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Abstract

In this research paper, measured monthly averaijerddiometric data for global solar radiation the horizontal surfaces
and atmospheric parameters including relative hitynidunshine hoursdew point temperature as well as the ambient
temperatures (minimum and maximum) at Calabar, iNigebtained from the archives of the Nigeria Metémgical Agency,
Oshodi Lagos, Nigeria for a 14-year period (200@30were analysed and fifteen empirical models kel for predicting
photo synthetically active radiation (PAR) for Gzda environment. The photo synthetically activdatan is estimated from
measured global while the models are developedjusitraterrestrial PAR, relative humidity, relatisenshine hours, dew
point temperature as well as the relative ambiembperature (minimum and maximum) and clearnessxindée
performance of the models developed were testedidbidation using mean bias error (MBE), root mesjuare error
(RMSE), mean percentage error (MPE), Nash-Sutetjfiation (NSE), chi squareg) and index of agreement (d). the linear,
guadratic and polynomial regression models develdpesstimate PAR judging from the model perforneaand validation
test indicates that the proposed models could bd ts estimate PAR in Calabar environ and otheatlons with similar
climatological conditions across the globe.
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1. Introduction

Photosynthetically active radiation (PAR) is thghli wavelength range that is best fit for photokgsis to occur.
Photosynthesis is a process that requires lightggrend optimally occurs within the broad rangebidad band
wave of 400-700nm [1, 2]. The range is also withie visible light. Visible light encompasses the
electromagnetic spectrum from visible blue/violetréd. Blue light has a higher energy and shor&relength
than green or red light, while red light has thedst energy in the visible spectrum.

Photons at shorter wavelengths tend to be so eiethat they can be damaging to cells and tisfugsare
mostly filtered out by the ozone layer in the sisphere while photons with longer wavelengths dbcaory
enough energy to allow photosynthesis to take pldc€ree [1]. In general, plants use PAR as an gngogrce
to convert carbon IV oxide (G and water (HO) through photosynthesis into organic compounggidally
sugar, called glucose) which are then used to sgizh structural and metabolic energy requiregbl@nt growth
and development, respiration, as well as storeetegige products that result in plant biomass. This be stated
in a more convenient form as:

6COyiquiay + 12H0jiquiay + Photon— CH120s(aqueousit 6Os(gas)t 6H:Oyiquia) (1)

The photon in equation (1) is known as PAR. Thimponent of solar radiation spectrum (PAR) is extbm
essential, because it is the solar energy sourceefyetative photosynthesis to provide us with potsl such as
food and fiber(fiber) sources, biofuel carriers and additional mates@irces that support industrial process. It
also plays very important roles in plant growthd &ris the principal factor in the rate of solareegy conversion
into biological mediated energy. Proper predictiord understanding of this radiometric parameterRPare
needed for numerous applications, such as studiezd@tion climate, remote sensing of vegetati@aaiation
regimes of plant canopy and photosynthesis, anngakénput in models estimating plant productiyignd
carbon exchange between ecosystem and atmosphere.

Measurements of PAR have been performed in manig pérthe world using a variety of techniques. Ehes
techniques involve the use of Apply precision sg¢qgiyrometer (PSP), Li-COR quantum sensors (LiSH0
and PAR lite. Unfortunately, a worldwide routinetwerk for the measurement of PAR is not yet estheld. In
order to circumvent this problem, Williams [3] carmded a simulation for a wide variety of climationclitions
and concluded that the ratio of PAR to global sadaliation (SR) is constant. PAR to SR has beeasitigated



worldwide to predict PAR from routine measured 8Rd on the basis of previous studies in severaltiogs,
PAR to SR basically falls between 0.45 and 0.50steswvn in Tsubo and Walker [4]. Moon [5] computéé t
spectral distribution of direct sunlight for seadeand suggested that PAR/SR was between 44% B¥tdad
places of low altitudes when the sun was more 8@&&rabove the horizon, while Monteith [6] suggedteat the
PAR can be taken as half of the total SR in thpitas well as in temperate latitudes based ombasurement
at Sutton Bonington (52°N, 50°W). Howell et al. [@hd Meek et al. [8] estimated PAR to be 45% of SR.
Several studies have observed that PAR varied dicepto location [4, 9, 10], Sky conditions [11,]1&ky
clearness, sky brightness and atmospheric deptithésolar beam [13], relative sunshine duratiod an
water vapor pressure [14], altitude [15], irradiamatensity [16], day length [17, 16], dust andoset [18],
pyrogenic aerosols from biomass burning [10], aphesic transmittance includes the attenuation tfrso
radiation by dust and aerosol scattering, and gkisor by water, ozone and other atmospheric gak®s [
13, 20].1t is therefore imperative to develop a set of nieder estimating PAR from the measured SR androthe
meteorological parameters enumerated by these robsea that will conveniently estimate the influenaf
atmospheric conditions on this radiometric paramétkis will produce amount of appreciated PAR daithout

the substantial cost of the instrumentation netwbet would otherwise be needed. The aim of thjgepas to
develop empirical models for estimating PAR fromolll solar radiation data in Calabar, Nigeria attteo
geographical locations with similar climatologicainditions.

