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Abstract

A well-calibrated simple and economical viable Angstrom—Prescott model has long been accepted to be more accurate
than other surface meteorological data-based models. The major limitation is that it is site dependent. This study exploited
the appropriateness of a more generalized Angstrom-based broadband hybrid model in the estimation of solar radiation at
seven stations in equatorial region of West Africa. This model features parametric equations that explicitly and accurately
account for clear-sky damping processes in the atmosphere. It empirically estimates cloudy sky radiation extinctions using
relative sunshine duration. A new cloud transmittance calibration curve that followed the cloud cover patterns of the region
of study was also tried. The result indicated that the new cloud transmittance could be unique to equatorial region of West
Africa. The performance of the hybrid model, after modification using the new cloud transmittance equation, was tested
using mean bias error and root mean squared error. The performance was found to be comparable to the site-dependent,
locally calibrated, Angstrdm—Prescott model at the calibration stations, and even better at validation stations. The same per-
formance test comparisons with the original version of the hybrid model, and four other site-independent models: globally
calibrated, FAO-recommended Angstrdm—Prescott models, Hay and Gopinathan models indicated the modified version of

the hybrid model as better

1 Introduction

Daily solar radiation is an important parameter required
in the fields of agriculture, hydrology and meteorology.
It provides energy for processes that drive photosynthesis
and evapotranspiration in the crop growth models, and it
is also a necessary requirement in the calculation of water
requirements for irrigation schedules (Hoogenboom 2000;
Pohlert 2004). In spite of its importance, solar radiation
measurements are sparsely deployed in both developing and
developed countries (Hunt et al. 1998; Liu and Scott 2001).
There are about just 40 weather stations in UK which col-
lect solar radiation data (Miller et al 2008). There are 122
solar radiation stations built in Mainland China (Tang et al.
2010). Developing regions of the world like West Africa
even fair worse. The possible reasons for paucity in radiation
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measurements all over the world as compared to other mete-
orological parameters are possibly due to high cost, mainte-
nance, and calibration requirements of the measuring equip-
ment (Thornton and Running 1999). The limited coverage of
radiation measuring networks, therefore, dictates the need
for developing solar radiation models. There are complex
spectral models, broadband single and multi-layer radia-
tive transfer models, and surface meteorological data-based
empirical models. In hydrological and crop growth mod-
els, empirical solar radiation models are, however, the most
popular because of the accessibility of requisite meteoro-
logical data and computational cost. The empirical models
are either sunshine duration-based (Angstrbm 1924; Prescott
1940), air temperature-based (Bristow and Campbell 1984;
Thornton and Running 1999; Meza and Varas 2000; Weiss
and Hays 2004) or cloud-based (Nielsen et al. 1981; Supit
and van Kappel 1998; Ehnberg and Bollen 2005). A sun-
shine-based Angstrom—Prescott equation (Angstrom 1924;
Prescott 1940):

E/E,=a+bn/N, ey
where E is the solar radiation, E, the extraterrestrial solar
radiation, n the sunshine duration, N the maximum possible
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sunshine duration, parameters a and b are regression coeffi-
cients and its higher order polynomial equivalents have been
widely used by various workers (Adedokun 1978; Bamiro
1983; Balogun 1991; Thornton and Running 1999; Akpabio
2002; Falayi et al. 2008; Ogolo 2010; Adaramola 2012) and
have been shown to be better than either temperature-based
or cloud-based models when they are well calibrated (Izio-
mon and Mayer 2001; Pohlert 2004; Almorox et al. 2011).

