
the monthly course in the cloud cover on the incoming solar
radiation patterns. Clearness indices are higher in dry than in
wet seasons for all stations. This implies that the cloud cover
and relative humidity are higher in wet than in dry. More
rainfall was recorded in Abeokuta, Enugu, Owerri and
Port-Harcourt, between the month of May and October, with
low surface temperature, high relative humidity and low
cloud cover.

It was noticed from figure 3, the lower the RMSE, MPE
and SE the more accurate the equation. This indicates that Eq.
(7) is most suitable for the estimation of monthly average
daily global radiation based on statistical analysis.
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0.45 -
0.5 - 0.4 -
"Ji 04 - # 0.35 -
ul w03
2 03 - m MPE 2 025 - m MPE
& o7 - ® RMSE ar 0.2 1 ® RMSE
s v S 015 -
0.1 - SE 0.1 - SE
' -L. 0.05 -
0 - 0 -
Eq3 Eg4 Eq5 E6 Eq7 Eq3 Eq4 Eq5 Eq6 Eq7
Equations Equations
0.45 - Jos 0.7 1 Yola
0.4 - 06 -
0.35 -
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0.2 -
0.1 - SE SE
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Figure 3. Comparison between the MPE, RSME and SE of Egs. (3)— (7), at eight stations in Nigeria

4. Conclusions

The global solar radiation can be adequately estimated
using different proposed models using daily recorded
meteorological variables of maximum and minimum
temperature difference, relative humidity, cloud cover and
rainfall. In order to obtain some accurate solar radiation
estimations, it requires accurate mathematical modelling of
all the climatological parameters. From figure 2, there is high
proportion of cloudy days, relative to low solar energy with
low temperature in the wet season while low cloudy day with
high solar energy and high temperature in dry season across
the latitudes. It was observed that Eq. (7) has the highest
value of correlation coefficient and correlation of
determination, which gives good results when considering
statistical indicators, RMSE, MBE, SE, MPE and correlation
coefficient (r). It is found that the new model can be used for
estimating daily values of global solar radiation with a higher
accuracy and has good adaptability to highly variable
weather conditions. The estimated value of global solar

radiation reveals that solar radiation can be efficiently used
to compensate for energy inadequacy.
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