2. Materialsand Methods

The site considered in this study is Calabar, Négdocated on latitude 6241 N and longitude (%5' E and
62.3m above sea level. The monthly average daily fta global solar radiation on horizontal surfsceslative
humidity, sunshine hours, dew point temperaturevelt as the ambient temperatures (minimum and masim
were obtained from the archives of the Nigeria Matéogical Agency, Oshodi Lagos, Nigeria for a khy
period (2000-2013). The global solar radiation dak#ained using Gunn-Bellani radiation integratersre

converted to MJrday* using the conversion 1ml (1 ml represents 1 ritéh) is equivalent to 1.216 MJfday”

as given byOdodo [21].

2.1 Model Development

Various measuring techniques and climatic pararmete@ve been used in developing empirical models for
estimating PAR. In this paper, the constant ratié5%6 of measured global solar radiation data asgdized by
several researchers [5, 3, 7, 8, 4, and 14] wad ts®btain the PAR data since there is no standeather
station that routinely measure PAR in Calabar. &fwe, PAR can estimated mathematically thus:

PAR = 045H (2)
Where H is the measured global solar radiation the horalosirface? The extraterrestrial solar radiatiorhen
horizontal surfacél 5, is given by Igbal [22] as follow:

_ 24 Vg
Ho =—1I SCE0|:1_80“’S singsind + cosgacosdsinws} ©)

Where !¢ is the solar constar Eqis the eccentricity correction fact?,is the latitude of the locatio ¢ is the

solar declination an @s is the hour angle. The expressior 'sc,Eq,?, 9 and @s are given by Liou [23] as:

1367x3600 o 4
=2 (Mam %Y @)
1000000
E. =1+ 0033c0d 20
=1+ 0.033co 5
° 365 ©)

Where N is the characteristics day number for eachth as shown in table 1.



360(N + 28
0 =2345Sn u (6)
365
wg = Cos_l(— tan ¢1tan5) (7)
The average day length for each month was collagtéd) the expression by [23] as:
2 —
Sy = —Cos 1(— tangtan 6) (8)
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The extraterrestrial PAR was estimated as 40% efetktraterrestrial global solar radiation as gdira by
Monteith and Unsworth [19]. It was assumed thatdghe-earth distance did not vary seasonally bectneseatio
of the distance between the earth and the sunspecific day to the mean distance throughout tlee ienever

more than 3.5% away from one Gates [24]. Thus agdrestrial photo synthetically active radiat PARy can
expressed and estimated as:

PARy = 04H 9)
The monthly mean daily values of PAR on the horiabsurface was correlated with the monthly meaity da
values of the relative humidity, relative sunshimgurs, extraterrestrial global solar radiation,raberrestrial
PAR, dew point temperature as well as the relaiwbient temperatures (minimum and maximum), to geae
fifteen models (linear, quadratic and polynomiali@ipns) which were used to estimate the PAR aalizal A
computer statistical software program (IBM SPSSW&3% used in obtaining the regression constantsglation
coefficient (R), coefficient of determination YRand adjusted coefficient of determinatiorf)(Rthe performance
of the models were tested by calculating Nash-8ueguation (NSE), chi squarg?j and index of agreement
(d). However, the error in the prediction were eatéd by the mean bias error (MBE), root mean sjeaor
(RMSE), mean percentage error (MPE). The PAR ptedigmodel) and observed values were plotted agias
months of the year to observe how well the prediciimodel) values fit in with the observed PAR ‘eau
Therefore, the sets of models developed for esimgy#&AR at Calabar, Nigeria are given as:

PAR

Model 1: — = 0.001+ 0.448Kt 10
H (o]
PAR 2

Model 2: — = 0.009+ 0.406Kt + 0.050Kt an
H (o]
PAR 5

Model 3: — = ~0.002+ 0.448Kt + 0.004— a2)
H o SO

Model 4: — = 0.002+1.119Kt .
PAR,
PAR 2

Model 5: — = 0.020+ 1.034Kt + 0.103Kt 14)
PAR,
PAR 5

Model 6: — = ~0.003+ L120Kt + 0.007— 15)
PAR, S,
PAR 0.005- 0.002 R 1.118K

= 0005-0002—+1. t
Model 7: PAR, 100 (16)
_ R 2

Model 8: = 0.253- o.ozzm +1.326Kt an
PAR,
PAR R )

Model 9: — = 0.025- 0.003— + 1.025Kt + 0.111Kt (18)
PAR 100

(0]



