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Abstract: Energy from the sun is an ideal new energy source for power systems, in a context of
sustainable development, enthusiasm for concentrated solar power technologies is developing. Ac-
curate estimation of clear-sky radiation is needed in many engineering, architectural and agricul-
tural applications in order to integrate solar energy into the power grid. An evaluation of the irra-
diance input to solar power systems is required in many applications. Clear-sky models represent
the maximum input of solar power systems, which is especially useful for forecasting solar irradi-
ance and numerical weather prediction. This work examined the application of Yang model to esti-
mate the monthly mean clear sky normal irradiance for northern Nigeria using meteorological var-
iables like temperature, relative humidity and solar radiation considering the shading effect of the
complex topography of terrain in Norther region of Nigeria, also to know the variation of beam
radiation and diffuse radiation among the selected stations and also to ascertain the significance of
aerosols, water vapor, and other transmittances in the estimation of the beam and diffuse radiation
in the northern atmosphere. The modeling was computed using monthly mean maximum temper-
ature and relative humidity gotten from the Nigeria Meteorological Agency (NIMET) for the period
of fourteen years (1983-1997. The beam and diffuse irradiance for the northern atmosphere is com-
pared by estimating their mean and standard deviation. Also, detailed information about the trend
of radiation in each of the selected states in the northern hemisphere of Nigeria was obtained using
a graphical method of data analysis. Result reveals that the value of beam and diffused radiation
getting to the earth's surface depends on the aerosols, water vapour, atmospheric Ozone, gas trans-
mittance and Rayleigh scattering. From the result above, the maximum beam radiation and the
minimum diffused radiation occur during the raining season and the minimum beam radiation and
maximum diffuse radiation occur during the dry season. This is due to the variations of these at-
mospheric constituents (aerosols, water vapour, atmospheric Ozone, gas transmittance and Ray—
leigh scattering) in the northern atmosphere on these seasons.

Keywords: Transmittance, Rayleigh Scattering, Yang Model, Clear sky, pyranometer, Radiometer
or Solarimeter

1. Introduction

Incoming solar radiation, global or total radiation, or insolation is the amount of solar
energy that reaches the earth's surface. It is made up of direct and diffused radiation and
may be expressed in MJm2day-! on a horizontal surface or as an equivalent depth of evap-
oration per day in inches or mm. It can be measured with pyranometer, radiometers or
solarimeter.

The incoming radiant energy is converted into various forms (internal heat, potential
energy, latent energy, and kinetic energy), and then moved around in various ways, pri-
marily by the atmosphere and oceans, before being stored and sequestered in the ocean,
land, and ice components of the climatic system, and ultimately radiated back to space as
infrared radiation as shown in Figure 1 and Figure 2

DOIL:https://doi.org/10.31586/rjees.2021.123

Research Journal of Ecology and Environmental Sciences



Njoku E.I, Arogbokun F.E

2 of 12

Solar radiation is diminished by scattering (due to air molecules and particles) and
absorption processes as it travels through the earth's atmosphere (mainly by ozone, water
vapor, oxygen, carbon dioxide and absorbing aerosols such as dust and smoke). Absorp-
tion takes place in lines and bands. The scattering occurs across the entire solar spectrum.
Solar radiation receives at the earth’s surface is of primary importance in a variety of fields.
This includes climate studies, illumination engineering, the biophysical impact of atmos-
pheric pollution, atmospheric physics, solar power and photovoltaic application, and re-
mote sensing application.

Clear sky is a sky free of clouds, fogs or other obstructions. The clear sky is transpar-
ent to solar radiation at wavelengths of visible light in the visible range. The visible range
scattering is done by molecule and aerosols particles, little absorption by aerosol particle,
ozone and other trace gases [1]

The sun provides about 99.97% of the heat energy required for the physical processes
taking place in the earth atmosphere system. Each minute, it radiates approximately 56x
10% calories of energy. This radiation travels with a velocity of 3x10%m/s taking approxi-
mately 9 minutes to reach the earth’s atmosphere [2]. The solar constant’s value (a term
used to define the degree at which solar radiation is received outside the earth’s atmos-
phere, at the mean distance of the earth from the sun) is 1.94 MJm2min", and can vary by
+3.4% during the year partly due to variations in the earth- sun distance[3].

