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In this study, calibration and validation data sets from 2001 to 2005 and 2006 to
2010, respectively, were used to develop various Angstrom-Prescott models: A
five-year model and five-year dry and wet seasonal models to calculate monthly av-
erage daily global solar radiation on a horizontal surface and twelve monthly mod-
els to estimate average daily global solar radiation on a horizontal surface. Also,
ten yearly models were developed for each year in the period 2001-2010. The
regression coefficients (a, b) for the five-year, dry season, and wet season models
were found to be (0.21, 0.38), (0.21, 0.38), and (0.27, 0.28), respectively. For the
twelve monthly models, @ and b varied over the ranges 0.19-0.37 and 0.14-0.42,
respectively. For the ten yearly models, ¢ and b varied over the ranges 0.15-0.31
and 0.22-0.48, respectively. The regression coefficients of the twelve monthly
models yielded a linear relationship between b and @ over a one-year time scale.
Similarly, the ten yearly models also yielded a linear relationship between b and a
over a ten-year time scale. For all the models, measured and calculated daily global
solar radiation were compared by calculating the mean bias error, mean percentage
error, root mean square error, correlation coefficient, Nash-Sutcliffe efficiency, and
p-values based on t-statistics. Good agreement was found between the measured
and calculated values and hence these models can be used in Trinidad. The single
five-year model was found to be adequate in modelling the dry and wet seasons.
Using the full data set, 2001-2010, the average daily global solar radiation, average
total global solar radiation, average daily number of sunshine hours, and average
total number of sunshine hours were determined to be 16.93= 0.73 MJ m > day_l,
2.56+0.11 GJ m 2, 8.49+0.44 h day ', and 1282+67 h, respectively, for the dry
season; 15.52+0.81 MJ m 2 day ', 3.32+0.17 GJ m 2, 7.03+0.38 h day ', and
150481 h, respectively, for the wet season; and 16.080.71 MJ m 2 day_l,
5.87+0.26 G] m 2, 7.65+0.24 h day ', and 2792+83 h, respectively, for the
whole year. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4909539]

1. INTRODUCTION

The Republic of Trinidad and Tobago is a twin-island state in the Caribbean, located just
off the northeast coast of Venezuela at 10° 35’ N latitude and 61° 21’ W longitude. Trinidad
has an area of 4827 km> while Tobago, the smaller of the two islands, has an area of 303 km?.
The islands experience two seasonal climates due to their location, namely, the Tropical
Maritime or dry season, which occurs from January to May followed by the Modified Moist
Equatorial or wet season, which occurs from June to December. Trinidad has average minimum
and maximum temperatures of 22.7°C and 31.3°C, respectively. The mean annual rainfall
ranges from a minimum of 1500 mm to a maximum of 3500 mm with most rainfall occurring
during the months June—-November.

Trinidad and Tobago is the leading producer of oil in the Caribbean and is considered to
be one of the most industrialized nations in this region. The country’s oil reserves are decreas-
ing and environmental pollution is increasing due to industrialization. The abundance of sun-
shine and hence global solar radiation in Trinidad and Tobago facilitates the implementation of
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solar energy technologies thereby reducing the use of fossil fuels for the generation of electric-
ity and hence the country’s carbon footprint.

Global solar radiation data are used in many applications such as: photovoltaic systems
(PV) design, solar thermal systems design, crop growth models, buildings design, and thermal
comfort studies. For example, Markvart er al.' used observed time series of solar radiation to
construct a sizing curve to size a PV system in London. Martin ez al.” used time-series forecast-
ing to predict daily global solar radiation for energy production planning in solar thermal power
plants. De Jong and Stewart® utilized global solar radiation data in crop growth models to esti-
mate the daily plant growth and crop yields. In buildings design research, Catalina er al.* devel-
oped a regression model to predict the monthly heating energy demands in residential buildings
for temperate climates. In this case, the monthly average global solar radiation data on a hori-
zontal surface was used in the calculation of the climate coefficient, which is a parameter in
their energy prediction model. In the study of thermal comfort, La Gennusa et al.’ used the
Fanger model to evaluate how a person’s thermal balance is affected by solar radiation entering
a thermally moderate indoor environment.

While global solar radiation data is important for numerous applications, in many developing
countries, solar radiation data is not always available. Therefore, global solar radiation is esti-
mated using more readily available climatological and meteorological parameters. For example,
Bindi and Miglietta® used daily maximum and minimum temperature and total daily rainfall from
eleven countries to estimate daily global solar radiation. Almorox er al.” used temperature and sat-
uration vapor pressure data to estimate daily global solar radiation in Spain. Korachagaon and
Bapat® used the generalized Iranna-Bapat’s model to predict global solar radiation at any location
based on temperature, wind speed, humidity, and moisture. El-Sebaii er al.” developed correla-
tions between monthly average daily global solar radiation on a horizontal surface and number of
bright sunshine hours, mean daily ambient temperature, cloud cover, relative humidity, and maxi-
mum and minimum ambient temperature for Jeddah, Saudi Arabia. Duzen and Aydin,'® Liu
et al.,'"' Wong and Chow,'? and Bakirci'? used the number of bright sunshine hours to estimate
the monthly average daily global solar radiation on a horizontal surface by using the Angstrom-
Prescott model.'* Chegaar and Chibani'® used two models to calculate global solar radiation for
different Algerian locations. The first model uses sunshine duration and noon solar altitude while
the second one is the Angstrom-Prescott model. Other methods for predicting global solar radia-
tion include fuzzy logic,'®!'” neural networks,"®' and stochastic’**' modelling.

