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Abstract 7 

In this research paper, measured monthly average daily radiometric data for global solar radiation on the horizontal surfaces 8 
and atmospheric parameters including relative humidity, sunshine hours, dew point temperature as well as the ambient 9 
temperatures (minimum and maximum) at Calabar, Nigeria obtained from the archives of the Nigeria Meteorological 10 
Agency, Oshodi Lagos, Nigeria for a 14-year period (2000-2013) were analysed and fifteen empirical models developed for 11 
predicting photosynthetically active radiation (PAR) for Calabar environment. The photosynthetically active radiation is 12 
estimated from measured global while the models are developed using extraterrestrial PAR, relative humidity, relative 13 
sunshine hours, dew point temperature as well as the relative ambient temperature (minimum and maximum) and clearness 14 
index. The performance of the models developed were tested for validation using mean bias error (MBE), root mean square 15 
error (RMSE), mean percentage error (MPE), Nash-Sutcliff equation (NSE), chi squares (χ2) and index of agreement (d). the 16 
linear, quadratic and polynomial regression models developed to estimate PAR judging from the model performance and 17 
validation test indicates that the proposed models could be used to estimate PAR in Calabar environ and  other locations with 18 
similar climatological conditions across the globe.  19 
Keywords: Atmospheric Parameters; Calabar; Clearness Index; Global Solar Radiation; Modelling; Photosynthetically Active 20 
Radiation 21 
  22 

1. Introduction 23 

Photosynthetically active radiation (PAR) is the light wavelength range that is best fit for photosynthesis to 24 

occur. Photosynthesis is a process that requires light energy and optimally occurs within the broad range of 25 

broad bandwave of 400-700nm [1, 2]. The range is also within the visible light. Visible light encompasses the 26 

electromagnetic spectrum from visible blue/violet to red. Blue light has a higher energy and shorter wavelength 27 

than green or red light, while red light has the lowest energy in the visible spectrum.  28 

Photons at shorter wavelengths tend to be so energetic that they can be damaging to cells and tissues but are 29 

mostly filtered out by the ozone layer in the stratosphere while photons with longer wavelengths do not carry 30 

enough energy to allow photosynthesis to take place McCree [1]. In general, plants use PAR as an energy source 31 

to convert carbon IV oxide (CO2) and water (H2O) through photosynthesis into organic compounds (typically 32 

sugar, called glucose) which are then used to synthesize structural and metabolic energy required for plant 33 

growth and development, respiration, as well as stored vegetative products that result in plant biomass. This can 34 

be stated in a more convenient form as:  35 

6CO2(liquid) + 12H2O(liquid) + Photon → C6H12O6(aqueous) + 6O2(gas) + 6H2O(liquid)   (1) 36 

The photon in equation (1) is known as PAR. This component of solar radiation spectrum (PAR) is extremely 37 

essential, because it is the solar energy source for vegetative photosynthesis to provide us with products such as 38 

food and fibre sources, biofuel carriers and additional material sources that support industrial process. It also 39 

plays very important roles in plant growth, and it is the principal factor in the rate of solar energy conversion 40 

into biological mediated energy. Proper prediction and understanding of this radiometric parameter (PAR) are 41 

needed for numerous applications, such as studies of radiation climate, remote sensing of vegetation, radiation 42 

regimes of plant canopy and photosynthesis, an essential input in models estimating plant productivity, and 43 

carbon exchange between ecosystem and atmosphere.  44 

Measurements of PAR have been performed in many parts of the world using a variety of techniques. These 45 

techniques involve the use of Eppley precision spectral pyranometer (PSP), Li-COR quantum sensors (Li-46 

190SZ) and PAR lite. Unfortunately, a worldwide routine network for the measurement of PAR is not yet 47 

established. In order to circumvent this problem, Williams [3] conducted a simulation for a wide variety of 48 

climatic conditions and concluded that the ratio of PAR to global solar radiation (SR) is constant. PAR to SR 49 

has been investigated worldwide to predict PAR from routine measured SR, and on the basis of previous studies 50 

in several locations, PAR to SR basically falls between 0.45 and 0.50, as shown in Tsubo and Walker [4]. Moon 51 

[5] computed the spectral distribution of direct sunlight for sea level and suggested that PAR/SR was between 52 
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44% and 45% at places of low altitudes when the sun was more than 30° above the horizon, while Monteith [6] 53 

suggested that the PAR can be taken as half of the total SR in the tropics as well as in temperate latitudes based 54 

on his measurement at Sutton Bonington (52°N, 50°W). Howell et al. [7] and Meek et al. [8] estimated PAR to 55 

be 45% of SR. Several studies have observed that PAR varied according to location [4, 9, 10], Sky 56 

conditions [11, 12], sky clearness, sky brightness and atmospheric depth for the solar beam [13], relative 57 

sunshine duration and water vapor pressure [14], altitude [15], irradiance intensity [16], day length [17, 58 