EARTH'S ENERGY BUDGET
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Figure 1. Earth’s Energy budget (Source. Nasa. Atmospheric Science Data Center)

Several empirical models have been developed to calculate direct irradiance using
various climatic parameters. Mean temperature, maximum temperature, soil temperature,
relative humidity, number of wet days, height, latitude, total precipitation, and evapora-
tion are some of the variables to be considered [4]

Over the years, many models have been proposed to predict the amount of direct
solar irradiance using various parameters. [5] analyzed global index and diffuse fraction
for clear-sky conditions using direct, global, and diffuse solar radiations (cloudless) taken
over a one-year period at Helwan. In the absence of any other radiation measurements,
the results underscore the requirement for routine instantaneous surface meteorological
data to compute global and diffuse radiations on a horizontal surface. [6] calculate global
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solar radiation in a clear sky by using a damping spectrum. He considers the effect of
latitude, elevation, and other factors in his model, but the simplification of the damping
spectrum limits his work. Therefore, Yang simplify the Leckner damping spectrum and
used it to calculate beam radiation and diffuse radiation. The outstanding performance of
the Yang model was proven after comparing other models for the calculation of direct
normal irradiance over Egypt's atmosphere [7]. [8] used a solar radiation model to inves-
tigate the efficacy of broadband direct irradiance predictions. He concluded that Yang is
one of the high-performance models that can be recommended as a result of his detailed
investigation. [9] estimated direct normal irradiance using Rayleigh transmittance, ozone
transmittance, uniformly mixed gas transmittance, water vapor transmittance, and aero-
sol transmittance. [10] estimated direct irradiance by calculating link turbidity from solar
elevation, precipitable water and turbidity.

[11] predicted direct normal irradiance from aerosol transmittance, water vapor and
air mass without calculating separate atmospheric transmittances. He obtained direct nor-
mal irradiance as a function of the idea irradiance below an aerosol free atmosphere, [12]
estimated the diffuse fraction using clearness index, kt (global irradiance/horizontal extra-
terrestrial irradiance) as the only variable. They used global and diffuse irradiance values
registered in Toronto (Canada, 43.8°N) to validate the model.

[13] used a hybrid model to estimate global solar radiation. He used two radiative
transmittances. One is a clear sky transmittance, which is determined by local geograph-
ical and meteorological variables. The other is a cloud-related transmittance function
based on hourly, daily, or monthly relative sunshine duration. Using a broadband radia-
tive transfer model, he calculated solar beam radiative transmittance and solar diffuse
radiative transmittance under the clear sky. Models that compute the decomposition of
global irradiance into its components and models that calculate atmospheric transmit-
tance are the two models that can be used to determine direct irradiance. Models of at-
mospheric transmittance require precise information on atmospheric factors like turbidity,
precipitable water content, and cloud cover. Decomposition models, on the other hand,
employ global irradiance data to estimate direct and diffuse irradiance. [14]

2. Materials and Methods

The monthly mean clear sky normal irradiance over the northern Nigerian atmos-
phere is estimated using monthly mean temperatures (minimum and maximum) and
monthly mean relative humidity obtained from the archives of Nigeria Meteorological
Agency (NIMET) for the period of fourteen years (1983-1997). The value of ozone thick-
ness is a satellite data provided by NASA and GSFC. The surface pressure and precipita-
ble water used in this study were calculated. The five stations being studied lie on the
latitudes and longitudes stated in the Table 1 below.

Table 1. Latitude and longitude of the selected stations.

Stations Latitude(®) Longitude(°)
Kano 12.05°N 8.26°E
Sokoto 13.02°N 5.25°E
Yola 9.23°N 12.47°E
Minna 9.62°N 6.53°E
Maiduguri 11.85°N 13.03°E

This study uses the yang model to predict and estimate the monthly mean clear sky
normal irradiance for the northern atmosphere in Nigeria.