With respect to Trinidad, Smith®* determined the Angstrom-Prescott equation for monthly aver-
age daily global solar radiation on a horizontal surface for Trinidad using data over approximately
one year, 1951. The regression coefficients (a,b) were found to be (0.27, 0.49). In this paper, a com-
prehensive study to develop various Angstrom-Prescott models over different time scales is under-
taken using data over 2001-2010. Calibration and validation data sets from 2001 to 2005 and 2006
to 2010, respectively, were used to develop and evaluate certain models for global solar radiation on
a horizontal surface. The objectives are to determine: (i) a five-year model and five-year dry and wet
seasonal models to calculate monthly average daily global solar radiation using the calibration and
validation data sets; (ii) ten yearly models from 2001 to 2010, to establish the relationship between b
and « over a ten-year time scale; (iii) twelve monthly models to estimate average daily global solar
radiation using the calibration and validation data sets as well as to establish the relationship between
b and a over a one-year time scale; and (iv) the average daily global solar radiation, average total
global solar radiation, average daily number of sunshine hours, and average total number of sunshine
hours for the dry season, wet season, and whole year, respectively, using the full data set.

For the aforementioned models in (i), (ii), and (iii), measured and calculated daily global
solar radiation were compared by calculating the mean bias error (MBE), mean percentage error
(MPE), root mean square error (RMSE), correlation coefficient (r), Nash-Sutcliffe efficiency
(NSE), and p-values based on t-statistics.

This study will contribute significantly to solar energy applications and in particular, enable
photovoltaic and hybrid solar-wind systems to be designed more efficiently and economically in
Trinidad. In addition, energy-efficient building designs can be developed that optimize human
thermal comfort thereby mitigating against sick-building syndrome. In the sphere of agriculture,
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where there is a thrust towards achieving food-security and self-sufficiency, this study can be
used in crop growth models to predict and optimize crop yields as well as in thermal comfort
studies for livestock productivity. These applications, if implemented, would reduce Trinidad’s
fossil fuel dependence and carbon footprint.

Il. THEORY
A. The Angstrom-Prescott model

The Angstrom-Prescott model is a linear model used to estimate average global solar radiation
on a horizontal surface. The general Angstrom-Prescott equation relates the average clearness

index HE to the average fraction of sunshine hours % by the equation (Angstrom? and Prescott'?)
H 7
S —a+b— 1
i a+ i (D

where H, is the theoretical average extraterrestrial radiation, H is the measured average global
solar radiation, N is the theoretical average number of sunshine hours per clear day, 7 is the
measured average number of sunshine hours per day for direct solar radiation exceeding 120 W
m72, and a, b are the regression coefficients.

In this paper, the averages considered are monthly average daily and average daily. The
former is calculated by averaging daily values over a given month. The latter is calculated by
averaging a daily value over a number of years; for example, global solar radiation for January
Ist over 5 years.

The daily extraterrestrial radiation, H,, in J m 2 day™
(Duffie and Beckman?*)

864001, .. s\ . . 360
Hy = () cos ¢ cos 0 sin g + s sin ¢ sin o [1 + 0.033 cos( x)} , )
v 180 365

1 . . .
on a horizontal surface is given by

where I, is the solar constant (1367 W/m2), @ is the latitude of the location, ¢ is the sun decli-
nation angle, and @y is the sunset hour angle, all expressed in degrees. The following equations
(Sen®®) define 6 and w; as:

(284 + x)

o . o< < . o
= ] 23.45° < § < 23.45° 3)

0 = 23.45 sin [360

where x is the day of the year; for example, January 1st means x = 1 and
w; = cos ' (—tan @ tan 9). 4

The theoretical number of sunshine hours per clear day, N, can be calculated using the equation,

2
N—Bws. 5)

B. Statistical test parameters

To determine how well the measured and calculated values agree with each other, six sta-
tistical test parameters are considered in this analysis. These include MBE (MJ m? day '),
MPE (%), RMSE (MJ m dayfl), r, NSE, and p-values from t-statistics.