16], dust and aerosol [18], pyrogenic aerosols from biomass burning [10], atmospheric transmittance 59 

includes the attenuation of solar radiation by dust and aerosol scattering, and absorption by water, ozone 60 

and other atmospheric gases [19, 13, 20]. It is therefore imperative to develop a set of models for estimating 61 

PAR from the measured SR and other meteorological parameters enumerated by these researchers that will 62 

conveniently estimate the influence of atmospheric conditions on this radiometric parameter. This will produce 63 

amount of appreciated PAR data without the substantial cost of the instrumentation network that would 64 

otherwise be needed. The aim of this paper is to develop empirical models for estimating PAR from global solar 65 

radiation data in Calabar, Nigeria and other geographical locations with similar climatological conditions. 66 

2. Materials and Methods 67 

The site considered in this study is Calabar, Nigeria, located on latitude 04
o
71

1
 N and longitude 08

o
55

1
 E and 68 

62.3m above sea level. The monthly average daily data for global solar radiation on horizontal surfaces, relative 69 

humidity, sunshine hours, dew point temperature as well as the ambient temperatures (minimum and maximum) 70 

were obtained from the archives of the Nigeria Meteorological Agency, Oshodi Lagos, Nigeria for a 14-year 71 

period (2000-2013). The global solar radiation data obtained using Gunn-Bellani radiation integrators were 72 

converted to MJm
-2

day
-1

 using the conversion 1ml is equivalent to 1.216 MJm
-2

day
-1

 Ododo [21]. 73 

2.1 Model Development 74 

Various measuring techniques and climatic parameters have been used in developing empirical models for 75 

estimating PAR. In this paper, the constant ratio of 45% of measured global solar radiation data as generalized 76 

by several researchers [5, 3, 7, 8, 4, 14] was used to obtain the PAR data since there is no standard weather 77 

station that routinely measure PAR in Calabar. Therefore, PAR can estimated mathematically thus: 78 

HPAR 45.0=            (2) 79 

Where H is the measured global solar radiation the horizontal surface. The extraterrestrial solar radiation on the 80 

horizontal surface oH , is given by Iqbal [22] as follow:  81 







+= ssoESCIoH ωδφδφω

π

π
sincoscossinsin

180

24
       (3) 82 

Where SC
I  is the solar constant, oE is the eccentricity correction factor, φ  is the latitude of the location, δ  is 83 

the solar declination and sω  is the hour angle. The expression for SC
I , oE , φ , δ  and sω  are given by Liou [23] 84 

as: 85 

)
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(
1000000
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Where N is the characteristics day number for each month as shown in table 1. 88 
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The average day length for each month was collected using the expression by [23] as: 91 

( )δφ tantan
1

15

2
−

−
= CosoS          (8) 92 
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The extraterrestrial PAR was estimated as 40% of the extraterrestrial global solar radiation as generalized by 93 

Monteith and Unsworth [19]. It was assumed that the sun-earth distance did not vary seasonally because the 94 

ratio of the distance between the earth and the sun on a specific day to the mean distance throughout the year is 95 

never more than 3.5% away from one Gates [24]. Thus, extraterrestrial photosynthetically active radiation,96 

oPAR , can expressed and estimated as: 97 

oHoPAR 4.0=            (9) 98 

The monthly mean daily values of PAR on the horizontal surface was correlated with the monthly mean daily 99 

values of the relative humidity, relative sunshine hours, extraterrestrial global solar radiation, extraterrestrial 100 

PAR, dew point temperature as well as the relative ambient temperatures (minimum and maximum), to generate 101 

fifteen models (linear, quadratic and polynomial equations) which were used to estimate the PAR at Calabar. A 102 

computer statistical software program (IBM SPSS 20) was used in obtaining the regression constants, 103 

correlation coefficient (R), coefficient of determination (R
2
) and adjusted coefficient of determination (R

2
). The 104 

performance of the models were tested by calculating Nash-Sutcliff equation (NSE), chi square (χ2) and index of 105 

agreement (d). However, the error in the prediction were evaluated by the mean bias error (MBE), root mean 106 

square error (RMSE), mean percentage error (MPE). The PAR predicted (model) and observed values were 107 

plotted against the months of the year to observe how well the predictive (model) values fit in with the observed 108 

PAR values.  Therefore, the sets of models developed for estimating PAR at Calabar, Nigeria are given as: 109 