The need to calibrate the parameters of Eq. 1 and its higher
order polynomials to reflect the climate of the region where
it is used, for its estimates to be reliable is a major limitation
of these empirical models (Wong and Chow 2001; Liu et al.
2009). This limitation is intrinsically embedded in bulk nature
of the transmittance of Angstrbm—Prescott models, that is, a
and b (Tang et al 2010). There had been some attempt at gen-
eralization to build site-independent models by relating a and b
to other parameters like altitude, latitude, cloud-cover, albedo,
and air mass. For instance, Gopinathan (1988) relates a and b
to latitude, altitude, and percentage of possible sunshine while
Chen et al. 2018, in a recent study, relate them to altitudes
for Yangtze river basin. Yang et al. (2001) exploited a more
generalized hybrid model that retains the original version of
Angstrom model (Angstrom 1924) and calculates solar radia-
tion transmittances in the clear sky by explicitly accounting for
radiation damping processes due to air mass, aerosols, water
vapor, and ozone. A later improvement to all-sky empirically
relates solar radiation transmittance for cloudy sky to relative
sunshine duration (n/N) (Yang and Koike 2005; Yang et al.
2001, 20064, b). In Yang and Koike (2005) and Yang et al.
(20064, b), the model was calibrated with data from Japan
(i.e., a sub-tropical to temperate climate region: 24—45°N) and
was validated with data from USA (a sub-tropical to temper-
ate climate region: 26.2-36.28°N), Japan, Saudi Arabia ( arid
climate region: 16.9-28.32°N), and China (a sub-tropical to
temperate climate region: 18.32-39.47°N) under varying eleva-
tions, from lowland areas to highland areas against Japanese
and globally calibrated Angstrom—Prescott models and others
with proven higher performances especially for hourly, daily,
and highland areas. Also, Tang et al. (2010) evaluated the per-
formance of this model in estimating daily and monthly global
solar radiation against observations at 97 China stations after
quality control and obtained satisfactory results. This current
work attempts to exploit this more generalized solar radia-
tion model in equatorial region (0—9.28°N) of Nigeria in West
Africa, and to demonstrate and justify the need for a separate
solar radiation transmittance for cloud in the region.

2 Data

Data of global solar radiation, air temperature, air pres-
sure, and relative humidity measured at 5 min intervals for
seven stations covering different climates zones in Nigeria

@ Springer

were obtained from TRODAN data sets situated in Centre
for Atmospheric Research, National Space Research and
Development Agency (CAR-NSRDA) in Nigeria. Data of
actual sunshine duration were not measured directly at these
stations. Their values were estimated based on the defini-
tion of sunshine duration by WMO as the length of time
for which direct solar radiation exceeds a threshold (7) of
120 W/m?>. Gueymard 1993 examined T values of 5, 60, 120,
180, and 240 W/m? for both direct and global solar radiation.
His work indicated that coefficient of correlation between
clearness index and relative sunshine duration is highest at
T=120 W/m? for direct solar radiation and only increases
slightly at 120 < T' < 240 W/m? (i.e., 0.959 < R < 0.970) for
global radiation. In this work, the actual sunshine duration
was extracted from global solar radiation using 7=210 W/
m?. The Angstrom turbidity data are produced by the GADS
(Global Aerosol Data Set 2.2a; see Koepke et al. 1997 and
Hess et al. 1998) model. The thickness of ozone layer is
obtained from TOMS (Total Ozone Mapping Spectrometer)
zonal means provided by NASA/GSFC Ozone Processing
Team (see https://toms.gsfc.nasa.gov/ozone/ozone_v8.html).
Geographical information and annual-mean climatological
data for the stations used in the study are listed in Table 1.

3 Description of the broadband all-sky
model

The solar radiative transfer model used in this study is an
all-sky radiation model (hereafter known as hybrid model)
that combined parameterization of broadband transmit-
tances for clear sky and empirical transmittance for cloudy
sky (Yang et al. 2001, 20064, b; Yang and Koike 2005). The
transmittances that were used to quantify the five notable
damping processes under clear sky had been adjudged to be
high performers (Gueymard 2003a, b; Paulescu and Schlett
2004; Madkour et al. 2006). The model for daily radiation is
described by the following mathematical equations:

E= EclearTc’ (2)
Eclear = Ebclear + Edclear’ (3)
where E (MJ/m?) is the all-sky daily global radiation (hereaf-
ter known simply as solar radiation), E,;.,. (MJ/m?) is clear-
sky daily global radiation, and 7, is the daily mean global
transmittance due to cloud absorption and scattering. Yang
and Koike (2005) empirically relate 7, to relative sunshine
duration (n/N,,,,) as:

lear

7, = 0.2505 + 1.1468 (1/N,o,,) — 0.3974(n/Nyeu)®s  (4)