PAR R 5
Model 10: — = 0.001- 0.008— + 0.014— + 1.114Kt (19)
" PA 100 S

S0
PAR Taew
Model 11: —— = 0.002+ 0.003 +1.120Kt (20)
PAR, 100
PAR Taew 5
Model 12 —— =-0.008+ 0.016—— + 0.009— + 1.121Kt 1)
PAR, 100 So
PAR Toew
Model 13: — = 0.001+ 0.001 10 + 0.009Kt 22)
[0}
PAR ’
Model 14: — = 0011- 0002T + 0.402Kt + 0.055Kt (23)
o max
PAR
Model 15: —H =-0.001-0. 003T +0.448Kt + 0. 0053_ (24)
o max 0

3. Results and Discussion

The calculated values of monthly mean daily valokglobal solar radiatic (ﬁ ) sunshine hoursS), dew
point temperatur: (fdaN) minimum temperatur( m.n) maximum temperatur( max) relative humidity (ﬁ),
extraterrestrial solar radiati (Ho), clearness inde (kt), characteristic day number (n), observed and predii
photo synthetically active radiatic(PAR) and extraterrestrial photo synthetically actiaeiation PARgy) for

Calabar are presented in Tables (1-3). The obseamddredicted photo synthetically active radia'(PAR) are
shown in figures 1-2.

The minimum values of the monthly mean daily PAR &r36MJritday’, 5.34MJnfday’, 5.33MJInTfday’,
5.34MJntday’, 5.33MJnfday’, 5.35MJInfday’, 5.34MJnfday’, 5.35MJnfday’, 5.47MJInfday”, 5.36MJm
“day*, 5.35MJnfday’, 5.31MJInfday’, 5.35MJInfday’, 5.33MJnfday?, 5.32MJnfday’ and 5.33MJriday*
for observed and predicted (models) irradiance eetbgely and they occur within the month of AuguBhis
range of values (5.32-5.47MJuatay") are within what is expected of a tropical site18]. This is the month that
is characterized by heavy rainfalls. It is pertinenalso state here that from the records of teatpee readings
observed during the same period, August has lowtimyomean daily temperature, high monthly mean gent
temperature and relative humidity (Table 1). Theseurrences could be attributed to the wet atmaspéied the
presence of clouds. These factors attenuate PAJRdhrabsorption by the perceptible water vapor tanolugh
reflection and absorption by clouds [25, 26]. Tame trend was observed by [9] in llorin, Nigeria.

The maximum values of the monthly mean daily PAR &85MJrifday’, 7.85MJnfday’, 7.83MJnfday”,
7.85MJInt’day’, 7.84MJnfday’, 7.86MJInfday’, 7.85MJnfday’, 7.85MJInfday’, 7.93MJInfday”, 7.86MJIm
“day*, 7.85MJnfday’, 7.82MJInfday’, 7.85MJInfday’, 7.84MJnfday®, 7.82MJInfday’ and 7.83MJiday*
for observed and predicted (models) radiation retpady and they occur within the month of NovembEhese
range of values (7.83-7.93MJuaiay") are within what is expected of a tropical site 18] but the month of
occurrence (November) is not expected because eoh#émmattan season when aerosol mass loading ygreatl
reduces the intensity of PAR.

The mean monthly values of 6.35M3day”, 6.35MJnTday’, 6.33MJInfday”, 6.35MJInfday”, 6.34MJInfday’,
6.35MJIn’day’, 6.35MJInfday’, 6.35MJInfday’, 6.34MJnfday’, 6.35MJInfday’, 6.35MJInfday’, 6.32MJm
“day', 6.35MJnfday’, 6.35MJnfday’, 6.32MJnfday" and 6.33MJiday” for observed and predicted (model)
PAR respectively and they occur within the month#arch — September for the rainy season. Thiesabse,
primarily, because the absorption of PAR in thesik portion of the solar spectrum is enhanced hepth
reduction in the PAR under cloudy skies. Also wiltle movement of the Inter-Tropical Convergence Zone
(ITCZ) into the Northern hemisphere, the rain-begrSouth westerly'$westerly winds)prevail as far inland as



possible to bring rainfall during the rainy seasbhe implication is that there is a prolonged raseason in the
far South (Calabar), while the far North underglmesy dry periods annually. These values are withenrange
of what is expected of a tropical site [9, 18]. Bamcharacteristics of diurnal pattern of PAR vadzserved by
[27] in llorin, Nigeria.