Model 1: Kt

oH

PAR
448.0001.0 +=           (10) 110 

Model 2: 
2

050.0406.0009.0 KtKt

oH

PAR
++=          (11) 111 

Model 3: 

oS

s
Kt

oH

PAR
004.0448.0002.0 ++−=          (12) 112 

Model 4: Kt

oPAR

PAR
119.1002.0 +=           (13) 113 

Model 5: 
2

103.0034.1020.0 KtKt

oPAR

PAR
++=          (14) 114 

Model 6: 

oS

s
Kt

oPAR

PAR
007.0120.1003.0 ++−=          (15) 115 

Model 7: Kt
R

oPAR

PAR
118.1

100
002.0005.0 +−=          (16) 116 

Model 8: 
2

326.1
100

022.0253.0 Kt
R

oPAR

PAR
+−=          (17) 117 

Model 9: 
2

111.0025.1
100

003.0025.0 KtKt
R

oPAR

PAR
++−=         (18) 118 

Model 10: Kt

oS

sR

oPAR

PAR
114.1014.0

100
008.0001.0 ++−=         (19) 119 

Model 11: Kt
dewT

oPAR

PAR
120.1

100

003.0002.0 ++=         (20) 120 

Model 12: Kt

oS

sdewT

oPAR

PAR
121.1009.0

100

016.0008.0 +++−=        (21) 121 

Model 13: Kt
dewT

oH

PAR
009.0

100

001.0001.0 ++=          (22) 122 
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Model 14: 
2

055.0402.0

max

min
002.0011.0 KtKt

T

T

oH

PAR
++−=        (23) 123 

Model 15: 

oS

s
Kt

T

T

oH

PAR
005.0448.0

max

min
003.0001.0 ++−−=        (24) 124 

 125 

 126 

3. Results and Discussion 127 

 128 

The calculated values of monthly mean daily values of global solar radiation ( )
mH , sunshine hours ( S ), dew 129 

point temperature ( )dewT , minimum temperature ( )minT , maximum temperature ( )maxT , relative humidity ( )R130 

, extraterrestrial solar radiation ( )oH , clearness index ( )tk , characteristic day number (n), observed and 131 

predicted photosynthetically active radiation ( )PAR   and extraterrestrial photosynthetically active radiation (132 

oPAR )  for calabar are presented in Tables (1-3). The observed and predicted photosynthetically active radiation 133 

( )PAR  are shown in figures 1-2.  134 

The minimum values of the monthly mean daily PAR are 5.36MJm
-2

day
-1

, 5.34MJm
-2

day
-1

, 5.33MJm
-2

day
-1

, 135 

5.34MJm
-2

day
-1

, 5.33MJm
-2

day
-1

, 5.35MJm
-2

day
-1

, 5.34MJm
-2

day
-1

, 5.35MJm
-2

day
-1

, 5.47MJm
-2

day
-1

, 5.36MJm
-

136 
2
day

-1
, 5.35MJm

-2
day

-1
, 5.31MJm

-2
day

-1
, 5.35MJm

-2
day

-1
, 5.33MJm

-2
day

-1
, 5.32MJm

-2
day

-1
 and 5.33MJm

-2
day

-1 
137 

for observed and predicted (models) irradiance respectively and they occur within the month of August. This 138 

range of values (5.32-5.47MJm
-2

day
-1

) are within what is expected of a tropical site [9, 18]. This is the month 139 

that is characterized by heavy rainfalls. It is pertinent to also state here that from the records of temperature 140 

readings observed during the same period, August has low monthly mean daily temperature, high monthly mean 141 

dew point temperature and relative humidity (Table 1). These occurrences could be attributed to the wet 142 

atmosphere and the presence of clouds. These factors attenuate PAR through absorption by the precipitable 143 

water vapour and through reflection and absorption by clouds [25, 26]. The same trend was observed by [9] in 144 

Ilorin, Nigeria.  145 

The maximum values of the monthly mean daily PAR are 7.85MJm-2day-1, 7.85MJm-2day-1, 7.83MJm-2day-1, 146 