Using data from 12 stations located in the lowland, humid
region of Japan (i.e. the stations have humidity ranging
between 55 and 75%, and altitude ranging between 0 and
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Table 1 Geographical and annual-mean climatological data at calibration and validation stations

Climate zone Site Acronyms Latitude (°N) Longitude (°E) Altitude (m) Period Air. tem-  Relative Global
perature humidity  radiation
(°C) (%) (MJ/m?*/day)
Monsoon (Am)
Yola YO 9.28 12.38 260 2009-2012 29.4 40.3 18
Abuja AB 9.07 7.48 536 2007-2010 27.8 65.2 14.4
+ Lapai LA 9.03 6.82 242 2010-2012 27.5 62.1 15.8
+ Anyigba AN 7.25 7.18 420 2010-2013 25.7 68.3 13.4
+ Akure AK 6.96 4.6 131 2010-2011 25 78.1 13.3
Nsuka NS 6.85 7.4 359 2007-2013 26.1 69.6 11.5
Tropical savan-
nah (Aw)
Lagos LAG 6.6 334 39 2007-2008 27.8 76.6 10.2
Port Harcourt PH 4.78 6.98 7 2008-2011 27.1 78.8 10.7

Annual rad. is the annual mean daily solar radiation. The stations are classified into climate zone based on Koppen climate classifications. + Rep-

resent the calibration stations

610 m). Where n is the sunshine duration and N, is the
maximum possible sunshine duration. Ey ., (MJ/m?) and
Eq cear (MJ/m?) are the daily direct radiation and diffuse solar
radiation received at the ground level under clear skies, respec-

tively. They are calculated as follows:

2
Ey clear = /1 Ey7,d1, (5a)
‘
2
Ed,clearz'/1 EO"’_-ddt’ (Sb)
t

where E, (W/m?) is the solar constant and #,, t,, 7,, and 7, are
the sunrise (s), sunset (s), broadband normal radiative trans-
mittance and diffuse radiative transmittance, respectively.
The transmittance are approximated as given in Yang et al.
(20064, b) by

7, ~ max(0, ?OZ?W*g 7.7, — 0.013), (6a)

7, & max{0,0.5[7,,7,7,(1 — 7,7,) + 0.013]}, (6b)

-

where 7, 7,, 7,,, 7,, and 7, are the solar transmittances of
five radiative extinction processes in the atmospheric layer
for Rayleigh scattering, aerosol extinction, ozone absorp-
tion, water vapor absorption, and permanent gases absorp-
tion, respectively. The input parameters for calculating
these transmittances are the precipitable water w (g/cm?),
Angstrbm turbidity, ozone layer thickness, surface elevation,
and surface air pressure.

In the model, the precipitable water w (cm) is estimated
from surface relative humidity %, (%) and air temperature T,
(K) by a semi-empirical formula:

w = 0.00493h,T; ' exp[26.23 — 5416T; ] 7

Yang and Koike (2005) combined Eqs. 2 and 4 to obtain a
parametric model for estimating daily all-sky solar radiation
(hereafter known as hybrid model) as:

E =1,E, ., = (0.2505 + 1.1468(11/N.yer) — 0.3974(1 /N ye)*)Eectear-
®)

4 A new radiative transmittance for cloud

The effects of cloud extinction on solar radiation were inves-
tigated by developing a new radiative transmittance for cloud
using the pool of data at the calibration stations. The trans-
mittance is defined as the ratio of solar radiation E (W/m?)
to that under clear sky E, (W/m?). That is,

clear

T = E/Eclear' (9)

Excluding the damping processes that characterized the
clear-sky solar radiation, 7., according to Angstrom (1924)
is linearly related to the daily average of relative sunshine
duration as

E/Eclear =Cl+bl’l/N, (10&)
Recent studies had shown that polynomial function such

as

T = bl + bZn/Nclear + b3(n/Nclear)2’ (1Ob)

are much more accurate (Suehrcke et al. 2013), where N,
is the modified day length. Figure 1 gives the calibration
curve for Eq. (10b) and hence, a new radiative transmittance

for cloud was obtained as

7, = 0.1397 + 0.5572n /N, + 0.4414(n/Ny..0)> a1

Equation 11 was used to replace Eq. 4 in the original ver-
sion of hybrid model (Eq. 8) to derive a modified version
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of hybrid which should be more appropriate for equatorial
region of West Africa.