Yang used a broadband radiative transfer model to calculate solar beam radiative
transmittance T}, ;0o and solar diffuse radiative transmittance Ty .jeqr under clear skies.
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Ty ctear = Max (0, To, T, T,T, T, — 0.013) M
Ta clear ~ maX{O'O'S[TOZTng 1-T.T) + 0.013]} 2
Ty=exp (-0.0117mc31%) 3)

T,=exp[-0.00873mc(0.547+0.014mc+ 0.00038m,% + 4.6 X 10~6m,3)~+08] (4)

T,, = min [1.0,0.909 — 0.036 In(mw)] (5)

T,, = exp[—0.0365(ml)%713¢] (6)

T, = exp {~mB[0.6777 + 0.1464(mp) — 0.00626(mpB)?]} @)
M =1/ gin h + 0.15(57.296h + 3.885)-1257] )

me = mps/p, ©)

Where T, is radiative transmittances due to permanent gas absorption, T, is radia-
tive transmittances due to Rayleigh scattering, T, is radiative transmittances due to wa-
ter vapour absorption,T,, is radiative transmittances due to ozone absorption, T, is radi-
ative transmittances due to aerosols extinction, m is the air mass, m. is the pressure cor-
rected air mass, ps is the surface pressure, po is the standard atmospheric pressure, h is the
solar elevation, f is the angstrom turbidity, and w is the precipitable water.

In this study, the value of surface pressure (Ps), precipitable water (w) and angstrom
turbidity (), is estimated by equation (3.10-3.12). The value of relative humidity and tem-
perature is obtained from the achieves of Nigeria Meteorological Agency (NIMET) while
the value of aerosol optical depth is obtained from GADS (Global Distribution of Aerosols

Data Set)
P; = pyexp (-z/Hr) (10)
w =0.00493h:Ta"exp [26.23 - 5416 Ta"] (11)
B =0.5135(0.5) (12)

Where po=1.013 x 10°pa, z(m) is the altitude, and Hr is the scale height (Where Hr
=8430m) 0(0.5) is the aerosols optical depth value at A = 0.5um. The detailed information
about the trend of radiation in each of the selected states in the northern atmosphere of
Nigeria was obtained using a graphical method of data analysis. The performance of the
models was assessed by plotting beam and diffused radiation and by calculating their
mean and standard deviation.

The detailed information about the trend of radiation in each of the selected states in
the northern hemisphere of Nigeria was statistically analyzed using the graphical method.
Standard statistical packages were used for the statistical analysis of the data collected.

The mean and the standard deviation are used as a measure of dispersion for the
estimated data. Mean is the sum of all the observed outcomes (x) divided by the total
number of data (n).

=22 (13)

n
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The standard deviation is a summary measure of the differences of each observation
from the mean. The square root of variance is obtained by calculating the difference be-
tween each data point and the mean. A low standard deviation means that the data points
are close to the set's mean (also known as the anticipated value), whereas a high standard
deviation means that the data points are spread out over a wider range of values.

SD = /2(:—:‘)2 (14)

The monthly variations of the maximum beam radiation and the minimum diffuse
radiation data under the clear sky for the five stations (Kano, Sokoto, Yola, Minna and
Maiduguri) in the northern atmosphere are presented in the Table 2 where maximum
rad_mb and maximum rad_md represents maximum beam radiation and maximum dif-
fused radiation respectively. Table 3 shows the range of standard deviation for all stations.

Figure 2 shows monthly mean clear sky beam and diffused radiation and monthly
mean transmittances of water vapor, ozone, aerosols and gas for the clear sky in Kano for
the period of 14 years. Figure 3 shows monthly mean clear sky beam and diffused radia-
tion and monthly mean transmittances of water vapor, ozone, aerosols and gas for the
clear sky in Sokoto for the period of 14 years. Figure 4 shows monthly mean clear sky
beam and diffused radiation and monthly mean transmittances of water vapor, ozone,
aerosols and gas for the clear sky in Yola for the period of 14 years. Figure 5 shows
monthly mean clear sky beam and diffused radiation and monthly mean transmittances
of water vapor, ozone, aerosols and gas for the clear sky in Minna for the period of 14
years. Figure 6 shows monthly mean clear sky beam and diffused radiation and monthly
mean transmittances of water vapor, ozone, aerosols and gas for the clear sky in Maidu-
guri for the period of 14 years.