For better agreement between calculated and measured values, MBE, MPE, and RMSE lie
closer to zero while for greater correlation, r is closer to 1. The RMSE is a measure of the short
term accuracy of the model while MBE and MPE are measures of its long term accuracy.
RMSE > 0 and has an ideal value of 0. It gives a good measure of the accuracy of the calculated
values. For an MBE > 0 or MBE < 0, the calculated value is overestimated or underestimated,
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respectively. An MBE =0 means that the calculated values are very good estimates of the meas-
ured values. The correlation coefficient r is a statistical measure of how calculated and measured
values vary in relation to each other and is defined as the ratio of the covariance to the product of
the standard deviations of the measured and calculated values and ranges over —1 <r <1 .
Greater correlation and anti-correlation between calculated and measured values occur for r closer
to 1 and r closer to —1, respectively. The NSE is defined as one minus the sum of the squared dif-
ferences between the calculated and measured values normalized by the variance of the measured
values and ranges over —oco < NSE < 1. For NSE < 0, the mean of the measured data is a better
predictor than the model while for NSE > 0 the model is the better predictor. The efficiency of
the model improves as NSE approaches 1. The p-value indicates whether the difference between
the means of the measured and calculated values is statistically significant at a given confidence
level. For example, a two-tailed test at 0.05 level of significance means that if p > 0.05, the model
is accepted as valid but if p < 0.05, the model is rejected with a 5% chance that it is indeed valid.
The following variables and statistical test parameters are defined as:

H ; cq = ith calculated value of average global solar radiation,

H; yeqs = ith measured value of average global solar radiation,
n = no. of values of (H; cate;, Himeas)s

i=1,...,n,

I—{ calc = average of H icale >

Hmeas = average of Hi,mms 5

1, - .
MBE = — (Hi.(,‘alc - HiJneas) ) (6)
i=1
1 - I:Ii.ralc - gi,meas
MPE (%) = ZZI,:I <W <100, @

RMSE =

i=1

1 B B R 1/2
- Z (Hi,ca/(‘ - Hi,meas) ‘| ) 3)

- Z ?:1 (Hi.meas - Hmeas) (Hzl,calc - Hcalc)
\/Z ?:1 (Hi,meas - Hmeas)z \/Z ?:1 (Hi,calc - I-icalc)2

er‘lzl (Hi,z:alc - I—?i,meas)2 )
Z?:l (Hi‘meas - Hmeas) ?

; ©)

NSE=1- (10)

Probability values or p-values were calculated by applying t-statistics assuming a two-tailed test at a
95% confidence level and unequal variances of the calculated and measured global solar radiation data.

lll. METHODOLOGY

Data of measured hourly global solar radiation and corresponding measured number of sun-
shine hours were obtained from the Trinidad and Tobago Meteorological Services which is
located at 10° 35" N latitude, 61° 21’ W longitude, and 21.95 m above mean sea level. A digital
Eppley Black and White pyranometer with measurement uncertainty of <2% was used to mea-
sure global solar radiation data while sunshine hours were measured using an analog Campbell-
Stokes sunshine recorder with measurement uncertainty of *0.05h. The Trinidad and Tobago
Meteorological Services, as a member of the World Meteorological Organization, follows the
organization’s standards and best practices with respect to maintenance and calibration of the
instruments.
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The data were collected for the years 2001-2010. There was a complete data set of sun-
shine hours but there were missing global solar radiation data in the following periods:

(1) 2005: January, October 8th—October 17th, December 21st—December 28th,

(i1))  2006: January (13 non-consecutive days), April 13th—April 30th, August 15th—August
27th,

(iii)  2007: April 6th—April 13th,

(iv)  2008: November and December,

(v)  2010: June 1st—August 11th.

All analyses utilized data that were subjected to quality control using the following criteria:

@) Days with both global solar radiation and sunshine hours data were used to calculate
averages.

(ii))  Days where global solar radiation was less than extraterrestrial solar radiation were used to
calculate averages.

(iii) Days where the number of sunshine hours was less than the theoretical maximum number
of sunshine hours were used to calculate averages.

All data provided, satisfied criteria (ii) and (iii).

By applying quality control, the total number of measured daily global solar radiation data
points available was 3447 which equaled the corresponding number of measured daily sunshine
hour data points. Of these, the calibration data set 2001-2005 consisted of 1807 data points
while the validation data set comprised 1640 data points.

Angstrom-Prescott models were developed for different time scales. In Subsection III A, a
five-year monthly average daily global solar radiation model for 2001-2005 is developed and
evaluated using the independent data set 2006-2010 and statistical test parameters: MBE, MPE,
RMSE, r, NSE, and p-values. In Subsection IIIB, five-year seasonal monthly average daily
global solar radiation models for 2001-2005 are developed and evaluated using the independent
data set 2006-2010 and the same statistical test parameters. Seasonal and whole-year variation
of global solar radiation and sunshine hours is presented. Subsection III C presents ten yearly
models, one for each year in the period 2001-2010. In Subsection III D, twelve monthly models
are developed using monthly data over the period 2001-2005. Finally in Subsection IIIE, linear
relationships between the regression coefficients b and a are established.

A. The five-year Angstrom-Prescott model

Five-year measured monthly average daily global solar radiation (/) and sunshine hours
(n) were computed from hourly data. Similar five-year theoretical monthly averages for extra-
terrestrial radiation (H) and number of sunshine hours per clear day (N) were obtained. Linear
regression analysis was done for Hi( and [% from which the regression coefficients a and b were
determined and the Angstrom-Prescott model obtained. For each validation year, calculated val-
ues of monthly average daily global solar radiation were obtained from the model and plotted
against corresponding values of measured monthly average daily global solar radiation. A 1:1
line was plotted on the graph to show the deviations of calculated values from measured values.
In the ideal case, (measured, calculated) points lie on the 1:1 line. The statistical test parameters
were then calculated.