5 Solar radiation models for comparisons

The FAO (Allen et al 1998) recommended the values of
0.25 and 0.5 for a and b in Eq. (1), respectively, for locations
where actual solar radiation data are not available and no
calibration has been carried out to derive regression coef-
ficients a and b.

Gopinathan (1988) (hereafter known as GOP model)
suggested the regression coefficients a and b in Eq. (1) in
terms of the latitude, elevation, and percentage of possible
sunshine for any location around the world as:

a = —0.309 + 0.539 cos ¢ — 0.0693h + 0.29n/N, (12)

b =1.527 — 1.027 cos ¢ + 0.0926h — 0.359n /N, (13)

where ¢ is the latitude and / is the altitude above the sea
level.

Hay (1979) (hereafter known as Hay model) considered
the effects of cloud cover, ground reflectivity, and average
air mass on the coefficients and proposed a site-independent
correlation using data collected from western Canada as

E 0.1572 + 0.556(n/N)

Ey 1= pg[pan/N) + po(1 — (/)] (14)

where p,, p,.and p, are ground, clear sky, and cloud albedo,
respectively. Constant values of 0.25 and 0.6 are provided
for clear sky and cloud albedo, respectively.

Yang and Koike (2005) used a pool of data from 12 sta-
tions in Japan (humid climate), 4 stations in the USA, and
4 stations in Saudi Arabia (dry climate) to derive a global
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Relative sunshine duration (n/N

clear)

Angstrom—Prescott model (hereafter known as global
model) of the form

E/Ey = a, + a;n/N + a3(n/N)*, 15)

where E is the extraterrestrial solar radiation at the hori-
zontal level at the top of the atmosphere and a,, a,, and
a, are Angstrom—Prescott’s regression coefficients from the
calibrations with the values 0.1715, 0.8419, and — 0.3206,
respectively.

New coefficients were also obtained for Eq. 15 using
the data at the calibration stations (Table 1) to develop
a locally calibrated Angstrom—Prescott model (hereafter
known as Nigerian A-P) at R?>=0.81 (Fig. 2) as:

E/E, = 0.0965 + 0.3815(n/N) + 0.3098(n/N)?. (16)

6 Models comparisons

The above listed models (Egs. 1, 8, 12-16, with the vari-
ous and appropriate coefficients) were used to estimate
the daily mean solar radiation at all the stations listed in
Table 1 excluding Akure because of the shortness in the
duration of measurements at the station.

Model performances were evaluated using mean bias
error (MBE) and root mean square error (RMSE).
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Table 2 Monthly variation of Clearness Index (E/E,

lear) and relative
sunshine duration (n/N) at the calibration stations

Month n (h) E (MJ/m?) 1IN gear E/E 4o
January 6.8 134 0.6 0.6
February 6.8 14.8 0.6 0.6
March 6.8 14.6 0.5 0.6
April 7.3 16.7 0.6 0.6
May 6.7 15.3 0.5 0.6
June 6.8 14.6 0.5 0.6
July 6.3 13.6 0.5 0.5
August 52 11.6 0.4 0.4
September 6.1 13.6 0.5 0.5
October 6.5 14.1 0.6 0.6
November 6.5 14.7 0.6 0.7
December 6.8 14.2 0.6 0.7
7 Results