The mean monthly values of 7.43M3day’, 7.43MJnfday’, 7.41MJInfday’, 7.42MJnfday?, 7.42MInfday’,
7.43MInday’, 7.42MJnfday’, 7.43MJInfday’, 7.46MIntday’, 7.43MInfday’, 7.43MJInfday’, 7.40MIm
day*, 7.43MJnfday’, 7.42MJdnfday’, 7.40MJnfday® and 7.41MJmday” for observed and predicted PAR
respectively and they occur within the months oftdber — February for the dry season at Calabars #&hi
because cloudiness conditions occurred frequeniiyng the dry season. This could be also attributed
influence of the Inter-Tropical Convergence ZonEQZX), producing Tropical Continental (TC) assoadibteith
dry and dusty North-Eastgr winds (easter]y which blow from the Sahara desert and finallyvaik over
Nigeria, thus producing the dry season conditidrigese values are within the range of what is exgueof a
tropical site [9, 18]. Similar characteristics afichal pattern of PAR was observed by [27] in IipriNigeria. The
annual mean values of 6.76MJday’, 6.77MJnfday®, 6.74MJnfday’, 6.76MJnfday’, 6.75MJInfday",
6.77MJIn’day’, 6.76MJInfday’, 6.77MJInfday’, 6.76MJIntday’, 6.77MInfday’, 6.76MInfday’, 6.73MIm
2day®, 6.77MIntday’, 6.76MJnfday’, 6.74MJnfday* and 6.75MJriday” for observed and predicted PAR
respectively. These ranged (6.73-6.77Mday") values are within what is expected of a tropsis [9, 18].
Similar values of mean characteristics of diurnattgrn of PAR was registered by [9] in llorin, Niige

Table 1. Monthly Mean Daily Values of Global Solar Radiation (ﬁm), Sunshine Hours (S), Dew Point

Temperature (fdaN), Minimum Temperature (Tmin), Maximum Temperature (Tmax), Relative Humidity
(ﬁ), Extraterrestrial Solar Radiation(ﬁo), Clearness Index(?t), Characteristic Day Number (N),

Observed Photo synthetically Active Radiation (F’AR) and Extraterrestrial Photo synthetically Active
Radiation ( PARy), for Calabar (2000-2013).

H

Month m Ho k; S So Téew  Tmin Tmax R PARo PAR N
(MIm?day) (MJnday) (hrs) (hrs) °C) [{®) [{®) (MJriday?) (MJIm?day?)

JAN 15.36 34.27 0.4482 7.7 11.72 21.21 2191 34.252.21 13.71 6.91 17
FEB 17.10 36.05 0.4743 8.3 11.84 21.99 23.75 34.831.71 14.42 7.70 45

MAR 15.72 3751 0.4191 8.3 11.97 22.56 23.96 34.786.7% 15.00 7.07 74

APR 15.21 37.48 0.4058 8.1 12.11 22.95 23.71 34.181.14 14.99 6.84 105
MAY 1512 36.28 0.4170 8.5 12.22 23.94 23.35 31.223.28 1451 6.80 135
JUN 14.00 35.31 0.3965 8.4 12.28 23.84 22.81 32.588.64 14.12 6.30 161
JUL 12.21 35.65 0.3425 8.7 12.25 22.36 22.20 31.580.14 14.26 5.49 199
AUG 11.90 37.07 0.3195 9.2 12.11 23.45 22.36 31.588.00 14.83 5.36 239
SEP 14.60 37.25 0.3919 9.0 12.12 21.49 22.49 31.790.00 14.90 6.57 261
OCT 15.58 36.15 0.4310 9.0 11.87 20.94 22.73 32.185.93 14.46 7.01 292
NOV 17.44 3434 05079 8.8 11.76 21.79 24.50 32.583.00 13.74 7.85 322
DEC 16.12 3344 0.4821 85 11.71 20.91 23.06 32.980.07 13.38 7.25 347




Table 2: Monthly, Average, Dry Season. Rainy Season and Sum of Mean Daily Values of Observed
(OBS) and Predicted (Models) Photosynthetically Active Radiation (PAR) for Calabar (2000-2013).

Months OBS Model Model Model Model Model Model Model Model Model Model
PAR 1 2 3 4 5 6 7 8 9 10
(MImZday)  (MImPday) (MJmiday!) (MImi’day) (MJnmi’day) (MIm’day) (MIm’day’) (MJmi’day) (MIm’day®) (MIm?day?)  (MImday)
JAN 6.91 6.92 6.89 6.90 6.90 6.91 6.90 6.92 6.90 926. 6.91
FEB 7.70 7.70 7.67 7.69 7.68 7.69 7.69 7.70 772 707. 7.70
MAR 7.07 7.08 7.05 7.07 7.06 7.07 7.07 7.08 7.03 87.0 7.08
APR 6.84 6.85 6.82 6.84 6.84 6.84 6.84 6.85 6.80 856. 6.84
MAY  6.80 6.81 6.78 6.81 6.80 6.81 6.80 6.81 6.75 16.8 6.80
JUN 6.30 6.31 6.28 6.30 6.29 6.30 6.30 6.30 6.24 306. 6.29
JUL 5.49 5.51 5.49 5.50 5.49 551 5.50 5.51 554 515. 5.50
AUG 5.36 5.34 5.33 5.34 5.33 5.35 5.34 5.35 547 365. 5.35
SEP 6.57 6.58 6.55 6.58 6.56 6.57 6.57 6.58 6.51 57 6. 6.57
OCT 7.01 7.02 6.99 7.02 7.00 7.01 7.01 7.02 6.95 017. 7.02
NOV 7.85 7.85 7.83 7.85 7.84 7.86 7.85 7.85 793 867. 7.85
DEC 7.25 7.26 7.23 7.25 7.24 7.26 7.25 7.26 727 267. 7.25
AVE 6.76 6.76 6.74 6.76 6.75 6.77 6.76 6.77 6.76 776. 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 7.46 437. 7.43
SUM 81.15 81.21 80.92 81.16 81.05 81.18 81.12 81.181.12 81.12 81.16