B. Five-year seasonal Angstrom-Prescott models and seasonal and whole-year variation
of global solar radiation and sunshine hours

Similar to the procedure for obtaining the five-year model in Subsection III A, five-year
seasonal models for the period 2001-2005 were developed. The statistical test parameters were
then calculated using measured monthly average daily global solar radiation from the
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independent data set 2006-2010. The five-year model in Subsection III A was applied to the
dry and wet seasons, respectively, to compare its performance with the seasonal models.

Plots of measured monthly average daily global solar radiation and number of sunshine
hours against months of the year were generated. The average daily global solar radiation, aver-
age total global solar radiation, average daily number of sunshine hours, and average total num-
ber of sunshine hours were determined for the dry season, wet season, and whole year.

C. The ten yearly Angstrom-Prescott models

Similar to the procedure for obtaining the five-year model in Subsection III A, ten
Angstrom-Prescott models for each year over the period 2001-2010 were determined. Each
model was applied to data of its respective year to calculate monthly average daily global solar
radiation. Similar 1:1 line graphs were produced and statistical test parameters determined.

D. Five-year monthly Angstrom-Prescott models

Five-year measured average daily global solar radiation (H) and measured average daily
number of sunshine hours (72) were computed using calibration data 2001-2005. Similar five-
year theoretical daily averages for extraterrestrial radiation (H,) and number of sunshine hours
per clear day (N) were obtained. Linear regression analysis for each month was done for Hi and
5 from which the regression coefficients @ and b were determined and the monthly Angstrom-
Prescott models obtained. Graphs of calculated values of average daily global solar radiation
against corresponding values of measured daily global solar radiation with 1:1 lines were pro-
duced and statistical test parameters calculated.

E. Linear relationships between the regression coefficients b and a

Mathematical relationships between regression coefficients b and a were established by per-
forming regression analysis on first the ten pairs of (b, @) from the yearly models of Subsection
III C and second from the twelve pairs of (b, a) values from the monthly models of Subsection
IIID and the corresponding regressions lines plotted. The relationships were then compared to
three published theoretical models applied to Trinidad.

IV. RESULTS AND DISCUSSION
A. The five-year Angstrom-Prescott model

For the five-year model, the regression coefficients, a and b, for the Angstrom-Prescott
model were determined to be 0.21 and 0.38, respectively. Hence, the Angstrom-Prescott model
is given by

H
H,

Figure 1 shows 1:1 lines and point plots of calculated versus measured monthly average
daily global solar radiation for the years 2006-2010 based on the five-year Angstrom-Prescott
model.

Based on the validation data set, the values of measured global solar radiation varied from a mini-
mum of 12.25 MJ m~2 day ' in January 2006 to a maximum of 19.46 MJ m™> day ' in April 2006.

Table I shows the calculated statistical test parameters for the five-year model for each
year in the period 2006-2010. Over the years, MBE values ranged from —0.19 to 0.65 with
underestimation of the calculated values for two years (2007 and 2008) and overestimation for
the remaining three years. MPE values were acceptable, ranging from —1.13% to 4.47% and
RMSE ranged from 0.54 to 0.92.

Good correlation was obtained for all years with correlation coefficients ranging from 0.80
to 0.96 with 2009 having the lowest correlation. NSE values ranged from 0.60 to 0.90 with
2009 having the lowest efficiency. Since all NSE values are greater than zero, the model is a

n
=0.2140.38 =. 11
+ 5 (11)
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FIG. 1. I:1 lines and plots of calculated versus measured monthly average daily global solar radiation for the years
2006-2010 based on the five-year Angstrom-Prescott model.

better predictor than the mean of the measured values. The p-values ranged from 0.46 to 0.86
showing that the difference between the means of the measured and calculated values is not
statistically significant at the 95% confidence level. Therefore, the model provides a good esti-
mation of the measured values. Hence, a five-year model is adequate for predicting monthly av-
erage daily global solar radiation.



013132-8 K. D. Souza and R. Andrews J. Renewable Sustainable Energy 7, 013132 (2015)

TABLE I. Statistical test parameters for the five-year Angstrom-Prescott model applied to 2006-2010.

Year MBE (MJ m™ 2 day ") MPE (%) RMSE (MJ m ™% day ™) r NSE p-value
2006 0.15 0.82 0.60 0.96 0.89 0.86
2007 —-0.18 —~1.13 0.54 0.96 0.90 0.81
2008 —0.19 —0.95 0.72 0.86 0.72 0.76
2009 0.13 1.04 0.92 0.80 0.60 0.84
2010 0.65 447 0.88 0.95 0.78 0.46
Range —0.19-0.65 —1.13-4.47 0.54-0.92 0.80-0.96  0.60-0.90  0.46-0.86

B. Five-year seasonal Angstrom-Prescott models and seasonal and whole-year variation
of global solar radiation and sunshine hours

The dry season, occurs from January to May and the wet season, from June to December.
The regression coefficients, (a, b) for the dry season and wet season models were found to be
(0.21, 0.38) and (0.27, 0.28), respectively.