7.1 Weather conditions and transmittance for cloud
at the calibration stations

The monthly mean daily global solar radiation, actual sun-
shine duration, relative sunshine duration, and Clearness
Index from the pool of data at the calibration stations are
given in Table 2. The rainy season months (April-October)
have lower values of both relative sunshine duration (n/N)
and Clearness Index (7, = E/E,.,,) compared with the dry
season months (November—March). These low values of
Clearness Index were indicated by Suehrcke et al. (2013)
to be latitude dependent as values ranging from 0.66 at
sites located in equatorial humid region to 0.77 for sites at
low humidity, and higher latitudes were observed by using

y = 0.3098x2 + 0.3815x + 0.0965

R? = 0.8098

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Relative sunshine duration (n/N)

monthly data. August has the lowest values of both n/N
and 7. Using the weather condition classification proposed
by Igbal (1980), which are (1) heavily overcast weather for
7, < 0.4, (2) partly overcast weather for 0.4 < 7, < 0.6, and
(3) clear weather 7, > 0.7, the likelihood of cloudy weather
event is given in Fig. 3a. It was shown that the prevailing
weather condition for all the months is partly overcast.
Month of April through to October that corresponds to the
rainy season is heavily overcast. August is the cloudiest
month even though September has the highest number of
rainy events (61.8%). Based on relative sunshine duration
classification scheme reported by WMO (2008), that is,
(1) cloudy sky (0 < n/N <£0.3), (2) scattered clouds sky
(0.3 <n/N <0.7),and (3) clear sky (0.7 < n/N < 1.0), the
prevailing weather condition at the calibration stations is
scattered clouds sky (Fig. 3b).

Figure 4 gives various comparisons of transmittances
using Eqs. 11 and 16 developed from all the data at the
calibration stations and those developed elsewhere (Egs. 1,
4, and 15). Equation 1 utilized the recommended coeffi-
cient of FAO model. The values of transmittances gener-
ated based on Angstrom—Prescott model (Eq. 16) using
Nigeria data are indicated to be lowest for all n/N values
considered. The Nigerian-based cloud transmittances gen-
erated from Eq. 11 have slightly lower values for cloudy
condition (i.e., 0 <n/N <0.4) when compared with
Japan-based cloud transmittances (Eq. 4) and global-based
Angstrom—Prescott transmittance (Eq. 15). However, the
Nigerian-based cloud transmittance Eq. 11 is indicated in
Fig. 4 to generate the highest values of transmittance for a
range of weather events starting from scattered cloudy to
clear sky (n/N > 0.4). The FAO-based, Japan-based, and
global-based transmittances generated from Eqgs. 1, 4, and
15, respectively, are indicated to converge to almost a sin-
gle curve for 0.2 < n/N < 0.8. The values of FAO-based
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Fig.4 Relationship between relative sunshine duration (greater than
0) and solar radiative transmittance for cloud and other Angstrom—
Prescott-based transmittances. Curves labeled “Global” represent the
calibrated curve for the 12 Japan Meteorological Agency stations, 4
United States stations, and 4 Saudi Arabia stations. The “Nigerian
A-P,” curve represents the calibrated curve for Lapai, Anyigba, and

transmittances are indicated highest for cloudy sky or
heavily overcast weather condition.

7.2 Comparisons of solar radiation models

The annual and seasonal comparisons of the performances
of five site-independent models, namely, FAO, global, GOP,
Hay, hybrid and two new models developed for equato-
rial region of West Africa were compared using MBE and
RMSE (Figs. 5, 6, 7). The new models are: (1) a modified
version of hybrid model using a new cloud transmittance
developed for equatorial region of West Africa and (2) a
second ordered Angstrom—Prescott model developed using
the same data in (1) above.

On the annual scale (Fig. 5), the magnitude of MBE
and RMSE values for all the site-independent models (i.e.,
global, GOP, FAO, Hay, and hybrid models) decreased
from Port Harcourt (PH: MBE values ranged from — 6.4
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Akure data in Nigeria (Table 1). The “FAO” curve represents FAO-
recommended parameters. The “Japan_cloud” is the cloud trans-
mittance curve of data from the 12 Japan Meteorological Agency
stations. The “Nigerian_cloud” is the cloud transmittance curve rep-
resenting the calibrated curve for all the data at the calibration sta-
tions in Table 1

to — 5.86 MJ/m? and RMSE values ranged from 6.01 to
8.28 MJ/m?) in tropical savannah to Yola (YO: MBE val-
ues ranged from — 1.16 to — 1.12 MJ/m? and RMSE val-
ues ranged from 2.22 to 2.33 MJ/m?) in monsoon region
with exception of Abuja (AB) where GOP, FAO, and Hay
models generated the highest MBE values and Yola where
GOP deviated from the normal trend. The performance of
the Hay model is comparatively the best at five of the seven
locations (PH to AN) of all the site-independent models with
MBE values ranging between — 5.86 and — 2.35 MJ/m? and
RMSE values ranging between 3.04 and 6.01 MJ/m? and
the statistics are almost equal to that global and FAO at YO.
hybrid and FAO models ranked best at Abuja which are the
only two excepted station. The GOP model is comparatively
the worst of all.