7.85MJm
-2

day
-1

, 7.84MJm
-2

day
-1

, 7.86MJm
-2

day
-1

, 7.85MJm
-2

day
-1

, 7.85MJm
-2

day
-1

, 7.93MJm
-2

day
-1

, 7.86MJm
-

147 
2
day

-1
, 7.85MJm

-2
day

-1
, 7.82MJm

-2
day

-1
, 7.85MJm

-2
day

-1
, 7.84MJm

-2
day

-1
, 7.82MJm

-2
day

-1
 and 7.83MJm

-2
day

-1 
148 

for observed and predicted (models) radiation respectively and they occur within the month of November. These 149 

range of values (7.83-7.93MJm-2day-1) are within what is expected of a tropical site [9, 18] but the month of 150 

occurrence (November) is not expected because of the harmattan season when aerosol mass loading greatly 151 

reduces the intensity of PAR.  152 

The mean monthly values of 6.35MJm
-2

day
-1

, 6.35MJm
-2

day
-1

, 6.33MJm
-2

day
-1

, 6.35MJm
-2

day
-1

, 6.34MJm
-2

day
-

153 
1, 6.35MJm-2day-1, 6.35MJm-2day-1, 6.35MJm-2day-1, 6.34MJm-2day-1, 6.35MJm-2day-1, 6.35MJm-2day-1, 154 

6.32MJm
-2

day
-1

, 6.35MJm
-2

day
-1

, 6.35MJm
-2

day
-1

, 6.32MJm
-2

day
-1

 and 6.33MJm
-2

day
-1 

for observed and 155 

predicted (model) PAR respectively and they occur within the months of March – September for the rainy 156 

season. This is because, primarily, because the absorption of PAR in the intend portion of the solar spectrum is 157 

enhanced leading to reduction in the PAR under cloudy skies. Also with the movement of the Inter-Tropical 158 

Convergence Zone (ITCZ) into the Northern hemisphere, the rain-bearing South westerlies prevail as far inland 159 

as possible to bring rainfall during the rainy season. The implication is that there is a prolonged rainy season in 160 

the far South (Calabar), while the far North undergoes long dry periods annually. These values are within the 161 

range of what is expected of a tropical site [9, 18]. Similar characteristics of diurnal pattern of PAR was 162 

observed by [27] in Ilorin, Nigeria.  163 

The mean monthly values of 7.43MJm
-2

day
-1

, 7.43MJm
-2

day
-1

, 7.41MJm
-2

day
-1

, 7.42MJm
-2

day
-1

, 7.42MJm
-2

day
-

164 
1
, 7.43MJm

-2
day

-1
, 7.42MJm

-2
day

-1
, 7.43MJm

-2
day

-1
, 7.46MJm

-2
day

-1
, 7.43MJm

-2
day

-1
, 7.43MJm

-2
day

-1
, 165 

7.40MJm-2day-1, 7.43MJm-2day-1, 7.42MJm-2day-1, 7.40MJm-2day-1 and 7.41MJm-2day-1 for observed and 166 

predicted PAR respectively and they occur within the months of October – February for the dry season at 167 

Calabar. This is because cloudiness conditions occurred frequently during the dry season. This could be also 168 

attributed to influence of the Inter-Tropical Convergence Zone (ITCZ), producing Tropical Continental (TC) 169 

associated with dry and dusty North-East winds (easterlie) which blow from the Sahara desert and finally 170 

prevail over Nigeria, thus producing the dry season conditions. These values are within the range of what is 171 

expected of a tropical site [9, 18]. Similar characteristics of diurnal pattern of PAR was observed by [27] in 172 

Ilorin, Nigeria. The annual mean values of 6.76MJm-2day-1, 6.77MJm-2day-1, 6.74MJm-2day-1, 6.76MJm-2day-1, 173 

6.75MJm-2day-1, 6.77MJm-2day-1, 6.76MJm-2day-1, 6.77MJm-2day-1, 6.76MJm-2day-1, 6.77MJm-2day-1, 6.76MJm-174 
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2day-1, 6.73MJm-2day-1, 6.77MJm-2day-1, 6.76MJm-2day-1, 6.74MJm-2day-1 and 6.75MJm-2day-1 for observed and 175 

predicted PAR respectively. These ranged (6.73-6.77MJm-2day-1) values are within what is expected of a 176 

tropical site [9, 18]. Similar values of mean characteristics of diurnal pattern of PAR was registered by [9] in 177 

Ilorin, Nigeria.  178 

 179 

 180 

Table 1: Monthly Mean Daily Values of Global Solar Radiation ( )mH , Sunshine Hours ( S ), Dew Point 181 

Temperature ( )dewT , Minimum Temperature ( )minT , Maximum Temperature ( )maxT , Relative Humidity 182 

( )R , Extraterrestrial Solar Radiation ( )oH , Clearness Index ( )tk , Characteristic Day Number (N), 183 

Observed Photosynthetically Active Radiation ( )PAR   and Extraterrestrial Photosynthetically Active 184 

Radiation ( oPAR ),  for Calabar (2000-2013).  185 

Month mH   0H    tk        S  oS  dewT  minT         maxT    R           PARo      PAR         N 