Hence, the Angstrom-Prescott model for the dry season is given by

H n

—=021+038 = 12

= 0214038 5, (12)
and that for the wet season is given by

H —

02740282 (13)

H, N’

It should be noted that the dry season model and the five-year model in Subsection IV A are
identical to two decimal places. This implies that the dry season model effectively captures the
yearly dependence of monthly average daily global solar radiation on average fraction of sun-
shine hours. With respect to the wet season model, the a coefficient is greater than that for the
dry season model. This is due to the higher amount of diffuse radiation present on the cloudier
days of the rainy season when 7 =0. In addition, the sum of the regression coefficients, a + b,
for the wet season is less than that for the dry season. This implies that on clear sky days,
when I’V—z = 1, the total global radiation reaching the earth’s surface is reduced in the wet season
which is due to greater amounts of water vapor in the atmosphere at this time.

Table II shows the calculated statistical test parameters for the five-year dry season model
for each year in the period 2006-2010. Over the years, MBE values ranged from —0.10 to 0.64
with underestimation of the calculated values for two years (2007 and 2008) and overestimation
for the remaining three years. MPE values were acceptable, ranging from —3.75% to 3.79%
and RMSE ranged from 0.54 to 1.32.

Good correlation was obtained for all years with correlation coefficients ranging from 0.80
to 0.99 with 2009 having the lowest correlation. NSE values ranged from 0.62 to 0.91 with
2008 having the lowest efficiency. Since all NSE values are greater than zero, the model is a
better predictor than the mean of the measured values. The p-values ranged from 0.42 to 0.96

TABLE II. Statistical test parameters for the five-year dry season Angstrom-Prescott model applied to 20062010 for the
months of January—May.

Year MBE (MJ m™2 day ") MPE (%) RMSE (MJ m 2 day ™) r NSE p-value
2006 0.64 3.79 0.72 0.99 0.91 0.72
2007 —0.10 —0.60 0.57 0.93 0.77 0.92
2008 —0.64 —3.75 0.79 0.94 0.27 0.42
2009 0.07 0.98 1.30 0.80 0.62 0.96
2010 0.32 1.75 0.54 0.99 0.70 0.72

Range —0.10-0.64 —3.75-3.79 0.54-1.32 0.80-0.99 0.62-0.91 0.42-0.96
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TABLE III. Statistical test parameters for the five-year wet season Angstrom-Prescott model applied to 20062010 for the
months of June—December.

Year MBE (MJ m™2 day ") MPE (%) RMSE (MJ m > day ") r NSE p-value
2006 -0.17 —-1.13 0.59 0.76 0.32 0.71
2007 —-0.23 —1.40 0.61 0.90 0.78 0.75
2008 0.28 1.95 0.65 0.80 0.56 0.66
2009 —0.13 —0.82 0.53 0.75 0.33 0.75
2010 1.05 7.62 1.19 0.92 —4.55 0.11
Range —0.17-1.05 —1.40-7.62 0.53-1.19 0.75-0.92  —4.55-0.78  0.11-0.75

TABLE IV. Statistical test parameters for the five-year model applied to the wet season.

Year MBE (MJ m™? day ") MPE (%) RMSE (MJ m ™2 day ™) r NSE p-value
2006 —0.18 —-1.19 0.52 0.80 0.47 0.69
2007 —0.22 —1.36 0.52 0.93 0.84 0.77
2008 0.29 1.99 0.64 0.81 0.57 0.67
2009 0.18 1.14 0.54 0.72 0.29 0.66
2010 1.02 7.38 1.14 0.96 —4.04 0.40
Range —0.18-1.02 —1.36-7.38 0.52-1.14 0.72-0.96 —4.04-0.84 0.40-0.77
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FIG. 2. Monthly variation of measured monthly average daily global solar radiation and sunshine hours for the period

2001-2010.

TABLE V. Measured global solar radiation and sunshine hours for the dry season, wet season, and whole year.

Dry season Wet season Whole year
Global solar radiation and sunshine hours (151 days) (214 days) (365 days)
Average daily global solar radiation (MJ m~2 day ') 16.93+0.73 15.52+0.81 16.08=0.71
Average total global solar radiation (GJ m~?) 2.56*0.11 3.32+0.17 5.87*0.26
Average daily number of sunshine hours (h day ") 8.49+0.44 7.03x0.38 7.65+0.24

Average total number of sunshine hours (h) 1282£67 150481 2792+83
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showing that the difference between the means of the measured and calculated values is not
statistically significant at the 95% confidence level. Therefore, the model provides a good esti-
mation of the measured values. Hence, the dry season model is adequate in predicting monthly
average daily global solar radiation over the months January—May. It should be noted, however,
that because the five-year model and the dry season model are identical, then applying the five-
year model to the dry season would yield identical statistical test parameters as in Table II and
hence the five-year model is well suited to the dry season.