Figure 5 further indicates that the locally calibrated Ang-
strom—Prescott (A—P) and the modified hybrid model were
the best on the annual scales in all the locations considered.
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Fig.5 Annual performances using a annual estimates of optical
air mass at all stations in Table 1 except Akure in order of increas-
ing latitudes b mean bias error (MBE) and ¢ root mean squared error
(RMSE) of the globally calibrated Angstrom—Prescott model (global),
Gopinathan model (GOP), FAO-recommended model (FAO), Hay
model (Hay), locally calibrated Angstrom—Prescott model (A—P),
all-sky parametric model (hybrid), and modified all-sky parametric
model (Hybrid_modified) in estimating daily solar radiation

For A-P model, the MBE values ranged from — 0.79 to
0.94 MJ/m? and RMSE values ranged from 1.46 to 3.69 MJ/
m? while for modified hybrid model, the MBE values ranged
from — 1.0 to 0.57 MJ/m* and RMSE values ranged from
1.47 to 1.84 MJ/m*.

For dry season, the values of MBE (ranging from — 7.59
to — 0.77 MJ/m?) and RMSE (ranging from 0.8 to 8.89 MJ/
m?) for all the site-independent models showed a more or
less decreasing trend from PH to YO with exception of
GOP at LA (Fig. 6). Hay model again, was indicated as the
best of all the site-independent models from locations PH
to LA. It was only out-performed by global model at AB
and YO. The performance of the locally calibrated Ang-
strom—Prescott (A—P) and the modified hybrid models were
comparatively better than all the site-independent models in
the dry season in all the locations considered (Fig. 6). For
A-P model, the MBE values ranged from — 2.65 to 0.96 MJ/
m? and RMSE values ranged from 1.44 to 2.98 MJ/m? while
for modified hybrid model, the MBE values ranged from

— 1.98 to 0.82 MJ/m? and RMSE values ranged from 0.79
to 1.82 MJ/m”.

The MBE and RMSE values of all the site-independent
models in the wet season have similar magnitudes with those
of dry season, with roughly the same trend of decreasing in
values from PA to YO with the exception of LA (Fig. 7). The
performance of the locally calibrated Angstrom—Prescott
(A-P) and the modified hybrid models was comparatively
better than all the site-independent models during the wet
season in all the locations considered (Fig. 7). For A-P
model, the MBE values ranged from — 2.28 to 0.01 MJ/m?
and RMSE values ranged from 1.47 to 2.68 MJ/m?* while
for modified hybrid model, the MBE values ranged from
—2.18 to 0.3 MJ/m? and RMSE values ranged from 1.44 to
2.67 MJ/m”.