             (MJm-2day) (MJm-2day)  (hrs) (hrs)   (o C)   (o C)   (o C)                 (MJm-2day-1)   (MJm-2day-1) 

JAN 15.36 34.27 0.4482 7.7 11.72 21.21 21.91 34.25       72.21 13.71       6.91 17 

FEB 17.10 36.05 0.4743 8.3 11.84 21.99 23.75 34.85 71.71 14.42 7.70 45 

MAR 15.72 37.51 0.4191 8.3 11.97 22.56 23.96 34.78 76.79 15.00 7.07 74 

APR 15.21 37.48 0.4058 8.1 12.11 22.95 23.71 34.11 81.14 14.99 6.84  105 

MAY 15.12 36.28 0.4170 8.5 12.22 23.94 23.35 31.22 83.29 14.51 6.80 135 

JUN 14.00 35.31 0.3965 8.4 12.28 23.84 22.81 32.53 88.64 14.12 6.30 161 

JUL 12.21 35.65 0.3425 8.7 12.25 22.36 22.20 31.54 90.14 14.26 5.49 199 

AUG 11.90 37.07 0.3195 9.2 12.11 23.45 22.36 31.54 88.00 14.83 5.36 239 

SEP 14.60 37.25 0.3919 9.0 12.12 21.49 22.49 31.71 90.00 14.90 6.57 261    

OCT 15.58 36.15 0.4310 9.0 11.87 20.94 22.73 32.11 85.93 14.46 7.01 292 

NOV 17.44 34.34 0.5079 8.8 11.76 21.79 24.50 32.54 83.00 13.74 7.85 322 

DEC 16.12 33.44 0.4821 8.5 11.71 20.91 23.06 32.92 80.07 13.38 7.25 347 

 186 

187 
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Table 2: Monthly, Average, Dry Season. Rainy Season and Sum of Mean Daily Values of Observed     188 

(OBS) and Predicted (Models) Photosynthetically Active Radiation (PAR) for Calabar (2000-2013).  189 

 

Months OBS Model Model Model Model Model Model Model Model Model Model 

 PAR            1    2    3    4    5    6    7    8    9    10 
            (MJm-2day-1)     (MJm-2day-1)   (MJm-2day-1)  (MJm-2day-1)   (MJm-2day-1)   (MJm-2day-1)   (MJm-2day-1)   (MJm-2day-1)   (MJm-2day-1)  (MJm-2day-1)     (MJm-2day) 
JAN 6.91 6.92 6.89 6.90 6.90 6.91 6.90 6.92 6.90 6.92 6.91  

FEB 7.70 7.70 7.67 7.69 7.68 7.69 7.69 7.70 7.72 7.70 7.70  

MAR 7.07 7.08 7.05 7.07 7.06 7.07 7.07 7.08 7.03 7.08 7.08  

APR 6.84 6.85 6.82 6.84 6.84 6.84 6.84 6.85 6.80 6.85 6.84   

MAY 6.80 6.81 6.78 6.81 6.80 6.81 6.80 6.81 6.75 6.81 6.80  

JUN 6.30 6.31 6.28 6.30 6.29 6.30 6.30 6.30 6.24 6.30 6.29  

JUL 5.49 5.51 5.49 5.50 5.49 5.51 5.50 5.51 5.54 5.51 5.50  

AUG 5.36 5.34 5.33 5.34 5.33 5.35 5.34 5.35 5.47 5.36 5.35  

SEP 6.57 6.58 6.55 6.58 6.56 6.57 6.57 6.58 6.51 6.57 6.57     

OCT 7.01 7.02 6.99 7.02 7.00 7.01 7.01 7.02 6.95 7.01 7.02  

NOV 7.85 7.85 7.83 7.85 7.84 7.86 7.85 7.85 7.93 7.86 7.85  

DEC 7.25 7.26 7.23 7.25 7.24 7.26 7.25 7.26 7.27 7.26 7.25 

AVE 6.76 6.76 6.74 6.76 6.75 6.77 6.76 6.77 6.76 6.77 6.76 

RAINY 6.35 6.35 6.33 6.35 6.34 6.35 6.35 6.35 6.34 6.35 6.35 

DRY 7.43 7.43 7.41 7.42 7.42 7.43 7.42 7.43 7.46 7.43 7.43 

SUM 81.15 81.21 80.92 81.16 81.05 81.18 81.12 81.12 81.12 81.12 81.16 

Table 3: Monthly, Average, Dry Season. Rainy Season and Sum of Mean Daily Values of Observed (OBS)      190 

and Predicted (Models) Photosynthetically Active Radiation (PAR) for Calabar (2000-2013).  191 