Table III shows the calculated statistical test parameters for the five-year wet season model
for each year in the period 2006-2010. Over the years, MBE values ranged from —0.17 to 1.05
with underestimation of the calculated values for three years (2006, 2007, and 2009) and overesti-
mation for the remaining two years. MPE values were acceptable, ranging from —1.40% to 7.62%
and RMSE ranged from 0.53 to 1.19. Good correlation was obtained for all years with correlation
coefficients ranging from 0.75 to 0.92 with 2009 having the lowest correlation. NSE values ranged
from —4.55 to 0.78 with 2010 having the lowest efficiency. The model is a better predictor than
the mean of the measured values for all the years except 2010 for which NSE is less than zero.
The p-values ranged from 0.11 to 0.75 showing that the difference between the means of the meas-
ured and calculated values is not statistically significant at the 95% confidence level.

Comparing the ranges of the statistical test parameters in Tables II and III, it is observed
that the dry season model performs better than the wet season model. Table IV shows the sta-
tistical test parameters for the five-year model (Subsection IV A) applied to the wet season. It
should be noted that the statistical test parameters are similar to those obtained in Table III.

In summary, there is no advantage in using seasonal models over the five-year model of
Subsection IV A since the statistical test parameters of the five-year model applied to either sea-
son gives similar results to each seasonal model.

Figure 2 shows plots of the monthly variation of measured monthly average daily global
solar radiation and number of sunshine hours for the period 2001-2010. The dry season occurs
from January to May (151 days) and the wet season from June to December (214 days). The
maximum global solar radiation occurs in April with minima in November and December.
Table V summarizes measured global solar radiation and sunshine hours for the dry season, wet
season, and whole year. The average daily global solar radiation, average total global solar radi-
ation, average daily number of sunshine hours, and average total number of sunshine hours are
presented. The average daily global solar radiation for the dry season exceeds that of the wet
season by 1.41 MJ m? day '. However, the average total global solar radiation for the dry
season is less than that for the wet season by 0.76 GJ m ™2 which is due to a longer wet season.
The average daily number of sunshine hours for the dry season exceeds that of the wet season
by 1.46h day '. However, the average total number of sunshine hours for the dry season is
less than that for the wet season by 382 h again due to the longer wet season. Whole year aver-
ages are included for use in applications for which seasonal variation is not critical.

TABLE VI. Regression coefficients a and b for the yearly Angstrom-Prescott models from 2001 to 2010.

Year a b

2001 0.26 0.32
2002 0.23 0.35
2003 0.25 0.32
2004 0.18 0.41
2005 0.16 0.44
2006 0.25 0.31
2007 0.22 0.38
2008 0.15 0.48
2009 0.31 0.22
2010 0.17 0.41

Range 0.15-0.31 0.22-0.48
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FIG. 3. I:1 lines and plots of calculated versus measured monthly average daily global solar radiation for the years
2001-2010 based on yearly Angstrom-Prescott models.

C. The ten yearly Angstrom-Prescott models

Table VI gives the regression coefficients a and b for the yearly Angstrom-Prescott models
from 2001 to 2010. The regression coefficients a and b varied from 0.15 to 0.31 and 0.22 to
0.48, respectively.

The higher value of a in 2009 is due to a higher amount of diffuse radiation present on the
cloudier days of that year when 7 =0. In addition, the sum of the regression coefficients, a + b
for 2009 is less than that for the other nine years which implies that on clear sky days, when
1’% = 1, the total global radiation reaching the earth’s surface is reduced probably due to greater
amounts of water vapor in the atmosphere. Figure 3 shows 1:1 lines and point plots of calcu-

lated versus measured monthly average daily global solar radiation for the years 2001-2010.
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TABLE VII. Statistical test parameters for yearly Angstrom-Prescott models from 2001 to 2010.

Year MBE (MJ m 2 day ™) MPE (%) RMSE (MJ m 2 day ™) R NSE p-value
2001 0.006 0.174 0.732 0.820 0.665 0.992
2002 0.001 0.059 0.432 0.931 0.866 0.999
2003 —0.002 0.085 0.446 0.956 0.915 0.998
2004 —0.005 0.096 0.523 0.944 0.890 0.994
2005 0.015 0.074 0.461 0.972 0.941 0.986
2006 0.017 0.129 0.510 0.961 0.918 0.983
2007 0.018 0.108 0.516 0.958 0911 0.982
2008 0.011 0.158 0.650 0.889 0.778 0.987
2009 —0.002 0.288 0.805 0.833 0.694 0.997
2010 0.013 0.157 0.562 0.956 0911 0.988
Range —0.005-0.018 0.059-0.288 0.432-0.805 0.820-0.972  0.665-0.941  0.982-0.999

Table VII shows the calculated statistical test parameters for the Angstrom-Prescott model
for each year. Over the years, MBE values ranged from —0.005 to 0.018 with underestimation
of the calculated values for three years (2003, 2004, and 2009) and overestimation for the
remaining seven years but good agreement between measured and calculated values for all
years. MPE values were acceptable, ranging from 0.059% to 0.288% and RMSE ranged from
0.432 to 0.805.