3. Results and Discussion

Table 2. The maximum beam radiation and the maximum diffuse radiation of the five stations
with month.

Stations Max rad_mb Month Max rad_md Month
Kano 248.9311 August 63.8839 October
Sokoto 245.0264 April 66.1272 September
Yola 262.5472 April 58.0912 January
Minna 251.5264 April 62.344 September

Maiduguri 258.5025 April 63.4117 September
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Table 3. Range of standard deviation for all stations.

Year Range of rad_mb Range of rad_md
JAN 1.0-20 02-03
FEB 1.5-3.5 0.3-0.6
MAR 3.2-187 1.0-11.3
APR 3.0-16.8 05-85
MAY 1.5-23.2 0.1-115
JUN 18.0-19.2 04-9.6
JUL 0.7-16.4 0.1-83
AUG 0.7-275 0.1-14.9
SEP 0.6-22.0 0.1-11.1
OCT 0.8-194 0.1-104
NOV 1.0-7.0 0.2-0.9
DEC 0.9 -25.8 0.2-139
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Figure 2. (a) shows Monthly mean clear sky beam (rad_mb) and diffused radiation (rad_md). (b)
shows Monthly mean clear sky transmittances of water vapor (Tw), ozone (T.z), aerosols (Ta) and

gas (Ta) in Kano for the period of 14 years(1983-1997).
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Figure 3. (a) shows Monthly mean clear sky beam (rad_mb) and diffused radiation (rad_md). (b)
shows Monthly mean clear sky transmittances of water vapor (Tw), ozone (Toz), aerosols (Ta) and
gas (Ta) in Sokoto for the period of 14 years(1983-1997).
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Figure 4. (a) shows monthly mean clear sky beam (rad_mb) and diffused radiation (rad_md). (b)
shows monthly mean clear sky transmittances of water vapor (Tw), ozone (Toz), aerosols (Ta) and
gas (Ta) in Yola for the period of 14 years(1983-1997).
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Figure 5. (a) shows monthly mean clear sky beam (rad mb) and diffused radiation (rad md). (b)
shows monthly mean clear sky transmittances of water vapor (Tw), ozone (Toz), aerosols (Ta) and
gas (Ta) in Minna for the period of 14 years(1983-1997).
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Figure 6. (a) shows monthly mean clear sky beam (rad mb) and diffused radiation (rad md). (b)
shows monthly mean clear sky transmittances of water vapor (Tw), ozone (Toz), aerosols (Ta) and
gas (Ta) in Maiduguri for the period of 14 years (1983-1997).

From the graph, Figure 2a shows the beam and diffused radiation under a clear sky
in Kano. The beam radiation increases uniformly from January to April and a slight de-
creases from May to June, it increases again to August and a uniform decreases to Decem-
ber. The maximum beam radiation and minimum diffused radiation is around April to
August as shown in Figure 2a. This is because of the atmosphere's degree of radiative
transmittances as shown in Figure 2b. The aerosols transmittance increases from April to
September that is, the level of aerosols in the atmosphere decreases from April to Septem-
ber. Water vapor transmittance decreases from April to August. Implying that, the water
vapor level in the atmosphere increases from April to August. In the northern atmosphere,
the raining season is from June — September and areas we have the highest beam radiation
falls within this range, when it rains, aerosols will be washed away and its amount will
decrease in the atmosphere thereby positively affecting the percentage increase in the wa-
ter vapor level in the atmosphere. The water vapor cools the atmosphere in return and
absorbs the incoming radiation, but the effect of aerosols absorption is greater than water
vapor absorption. Therefore, from April to September more radiation will penetrate the
earth’s surface.
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Figure 3a shows the beam and diffused radiation under a clear sky in Sokoto. The
beam radiation increases uniformly from January to April and a slight decrease from May
to June, and a uniform decrease from June to December. The diffuse radiation increases
from January to February and decreases from February to June. It increases to September
and from September it decreases to December. This is due to the radiative transmittances
in the atmosphere. The maximum beam radiation and minimum diffused radiation are
around march to August. this is due to the maximum aerosol transmittances are around
march to august that is, the aerosol level in the atmosphere is low around March to August
and the minimum water vapor transmittances is around March to August as shown in
Figure 3b. This explains that as the level of aerosols in the atmosphere decreases, the level
of water vapor in the atmosphere increases.