 

Months  OBS  Model  Model  Model  Model  Model 

  PAR                11        12        13       1 4       1 5 
              (MJm-2day-1)                  (MJm-2day-1)                 (MJm-2day-1)                 (MJm-2day-1)                 (MJm-2day-1)                 (MJm-2day-1) 

JAN  6.91  6.88  6.91  6.91  6.89  6.89 

FEB  7.70  7.66  7.69  7.69  7.67  7.68 

MAR  7.07  7.04  7.07  7.07  7.04  7.06 

APR  6.84  6.82  6.84  6.84  6.81  6.82 

MAY  6.80  6.78  6.81  6.81  6.77  6.79 

JUN  6.30  6.27  6.30  6.30  6.27  6.28 

JUL  5.49  5.47  5.50  5.50  5.48  5.49 

AUG  5.36  5.31  5.35  5.33  5.32  5.33 

SEP  6.57  6.54  6.58  6.57  6.54  6.56 

OCT  7.01  6.98  7.02  7.01  6.98  7.00 

NOV  7.85  7.82  7.85  7.84  7.82  7.83 

DEC  7.25  7.23  7.26  7.25  7.23  7.24 

AVE  6.76  6.73  6.77  6.76  6.74  6.75 

RAINY  6.35  6.32  6.35  6.35  6.32  6.33 

DRY  7.43  7.40  7.43  7.42  7.40  7.41 

SUM  81.15  80.81  81.19  81.11  80.83  80.97 

 192 

 193 

Table 4: Statistical Results for the Validation of the Models of Predicted (models) Photosynthetically  194 

  Active Radiation PAR in terms of their Capability for Estimating the Photosynthetically Active  195 

  Radiation for Calabar (2000-2013).  196 

Locations   a         b        c         d   R           
2

R        A-R2 

Model 1   0.001   0.448     0.999 0.998 0.996 

Model 2   0.009   0.406     0.050   0.999 0.998 0.996 

Model 3  -0.002   0.448                0.004   0.999 0.998 0.996  

Model 4   0.002   1.119      0.999 0.998 0.996  

Model 5   0.020   1.034   0.103   0.999 0.998 0.996   

Model 6  -0.003       1.120     0.007   0.999 0.998 0.996 

Model 7   0.005  -0.002  1.118   0.999 0.998 0.996 

Model 8   0.253  -0.022  1.326   0.998 0.996 0.995 
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Model 9   0.025  -0.003  1.025       0.111  0.999 0.998 0.996 

Model 10   0.001  -0.008  0.014       1.114  0.999 0.998 0.996 

Model 11   0.002   0.003  1.120   0.999 0.998 0.996 

Model 12  -0.008   0.016  0.009       1.121  0.999 0.998 0.996 

Model 13   0.001  -0.001  0.448   0.999 0.998 0.996 

Model 14   0.011  -0.002  0.402       0.055  0.999 0.998 0.996 

Model 15  -0.001  -0.003  0.448       0.005  0.999 0.998 0.996 

Where R is the coefficient correlation of the linear regression of observed versus model’s predictions of photosynthetically active 197 
radiation, R2

 is the coefficient of determination, A-R2 is the adjusted value coefficient of determination, a is the intercept, b c and d are 198 
slope and the units of R, R2 and A-R2 are in MJm-2day-1 199 

 200 

 201 
Figure 1: Comparison between the observed (OBS) and predicted (MODELS) of PAR in MJm-2day-1 for Calabar in 202 
all conditions against month 203 
 204 

 205 
 206 
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Figure 2: Comparison between the observed (OBS) and predicted (MODELS) of PAR in MJm-2day-1 for Calabar in 207 
all conditions against Characteristic Day Number (N) 208 
 209 

In order to test the strength of the relationship between the observed and predictive models values, coefficient of 210 
correlation, R  is used to test the linear relationship between observed and predicted (models) values. The value of R is 211 
between -1.0 and +1.0, the + and – signs are used for positive linear correlations and negative linear correlations. 212 
Coefficient of determination, R2 is most often seen as a number between 0.0 and 1.0, used to describe how well 213 

a regression line fits a set of data. R
2
 near 1.0 indicates that a regression line fits the data well, while an R

2
 closer 214 

to 0.0 indicates that a regression line does not fit the data very well. While A-R
2
 is used to check if the model is 215 

fit for generalization. The intercepts a, ranging from -0.001-0.253 and the slope(s) b, ranging from -0.001-1.119, 216 

c, 0.004-1.118, d, 0.005-1.112 of the linear regression of the observed and predicted (models) values of PAR 217 

were obtained from the correlation. These values are comparable to the values obtained in literature [28, 29, 30]. 218 