Good correlation was obtained for all years with r ranging from 0.820 to 0.972 with 2001
having the lowest correlation. NSE values ranged from 0.665 to 0.941 with 2001 having the
lowest efficiency. Since all NSE values are greater than zero, each yearly model is a better pre-
dictor than the mean of the corresponding measured values. The p-values ranged from 0.982 to
0.999 showing that the difference between the means of the measured and calculated values is
not statistically significant at the 95% confidence level. Therefore, the yearly models provide
good estimates of their corresponding measured values and would be useful in computing val-
ues for missing monthly average global solar radiation data for the period 2001-2010.

D. Five-year monthly Angstrom-Prescott models
Table VIII shows regression coefficients a and b for the twelve monthly Angstrom-Prescott

models using calibration data 2001-2005. The regression coefficients ¢ and b varied from 0.18

TABLE VIII. Regression coefficients a and b for the for twelve monthly Angstrom-Prescott models using data from the pe-
riod 2001-2005.

Month a b

January 0.25 0.33
February 0.18 0.41
March 0.23 0.37
April 0.23 0.34
May 0.25 0.30
June 0.20 0.42
July 0.19 0.40
August 0.23 0.32
September 0.35 0.14
October 0.20 0.37
November 0.26 0.28
December 0.37 0.17

Range 0.18-0.37 0.14-0.42
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FIG. 4. 1:1 lines and plots of calculated versus measured average daily global solar radiation for the years 2006-2010 based
on the five-year monthly Angstrom-Prescott models.

to 0.37 and 0.14 to 0.42, respectively. September and December have higher values of @ which
as stated earlier may be due to higher amounts of diffuse radiation present on the cloudier days
of those months. Figure 4 shows point plots and 1:1 lines for calculated versus measured aver-
age daily global solar radiation for each of twelve months based on the respective Angstrom-
Prescott model.

Table VIII gives the regression coefficients @ and b for the monthly Angstrom-Prescott
models using data from 2001 to 2005.
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TABLE IX. Statistical test parameters for twelve monthly Angstrom-Prescott models using average daily measured global
solar radiation and measured sunshine hours computed over the period 2001-2005.

Year MBE (MJm 2*day™")  MPE (%)  RMSE (MJm *day ) r NSE p-value
January 0.405 3.372 1.236 0.731 0.478 0.298
February —0.676 —3.857 1.169 0.726 0.098 0.058
March 0.246 1.405 0.675 0.916 0.995 0.523
April 0.010 0.395 1.147 0.794 0.986 0.983
May —0.460 —2.278 1.073 0.760 0.989 0.182
June 0.414 3.022 0.957 0.951 0.990 0.562
July —0.438 —~1.829 1235 0.926 0.981 0.518
August —0.011 1.274 1.223 0.921 0.980 0.955
September 0.470 4.330 1.609 0.727 0.964 0.263
October —0.049 0.090 1.050 0.780 0.982 0.905
November —0.314 —0.995 1.178 0.888 0.977 0.528
December 0.490 4.501 1.234 0.905 0.974 0.151
Range —0.676-0.490 —3.857-4.501 0.675-1.609 0.726-0.951  0.098-0.995 0.058-0.955

The regression coefficients a and b varied from 0.18 to 0.37 and 0.14 to 0.42, respectively.
The computed average values and standard deviations for @ and b in the dry season
(January-May) are: a =0.23%0.03 and b =0.35%£0.04 while for the rainy season
(June—December) a = 0.26+0.07 and b = 0.30£0.11 which shows that the variations of the
regression coefficients are larger in the wet season than in the dry season. Further work on
models for the regression coefficients as functions of clearness index, average fraction of sun-
shine hours, cloud cover, etc., can be undertaken to establish the differences in the variations of
the coefficients in the dry and wet season.

Table IX shows the calculated statistical test parameters for the Angstrom-Prescott model
for each month using data over the period 2001-2005. Over the months, MBE values ranged
from —0.676 to 0.490 with underestimation of the calculated values for six months (February,
May, July, August, October, and November) and overestimation for the remaining six months
but very good agreement between measured and calculated values for all months. MPE values
were acceptable, ranging from —3.857% to 4.501% and RMSE ranged from 0.675 to 1.609.
Good correlation was obtained for all months with r ranging from 0.726 to 0.951with February
having the lowest correlation. NSE values ranged from 0.098 to 0.995 with February having the
lowest efficiency. Since all NSE values are greater than zero, each monthly model is a better
predictor than the mean of the corresponding measured values. The p-values ranged from 0.058
to 0.955 with February having the lowest p-value. The range indicates that the difference
between the means of the measured and calculated values is not statistically significant at the
95% confidence level. The low NSE and p-values in Table IX can be attributed to the limited
number of calibration years used in which only five data points from the five years were used
to compute daily averages. It is expected that if larger calibration and validation data sets are
used, the low NSE and p-values should improve significantly. Generally, the monthly models
do provide good estimates of their corresponding measured values.