Table 3: Monthly, Average, Dry Season. Rainy Season and Sum of Mean Daily Values of Observed (OBS)
and Predicted (M odels) Photosynthetically Active Radiation (PAR) for Calabar (2000-2013).

Months OBS Model M odel M odel Model Model
PAR 11 12 13 14 15
(MIm?day?) (MJrfday?) (MJritday?) (MJritday?) (MJritday?) (MJritday?)
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 81.1¢ 80.81 81.1¢ 81.11 80.8: 80.91




Table 4: Statistical Resultsfor the Validation of the M odels of Predicted (models) photo synthetically
Active Radiation PAR in terms of their Capability for Estimating the Photosynthetically Active
Radiation for Calabar (2000-2013).

Locations a b ¢ d R RZ2 AR
Model 1 0.001 0.44¢ 0.99¢  0.99¢  0.99¢
Model 2 0.009 0.406 0.050 0.999 0.998 ©.99
Model 3 -0.002 0.448 0.004 0.9990.998 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).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
Model 9 0.025 -0.003 1.025 0.111 0.999 998. 0.996
Model 10 0.001 -0.008 0.014 1.114 0.999 .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 .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 .998  0.996
Model 15 -0.001 -0.003 0.448 0.005 0.999 .998  0.996
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R? is the coefficient of determination, R? is the adjusted value coefficient of determinatians the intercept, b ¢ and d are slope and the
units ofR, R and A-R are inMJm‘zday1
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Figure 1: Comparison between the observed (OBS) and predicted (MODELS) of PAR in MJm’day’ against montffior
Calabar in all conditions
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Figure 2. Comparison between the observed (OBS) and predicted (MODELS) of PAR in MJm?day® against
Characteristic Day Numbéor Calabar in all conditions

In order to test the strength of the relationsheépakeen the observed and predictive models vaheesfjcient of
correlation,R is used to test the linear relationship betweleseosed and predicted (models) values. The valuR o
between -1.0 and +1.0, the + and — signs are usqubsitive linear correlations and negative linearelations Coefficient
of determinationR? is most often seen as a number between 0.0 and<e to describe how well a regression
line fits a set of dataR? near 1.0 indicates that a regression line fitsda@ well, while arR? closer to 0.0
indicates that a regression line does not fit thia dery well. While A-Ris used to check if the model is fit for
generalization. The intercepts a, ranging from 00:0.253 and the slope(s) b, ranging from -0.0aQ14,. c,
0.004-1.118, d, 0.005-1.112 of the linear regressiothe observed and predicted (models) valud3Ad® were
obtained from the correlation. These values arepawable to the values obtained in literature [Z8,&hd 30].
The correlation coefficient (R) of 0.998 — 0.999sexbetween the explanatory variables (monthly meaihy
values of the relative humidity, relative sunshimgurs, extraterrestrial global solar radiation,raberrestrial
PAR, dew point temperature as well as the relatingient temperatures) and the daily mean monthlR,PA
indicating that there is high positive correlatibetween the observed and model's predictions vadfid*AR.
However, this range of values are comparable t848®998 recorded in Brazil by [30]; range of 0@87
reported in Southern Iran by [29]; 0.937-0.976 reed by [31] in Spain and 0.994-0.999 registered28y in
Amazon region of South America. The values of doifit of determination (] ranged from 0.996 — 0.998
implying that 99.6% to 99.8% of explanatory vareblan be accounted using PAR. These vakiése)in
agreement witim 70.6-94.1% reported by [29] in Southern Iran; 89583% reported by [31]; 98.8-0.99.8%
registered by [29] in Amazon region of South Amari&s well as 98.8-99.6% reported by [30] in Brakfie
estimated value of adjusted coefficient of deteation of 0.995-0.996 from the models’ predictiondi¢ating
that they are fit for making generalization in dagation across the globe. Table 4 contains sumrmfwarious
linear regression analysis obtained from the mogetslictions at Calabar in Nigeria. A close lodkgyures 1-2
shows how the predicted (model) values fit in wéth the observed PAR confirming that the variahleed in
estimating PAR at Calabar are good atmosphericnattrs except model 8 that had little deviatiomfrthe
observed.