The correlation coefficient (R) of 0.998 – 0.999 exist between the explanatory variables (monthly mean daily 219 

values of the relative humidity, relative sunshine hours, extraterrestrial global solar radiation, extraterrestrial 220 

PAR, dew point temperature as well as the relative ambient temperatures) and the daily mean monthly PAR, 221 

indicating that there is high positive correlation between the observed and model’s predictions values of PAR. 222 

However, this range of values are comparable to 0.994-0.998 recorded in Brazil by [30]; range of 0.84-0.97 223 

reported in Southern Iran by [29]; 0.937-0.976 recorded by [31] in Spain and 0.994-0.999 registered by [29] in 224 

Amazon region of South America. The values of coefficient of determination (R2) ranged from 0.996 – 0.998 225 

implying that 99.6% to 99.8% of explanatory variables can be accounted using PAR. These values is in 226 

agreement with 70.6-94.1% repoted by [29] in Southern Iran; 87.8-95.3% reported by [31]; 98.8-0.99.8% 227 

registered by [29] in Amazon region of South America as well as 98.8-99.6% reported by [30] in Brazil. The 228 

estimated value of adjusted coefficient of determination of 0.995–0.996 from the models’ predictions indicating 229 

that they are fit for making generalization in any location across the globe. Table 4 contains summary of various 230 

linear regression analysis obtained from the models’ predictions at Calabar in Nigeria. A close look at figure 1 231 

shows how the predicted (model) values fit in well with the observed PAR confirming that the variables used in 232 

estimating PAR at Calabar are good atmospheric estimators except model 8 that had little deviation from the 233 

observed.  234 

 235 

 236 
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3.1    Model Performance 237 
 238 

In order to validate the predictions of the developed models, three statistical indicators were used to determine 239 

the performance of the predicted models. Willmott [32] developed a statistical relation called index of 240 

agreement, d, that is a dimensionless index bounded between 0 and 1. This index is a better measure of the 241 

model performance than the correlation statistics such as R and is defined as:    242 

     243 
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Where Oi represents summation of observed values of PAR, Pi represents summation of predicted (models) 245 

values of PAR, Oave represents average values of observed PAR, n being the total number of observation. Nash-246 

Sutcliffe Efficiency (NSE) scheme was also used to test the efficiency of the developed models. The efficiency, 247 

E, proposed by Nash and Sutcliffe [33] is defined according Krause et al. [34] as one minus the sum of the 248 

absolute squared differences between the predicted and observed values normalized by the variance of the 249 

observed values during the period of investigation. NSE can be determined using the relationship:    250 
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 252 

Where all symbols retain their usual meaning as in equation (25). According to Willmott [32] both NSE and 253 

index of agreement, d, shows how well the plot of observed versus simulated data fits the 1:1 line. They range 254 

from -∞ and 1.0 (1 inclusive), with NSE or d =1 being the optimal value. The value between 0.0 and 1.0 are, 255 

generally, considered as acceptable levels of performance and values ≤ 0.0 indicates that the average observed 256 

value is a better predictor than simulated value, which indicates unacceptable performance. Adekunle and 257 

Emmanuel [35] suggested chi-square (χ2) is another measure to test the performance of the developed models. 258 

The chi-square (χ
2
) supplies a measure of the discrepancy between the observed and predicted. If χ

2
=0, the 259 

observed and the predicted values agree exactly. If χ
2
 >0, they do not agree exactly. The larger the value of χ

2
, 260 

the greater is the discrepancy between the observed and predicted. This statistical indicator (χ
2
) is given by: 261 
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 264 

where all symbols retain their usual meaning as in equation (25). To determine the error in the predictive 265 

models, Willmott [32] suggested mean bias error (MBE), mean percentage error (MPE) and root mean square 266 

error (RMSE) as good statistical indicators for evaluating the error between the observed and predicted (model) 267 

values. These relations are expressed statistically as: 268 
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Where all symbols retain their usual meaning as in equation (25). Several researchers [36, 37, 38] have 275 

recommended that a zero value for MBE is ideal. Ituen et al. [39] suggested that MBE should be close to zero 276 

for optimal efficiency of radiometric fluxes. Akpabio and Etuk [40] recommended low value of MPE for 277 

optimal performance of solar system while [39, 36, 37, 38] have recommended that a zero value for MBE is 278 

ideal and a low RMSE is desirable. From these statistical indicators in table 5, it appears that all the models 279 

perfectly predict the observed PAR from global solar radiation and some atmospheric parameters. 280 
 281 
Table 5: Statistical Results for the Validation of the Predictive Models of Photosynthetically Active Radiation in 282 
terms of their Capability for Estimating the Photosynthetically Active Radiation for Calabar (2000-2013).  283 
 