E. Linear relationships between the regression coefficients b and a

Figure 5 is a plot showing the linear relationship between the regression coefficients » and a
given in Table VI for the yearly models. The linear relationship is given as b = —1.40a + 0.67
with a correlation coefficient r = —0.98. Figure 6 is a plot showing the linear relationship between
the regression coefficients » and a given in Table VIII for the monthly models. The linear relation-
ship obtained is b = —1.52a + 0.70 with a correlation coefficient r = —0.97. Thus, both the yearly
and monthly models yielded linear relationships between b and a with similar correlation
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FIG. 6. Linear relationship between regression coefficients b and a for the twelve monthly Angstrom-Prescott models com-
puted over the period 2001-2005.

coefficients close to —1. It should be noted that monthly models derived by using ten years (as
opposed to five years) gives a linear relationship between b and a as b = —1.43a + 0.68 with
r=—0.97 which is in closer agreement with the linear relationship obtained from the ten yearly
models. The difference between the linear relationships derived from the five-year monthly models
and the ten-year monthly models is due to the different volume of data processed.

Various researchers have provided separate theoretical relations for @ and b in terms of
geographical and/or meteorological parameters (Rietveld,”® Gopinathan,”” and Gopinathan®®).
Rietveld gave separate relations for @ and b in terms of average fraction of sunshine hours (1%)
Gopinathan®’ provided separate relations for @ and b in terms of altitude and average fraction
of sunshine hours while Gopinathan28 found @ and b to be dependent on altitude, latitude, and
average fraction of sunshine hours. From Rietveld,® we derived » = 0.38 +0.02/(a — 0.10)
which is not linear and therefore not applicable to Trinidad. Similar analyses of Gopinathan®’
and Gopinathan®® gave linear relationships between b and a as, b = —2.4la+ 141 and
b = —1.24a + 0.79, respectively, when applied to Trinidad for values of 10° 35" N latitude and
21.95m altitude at the location of the Trinidad and Tobago Meteorological Services. Although
the latter two equations are linear, they do not agree with the linear relations obtained from the
data used in our analysis. This suggests that models for @ and b coefficients do not have global
applicability and as such, models for @ and b specific to Trinidad need to be developed.
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F. Summary

The five-year model, five-year dry and wet seasonal models, ten yearly models and twelve
monthly models have been developed and evaluated and used to calculate global solar radiation
in Trinidad with good accuracy for different time scales. It has been found that the five-year
dry and wet seasonal models performed similarly to the five-year model and hence a single
five-year model is suitable for predicting global solar radiation in Trinidad for any month of the
year. Average daily and average total global solar radiation and number of sunshine hours were
computed for the period 2001-2010 for the whole year, dry season, and wet season, as shown
in Table V.

The ten yearly and the twelve monthly models were used in establishing linear relation-
ships between the Angstrom-Prescott regression coefficients for a ten-year and one-year time
scale.

V. CONCLUSION

Many solar energy applications require monthly average daily global solar radiation and
average daily global solar radiation data to determine optimal system design. It is therefore of
paramount importance that models to predict global solar radiation on different time scales be
developed for use in solar energy applications. In Trinidad, data for sunshine hours are readily
available from the Trinidad and Tobago Meteorological Services and therefore empirical
Angstrom-Prescott models based on sunshine hours were developed and validated for different
time scales. These models were: a five-year model, five-year dry and wet seasonal models, ten
yearly models, and twelve five-year monthly models.

The regression coefficients, (a, b) for the five-year, dry season, and wet season models
were found to be (0.21, 0.38), (0.21, 0.38), and (0.27, 0.28), respectively. The dry and wet sea-
sonal models performed similarly to the five-year model and hence a single five-year model is
suitable for predicting global solar radiation in Trinidad for any month of the year. For the ten
yearly models, a and b varied over the ranges 0.15-0.31 and 0.22-0.48, respectively. For the
monthly models, ¢ and b varied over the ranges 0.19-0.37 and 0.14-0.42, respectively.
Regression analysis of the coefficients from the ten yearly models and from the twelve monthly
models established linear relationships between b and a. Statistical test parameters: MBE, MPE,
RMSE, r, NSE, and p-values were applied to all the models and the statistical analysis con-
firmed their applicability to Trinidad.

Finally, the average daily global solar radiation, average total global solar radiation, aver-
age daily number of sunshine hours, and average total number of sunshine hours were deter-
mined as: 16.93+0.73 MJ m 2 dayfl, 2.56x0.11 GJ mfz, 8.49+0.44 h dayfl, and 1282*67 h,
respectively, for the dry season; 15.52£0.81 MJ m~2 dayfl, 3.32%20.17 GJ mfz, 7.03+0.38 h
dayfl, and 1504=*81 h, respectively, for the wet season; and 16.08+0.71 MJ m > dayfl,
5.87+0.26 GJ m_z, 7.65+0.24 h day_l, and 2792+83 h, respectively, for the whole year.
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