3.1 Model Performance

In order to validate the predictions of the develbmodels, three statistical indicators were useatktermine the
performance of the predicted models. Willmott [82eloped a statistical relation called index akagent, d,
that is a dimensionless index bounded between (QLamtis index is a better measure of the moddbpmance
than the correlation statistics such as R andfigeltas:

2
él(F’u -0)
d=1-] 2 (25)

Elqpl _Oave|+|oi _Oave|)

Where Q represents summation of observed values of PARgftesents summation of predicted (models)
values of PAR, Q. represents average values of observed PAR, n lieéntptal number of observation. Nash-
Sutcliffe Efficiency (NSE) scheme was also usetkegi the efficiency of the developed models. Thiiehcy,

E, proposed by Nash and Sutcliffe [33] is definedarding Krause et al. [34] as one minus the sunthef
absolute squared differences between the preditedobserved values normalized by the variancehef t
observed values during the period of investigat8E can be determined using the relationship:

n 2
£ (o-7)
i=1 ' !

NE=1-| —F—— (26)
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Where all symbols retain their usual meaning asqoation (25). According to Willmott [32] both NSihd
index of agreement, d, shows how well the plot lmfesved versus simulated data fits the 1:1 lineeyTitange
from <o and 1.0 (1 inclusive), with NSE or d =1 being tgimal value. The value between 0.0 and 1.0 are,
generally, considered as acceptable levels of paeince and values 0.0 indicates that the average observed
value is a better predictor than simulated valugjctv indicates unacceptable performance. Adekuni@ a
Emmanuel [35] suggested chi-squay® {s another measure to test the performance ofiéhveloped models.
The chi-squareyf) supplies a measure of the discrepancy betweeroliserved and predicted. =0, the
observed and the predicted values agree exacif§>, they do not agree exactly. The larger theavaliy?, the
greater is the discrepancy between the observegrmuitted. This statistical indicatgf) is given by:

27)

Where all symbols retain their usual meaning agmation (25). To determine the error in the priadéamodels,
Willmott [32] suggested mean bias error (MBE), mgmercentage error (MPE) and root mean square error
(RMSE) as good statistical indicators for evalugtine error between the observed and predictedémudlues.
These relations are expressed statistically as:

(a1
Mg =| » ~1 U
i=1 N

(28)
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Where all symbols retain their usual meaning agdnation (25). Several researchers [36, 37, andh3gg
recommended that a zero value for MBE is ideaéritat al. [39] suggested that MBE should be closeeto for
optimal efficiency of radiometric fluxes. Akpabimé Etuk [40] recommended low value of MPE for omim
performance of solar system while [39, 36, 37, I38}e recommended that a zero value for MBE is idadla
low RMSE is desirable. From these statistical iathics in table 5, it appears that all the modetfep#y predict
the observed PAR from global solar radiation and meo atmospheric parameters.

Table 5: Statistical Results for the Validation of the Predictive Models of Photosynthetically Active Radiation in terms
of their Capability for Estimating the Photosynthetically Active Radiation for Calabar (2000-2013).

Models NSE d a 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 -0.8008 -0.00103 0.0029
Model 11 0.999979110 0.999994753 0.001431 0.8283 0.03491 0.0981
Model 12 0.999999710 0.999999927 0.000020 -0.8033 -0.00411 0.0116
Model 13 0.999999710 0.999999927 0.000020 0.8033 0.00041 0.0115
Model 14 0.999981495 0.999995354 0.001267 0.D266 0.03286 0.0924
Model 15 0.999994146 0.999998532 0.000400 00150 0.01848 0.0520

Where NSE is the Nash-Sut Cliffe equation, MBEhis mean bias error, RMSE is root mean square éBE is the mean bias errgf,is
the chi square, d is the index of agreement anahétt are iri\/IJm'zday1

4. Conclusions

Higher mean value of 7.48Jm?day’ is observed during dry season from the months lfgctEebruary while in
rainy season, the mean values of 6MEn?day’ is lower with decreasing sequence from March-Sepé&m
South- in Calabar, South-South climatic zones. sThiidence variation is due to the movement ofirer-
tropical convergence zone (ITCZ) into the Northeemisphere, the rain-bearing South wester{iég) winds
prevail as far inland as possible to bring rainfalting the rainy season. This result in prolongedy season in
the far South, while the far North undergoes lomg pkriod’s annually. The total and average amairthe
radiometric fluxes PAR received in Calabar are B#.dm?day* and 6.76 MJmday’ simultaneously This indicates
that crops in Calabar have a high potential for PAIRzation any month of the year provided othématic
parameters are fasable.