Models        NSE          d        χ2      MBE    MPE  RMSE 

Model 1  0.999999349 0.999999837 0.000440  -0.00005   0.00616  0.0173  

Model 2  0.999990440 0.999997602 0.000654   0.01917   0.02362  0.0664 

Model 3  0.999999981 0.999999995 0.000001  -0.00083  -0.00102  0.0029  

Model 4  0.999998192 0.999999985 0.000123   0.00833   0.01027  0.0289 

Model 5  0.999999837 0.999999959 0.000011  -0.00250  -0.00308  0.0087 

Model 6  0.999998375 0.999999959 0.000370   0.00250   0.00308  0.0087 

Model 7  0.999999349 0.999999837 0.000440  -0.00005  -0.00616  0.0173 

Model 8  0.999998375 0.999999959 0.000370   0.00260   0.00308  0.0087  

Model 9  0.999999349 0.999999837 0.000440  -0.00005  -0.00616  0.0173 

Model 10  0.999999981 0.999999995 0.000001  -0.00083  -0.00103  0.0029  

Model 11  0.999979110 0.999994753 0.001431   0.02833   0.03491  0.0981 

Model 12  0.999999710 0.999999927 0.000020  -0.00333  -0.00411  0.0116 

Model 13  0.999999710 0.999999927 0.000020   0.00333   0.00041  0.0115 

Model 14  0.999981495 0.999995354 0.001267   0.02667   0.03286  0.0924 

Model 15  0.999994146 0.999998532 0.000400   0.01500   0.01848  0.0520     

Where NSE is the Nash-Sut Cliffe equation, MBE is the mean bias error, RMSE is root mean square error, MPE is the mean bias error, χ2 is 284 
the chi square, d is the index of agreement and all units are in MJm-2day-1 285 

 286 

   287 

4. Conclusions 288 
Higher mean value of 7.43 MJm-2day-1 is observed during dry season from the months October-February while in 289 

rainy season, the mean values of 6.35 MJm-2day-1 is lower with decreasing sequence from March-September 290 

South- in Calabar, South-South climatic zones.  This evidence variation is due to the movement of the ITCZ into 291 

the Northern hemisphere, the rain-bearing South westerlies prevail as far inland as possible to bring rainfall 292 

during the rainy season. This result in prolonged rainy season in the far South, while the far North undergoes 293 

long dry period’s annually. The total and average amount of the radiometric fluxes PAR received in Calabar are 294 

81.15MJm-2day-1 and 6.76 MJm-2day-1 simultaneously. This indicates that crops in Calabar have a high potential for 295 

PAR utilization any month of the year provided other climatic parameters are favourable.  296 

From the sets of the statistical indicators used in determining the performance of the models (table 5),  model 3 297 

and 10 record the highest index of agreement, Nash-Sucliffe Equation and lowest values of chi-square, mean 298 

bias error, mean percentage error and root mean squares error. This suggest that the use of atmospheric 299 

parameters such as clearness index, extraterrestrial solar radiation and relative sunshine duration to produce 300 

robust estimates of PAR for model 3 and clearness index, extraterrestrial PAR, relative humidity and relative 301 

sunshine duration for model 10 are recommended for estimating PAR at Calabar. However, model 11 registered 302 

the lowest index of agreement, Nash-Sucliffe Equation and highest values of chi-square, mean bias error, mean 303 

percentage error and root mean squares error. This we suggest that for selecting the weakest empirical model in 304 

a set of model for a radiometric fluxes, this tread is recommended. From the findings, the use of atmospheric 305 

parameters such as clearness index, extraterrestrial PAR and relative humidity may be used for estimating PAR 306 

at Calabar if there is no meteorological parameters available. In figure 1, it could be observed that all the 307 

atmospheric parameters used in modelling and estimating PAR fit in well with the observed PAR except model 308 

8 that had the highest deviation from the observed and other models. This confirms that extraterrestrial PAR, 309 

relative humidity and clearness are meteorological parameters are not good atmospheric parameters for 310 

estimating PAR at Calabar from the month of March-December. From table 4 and 5, it could be observed that 311 

index of agreement, d, appears to be a better measure of testing model performance than correlation statistics 312 

such as correlation coefficient, r, and Nash-Sucliffe Equation, NSE. Therefore, the proposed models could be 313 

used to estimate PAR at Calabar and other locations with similar climatological conditions across the globe. 314 

 315 

 316 
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