Figure 4a shows the beam and diffused radiation under a clear sky in Yola. The beam
radiation increases uniformly from January to March and a slight decrease and increases
within March to August (i.e., in a zigzag manner) and from august it decreases to Decem-
ber. The maximum beam radiation and minimum diffused radiation are around March to
August this is as a result of the radiative transmittances in the atmosphere. The highest
aerosol transmittances are around March to August (it increases in a zigzag manner) The
minimum amount of water vapor is between march to august. This shows that as aerosols
decreases in the Atmosphere, the beam radiation increases on earth’s surface.

Figure 5a shows the beam and diffused radiation under a clear sky in Minna in Niger
State. The beam radiation increases from April to May, it decreases to June and increases
to July, it increases again to August and a uniform decrease to December. The maximum
beam radiation and minimum diffused radiation is around April to July and the minimum
diffused radiation is in the month of March to July. This occurs as a result of the amount
of aerosol extinction in the atmosphere. The highest aerosols transmittance is around
April to July and the minimum water vapor transmittance is around April to July as
shown in Figure 5b.

Figure 6a shows the beam and diffused radiation under a clear sky in Maiduguri. The
beam radiation increases from January to April and decreases from April to December
while the diffuse radiation decreases from February to July and increases from July to
September, but the movement from September to December is in a zigzag manner. The
maximum beam radiation is around April to July and the minimum diffuse radiation is
also around April to July. This is due to the impacts of radiative transmittances in the
atmosphere. The highest aerosols transmittance is around April to July and the minimum
water vapor transmittance is around April to August as shown in Figure 6b. That is, be-
tween April and July, the concentrations of aerosols in the atmosphere are minimal which
results in the estimation of maximum beam radiation and minimum diffuse radiation
within April to August. The maximum beam radiation in all stations lies between April
to August and the minimum diffuse radiation is around May to August. This is due to the
amount of aerosols present and water vapor in the atmosphere. April to August lies
within the raining season in the northern atmosphere, aerosols will be washed from the
atmosphere, its content reduced and incoming radiation will be absorbed by the few aer-
osols that is left in the atmosphere therefore maximum beam radiation is estimated within
these months. The diffuse radiation is minimum around May to august because the level
of aerosols is low within these months, therefore only radiation that is diffused by Ray-
leigh scattering reaches the earth’s surface which is too minimal. This contributes to min-
imum diffused radiation around April to August.
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4. Conclusion

This work presents the approach for estimating the clear sky’s normal radiation at
the five locations in the northern atmosphere. The Yang model was used to calculate the
typical radiation under clear skies on the northern atmosphere using common meteoro-
logical parameters. A graphical representation of the estimated radiation in each selected
state highlights the significance of beam radiation and shows that the diffused radiation
depends on the aerosol’s transmittance, water vapor transmittance, Ozone transmittance,
gas transmittance and Rayleigh-Scattering. According to the above results, the amount of
beam radiation and diffuse radiation reaching the earth's surface under a clear sky in the
northern atmosphere is determined by season, the maximum beam radiation and the min-
imum diffused radiation occur during the raining season and the minimum beam radia-
tion and maximum diffuse radiation occur during the dry season. This is due to aerosols
having a greater impact in the northern atmosphere during the dry season and vice versa..
This present work has shown the usefulness of Yang’s model in predicting and estimate
the monthly mean clear sky normal irradiance for the northern atmosphere in Nigeria. In
this sense, the model provides an important background for the estimation of solar radi-
ation component under the clear sky conditions, once an appropriate cloud transmittance
parameterization of the atmospheric extinction processes using a simple one band scheme
is established. The transparency information has a significant impact in the parameteriza-
tions, therefore appropriate information on turbidity conditions should be included.
When the hourly information of the Angstrom turbidity coefficients is available, the global
irradiance can be estimated with the satisfactory accuracy by using mean hourly value.
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