From the sets of the statistical indicators usedetermining the performance of the models (taplerfodel 3
and 10 record the highest index of agreement, Nastitiffe Equation and lowest values of chi-squanean bias
error, mean percentage error and root mean sqeam@s This suggest that the use of atmospheriarpaters
such as clearness index, extraterrestrial solaatrad and relative sunshine duration to produdmisb estimates
of PAR for model 3 and clearness index, extratéieg$? AR, relative humidity and relative sunshihgation for
model 10 are recommended for estimating PAR ath@alaHowever, model 11 registered the lowest inolex
agreement, Nash-Sucliffe Equation and highest gatiiehi-square, mean bias error, mean percentageand
root mean squares error. This we suggest thatefectng the weakest empirical model in a set oflehdor a
radiometric fluxes, this tread is recommended. Ftbm findings, the use of atmospheric parametech si$
clearness index, extraterrestrial PAR and relativeidity may be used for estimating PAR at Calabtrere is
no meteorological parameters available. In figur,lit could be observed that all the atmosphpamameters
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used in modelling and estimating PAR fit in wellthvihe observed PAR except model 8 that had thieelsig
deviation from the observed and other models. Thisfirms that extraterrestrial PAR, relative hurtyjdand
clearness are meteorological parameters are ndtafowospheric parameters for estimating PAR atl@altom
the month of March-December. From table 4 and &uid be observed that index of agreement, d,appqe be

a better measure of testing model performance tioarelation statistics such as correlation coedfitj r, and
Nash-Sucliffe Equation, NSE. Therefore, the propgos®dels could be used to estimate PAR at Calafar a
other locations with similar climatological conditis across the globe.

5. Acknowledgement

We grateful to Archives of the Nigerian Meteorolkai Agency, Oshodi, Lagos for providing the obstora
data for making this research a success.

References
[1] K.J. McCree, Test of current definitions of phcsynthetically active radiation against leaf gsynthesis
data. Agric. For. Meteorol. 10 (1972) 443—-453.
[2] J. Ross, M. Suler, Sources of errors in measargs of PAR. Agric. and For. Meteorol., 100 (20003-125
[3] J.G. Williams, Small variation in the photo $latically active radiation of solar radiation dear days. J.
Arch. Meteor. Geophs. Bioclim. 33 (1976) 89-98
[4] M. Tsubo, S. Walker, Relationships between phsynthetically active radiation and clearness xndée
Bloemfontein, South Africa. Theor. Appl. ClimatdQ (2005) 17-25, DOI:10.007/s00704-0080-5
[5] P. Moon, Proposed standard solar radiationesifer engineering use. J. Franklin Inst., 230 () %$83-618.
[6] J.L. Monteith, Principle of Environmental Physj First ed. Edward Arnold, London, 1973.
[7] T.A. Howell, D.W. Meek, J.L. Hatfield, Relatiship of photo synthetically active radiation to ghave
radiation in the San Joaquin Valley. Agric. For.tbtwol. 28 (1983)157-175, DOI:10.10160021571(83)%05.
[8] D.W. Meek, J.L. Hatfield, J.L. Howell, T.A. lds S.E. Reginato, R.J. A generalized relationstdjwben
photosynthecally active radiation and solar raditAgron. J., 76 (1984) 939-945
[9] S.O. Udo, T.O. Aro, Global PAR related to ghblsolar radiation for Central Nigeria. Agric. FoMeteorol.,
97 (1999) 21-31, DOI:10.1016S0168-1923(99)00055-6
[10] D.A. Finch, W.G. Bailey, L.J.B. McArthur, M. &itwitwi, Photosynthetically active radiation regimes in a
South African savannah environment. Agric. and Meteoro., 1222004)229-238
[11] C.R. Rao, Photosynthetically-active componeafsglobal solar radiation: Measurements and model
computations. Arch. Meteorol. Geophys. Bioclim.t. 3 33 (1984) 89-98.
12] G. Papaioannou, N. Papanikolaou, D. RetaildatRaships of photo synthetically-active radiatiand
shortwave irradiance. Theor. Appl. Climatol., 4893) 23-27, DOI:10.1007/bf00864910
[13] C.P. Jacovides, F.S. Timvios, G. Papaioanfn®l. Asimakopoulos, C.M. Theofilou... Ratios of PAR
broadband solar radiation measured in Cyprus.cAgrd For. Meteor., 121 (2004) 135-140, DOI:
10.1007/s00704-002-0685-5
[14] R. Li, L. Zhao, Y.L. Ding, S. Wang, G.L. Ji,dthly ratios of PAR to photo synthetically acthagliation to
global solar radiation measured at Northern Tibglateau, China. Solar Ener. 84 (2010) 964-973
[15] Q. Wang, Y. Kakubari, M. Kubota, Variation BAR to global solar radiation ratios along altitugtadient
in Naeba Mountain. Theo. and Appl. Clima., 87 (20839-253
[16] C.M. Britton and J.D. Dodd, Relationships d¢fgpo synthetically-active radiation and shortwavadiance.
Agric. Meteorol., 17 (1976) 1-7.
[17] G. Szeiez, Solar radiation for plant growthoflappl. Ecol., 11 (1984) 617-636
[18] F. Miskolczi, T.O. Aro, M. Iziomon, R.T. PinkeSurface radiation fluxes in sub Sahel AfricapflAppl.
Meteo., 36 (1997) 521-530.
[19] J.L. Monteith, M. Unsworth, Principle of Enginmental Physics, Second ed. Edward Arnold, Londeap.
[20] T. Bat-Oyun, M. Shinoda, M. Tsubo, Effect dbued, atmospheric water and dust dmofpsynthetically
active radiation in a Mongolian grassland. J. af Aand, 4 £012)349-356
[21] J.C. Ododo, New Models for the Prediction afle® Radiation in Nigeria, Paper presented at thd 2
OAU/STRC Conference on New, Renewable and Solardig® at Bamako Mali, 16 — 20, 1994.
[22] M. Igbal, An introduction to Solar Radiatiofirst ed. Academy Press. New York, 1983.
[23] K.N. Liou, Introduction to Atmospheric Radiati, Academy Press, New York, 1980.