8 Discussion

All the site-independent models considered in this study
underestimated the daily solar radiation with decreasing
magnitudes which are latitude dependent as indicated by
the MBE values that decreased with latitudes (i.e., from
PH: Port Harcourt to YO: Yola) in Figs. 5, 6, 7. This latitu-
dinal influence was further investigated by calculating the
absolute optical air mass using the formula of Kasten and
Young (1989) at solar noon (12 p.m.) in each location of
study on the annual scale. Absolute air mass is a parameter
that combined zenith angle (a factor influenced by latitude),
altitude, and air temperature. Figure 5 clearly indicates that
both mean bias error (index for underestimation) and root
mean squared error (a measured of accuracy) decreased with
decrease in optical air mass. It therefore confirmed that all
the site-independent models were developed using data at
latitudes higher than those in equatorial regions and with
possibility of lower optical air mass at the solar noon on
the annual scale. Hence, to improve the performance of the
site-independent global models, more data from the equa-
torial region should be infused into their calibrations. Hay
model that included albedos of ground, clear sky, and cloud
at relatively low altitude perform best of all site-independent
models. The performance of hybrid model during the dry
season is much better than wet season indicating the influ-
ence of explicit parameterization of aerosol by this model in
clear-sky condition. Otunla (2019) had shown that aerosol
and water vapor are the principal attenuators of solar radia-
tion under clear-sky condition in Nigeria. The overall per-
formance of hybrid in the region of study is, however, poor
compared with its modified version and locally calibrated
A-P model unlike other regions where performance tests
were indicated to be good (Yang and Koike 2005; Yang et al.
2001, 20064, b; Tang et al. 2010).
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Fig.6 Dry season performances
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The patterns of cloud cover observed at the stations used
in this study (Fig. 3) are characteristics of the monsoon cli-
mate of equatorial region of West Africa. Weather pattern
in the region usually follows the meridional shift of Inter-
tropical Convergence Zone (ITCZ). Highly moist, rain-laden
air masses and clouds have been observed south of the ITCZ
during the rainy season while the air masses north of ITCZ
are dry and dust laden (Odekunle 2004; Adeniyi 2014). A
phenomenon usually characterized with high gust of wind,
overcast or nearly overcast skies, and cessation or lesser
rainfall in the coastal areas had been observed in month
of August when the ITCZ reached its northmost position
(Adejuwon and Odekunle 2006). This weather pattern is
characteristic of monsoon climate of West Africa with a
consequence of a distinct solar radiation cloud transmittance
pattern different from other regions of the world (Fig. 4).
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Thus, a new solar radiation cloud transmittance is required
(Eq. 11) for parametric broadband solar radiation models
(hybrid model) that separately parameterized clear and
cloudy sky solar radiation damping processes in equatorial
region of West Africa. Investigation of the performances
(based on MBE and RMSE) of the modified broadband
all-sky solar radiation model using the new cloud transmit-
tance indicated that the modified model produced daily solar
radiation estimates that were better than the original all-sky
broadband solar radiation model (hybrid model) and slightly
better than the locally calibrated Angstrom—Prescott model
(A—P model). The modified broadband solar radiation model
performances were clearly better than FAO, global, Gopina-
than and Hay site-independent solar radiation models.

The slight superiority of the modified version all-
sky broadband solar radiation model (modified hybrid
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Fig.7 Wet season performances

(a) 4
using a mean bias error(MBE)
and b root mean squared
error (RMSE) of the globally 2
calibrated Angstrom—Prescott L :

ocations
model (global), Gopinathan I
model (GOP), FAO-recom- 0 1 T | m n ‘i -
mended model (FAO), Hay - !i LA I
model (Hay), locally calibrated b}
Angstrésm—Prescott model E -2
(A-P), all-sky parametric model E
(hybrid), and modified all-sky o
parametric model (modified g -4
hybrid) in estimating daily solar
radiation in Table 1 except 6 H Global mGO FAO
lAf‘ltJr(ei in order of increasing m Hay = A-P Hybrid
atitudes
-8 B Hybrid_modified
-10
(b) 12
10 M Global H GOP
FAO M Hay
8 B A-P Hybrid

RMSE(MJ/m?)
(o))

model) over the locally calibrated, site-dependent
Angstr(jm—Prescott model (A-P model) is traceable to its
spectra model-based explicit and accurate parameterization
of clear-sky solar radiation (Gueymard 2003a, b).

9 Conclusions

A broadband solar radiation model that explicitly and
separately parameterized clear and cloudy sky radiation
(hybrid model) damping processes had been examined.
Solar radiation transmittance for cloud which was empiri-
cally formulated as a function of relative sunshine dura-
tion had also been examined for equatorial region of West
Africa. A distinct cloud transmittance pattern which is

4

2 H

\ il
PH LAG

B Hybrid_modifie

NS AN LA AB YO

Locations

appropriate for the weather pattern of the region of study
was obtained. The new solar radiation transmittance for
cloud was implemented as a modification of hybrid model
and was tested at seven locations in the equatorial region.
The modified version of the hybrid model was found to
generally perform better than either locally calibrated
Angstrom—Prescott model or four other site-independent
models.
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