[24] D.M. Gates, Biophysical Ecology, third ed. Byger-Verlag, New York, 1980.

[25] E.B. Babatunde, T.O. Aro, Characteristics ¥#an of total solar radiation at llorin, Nigeridig. J. Sol.
Ener. 9 (2001) 157 - 173.

[26] E.B. Babatunde, Solar radiation modeling fdragpical station, llorin, Nigeria. Ph.D thesis 32; 2001.

[27] S.O. Udo, T.O. Aro, L.E. Akpabio, Characteidstof diurnal pattern of global photosyntheticadgtive
radiation at llorin, Nigeria. Nigerian J. of Phy (2006) 223-226.

[28] M. Abolfazi, Estimating poto synthetically active radiation (PAR) using samperature and sunshine
duration. J. of Biod. and Environ. Scien.20(4)371-377

[29] L.J.G. Aguiar, G.R. Fischer, R.J. Ladle, A.C.Mlalhado, F.B. Justino, R.G. Aguiar, J.M.N. Costa,
Modelling thephoto synthetically active radiation in South Wa&stazonia under all sky condition. Theor. Appl.
Clmatol.,2011.DOI: 10:1007/500704-011-0556-z

[30] J.E. Escobedo, E.N. Gomes, A.P. Oliveira,ahr8s, Modelling hourly and daily fractions of UYAR and
NIR to global solar radiation under various sky ditions at Botucatn, Brazil. Appl. Energ., (2008),
DOI:10.1016/j.apenergy.2008.04.013

[31] I. Alados, I. Foyo-Moreno, F.J. Olmo, L. Alaslédrboledas, F.A. Grupo, Improved estimation offudié
photo synthetically active radiation using twocp& models. Agric. and For. Meteorol., 111 (2002)2.

DOI: 10.1016/S0O168-1923(02)00010-2

[32] C.J. Willmott, On the validation of models.Rhys. And Geogr., 2 (1981)184-194

[33] J.E. Nash, J.V. Sutcliffe, River flow forecast through conceptual models 1. A discussion ofgiples. J.
of Hydrol.,10 (1970) 282-290

[34] P. Krause, D.P. Boyle, F. Base, CompositioditiErent efficiency criteria for hydrological rdels
assessment. J. Adv. Geosci., 51 (2005) 89-97

[35] A.O. Adukunle, C.O. Emmanuel, Correlation of global soleadiance with some meteorological
parameters and validation of some existing soldrateon models with measured data over selectedatic
zones in Nigeria. International J. for. Inno. Edacd Res., 1 (2014) 1-7.

[36] M. Halouani, C.T. Nguyen, D. Vongoc, Calcutatiof monthly average global solar radiation orrizomtal
surfaces using Daily Hours of Bright Sunshine, S&laer., 50 (1993) 247-255.

[37] H.Z. Che, G.Y. Shi, X.Y. Zhang, J.Q. Zhao, ¥, Analysis of sky condition using 40 years recoaf solar
radiation data in China. Theor. And appl. Clim&.(8007) 83 - 94.

[38] J. Almorox, M. Benito, C. Hontoria, Estimating Monthly Angstrom — Prescott equation coeffi¢gefrom
measured daily data in Toledo, Spain. Renewabédyn]., 30 (2005) 931 - 936.

[39] E.E. ltuen, N.U. Esen, S.C. Nwokolo, E.G. UBeoediction of global solar radiation using ralati
humidity, maximum temperature and sunshine hout$yim, in the Niger Delta Region, Nigeria. Advanées
Applied Science Research, 4 (2012)1923-1937

[40] L.E. Akpabio, S.E. Etuk, Relationship betwegwlar radiation and sunshine duration for Onneehig,
Turkish J. Phys., 27 (2002) 161 - 167.

12



