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Correlations for Predicting Average Global Solar Radiation
Incident on a Horizontal Surface in Amman, Jordan

M_.A. Alsaad
Department of Mechanical Engineering, Faculty of Engineering and Technology,
University of Jordan, Amman, Jordan

Abstract. The present work develops several empirical formulas for estimating the average hourly, daily
and monthly global solar radiation incident on a horizontal plane in Amman, Jordan. The developed for-
mulas correspond to sinuscidal correlations which express the values of the total solar radiation available
in terms of the hour, day and month of the year. The determined coefficients of the sinusoidal correlations
are expressed in polynomial form in terms of the hour and month of the year to allow the use of a single
formuta for determining the hourly and monthly variations of solar radiation in Jordan. The present cor-
relations are based on hourly measurements of solar radiation over the period (1983-1987) and are consi-
dered suitable for solar energy collection applications. The computed solar radiation values, using the pre-
sent correlations, were compared with measured data. The results obtained indicate that the overall mean
error ranges from 0.2 to 9.5%.

Introduction

Solar energy conversion into a useful form of energy in a given locality depends on
the knowledge of the soalr radiation available in that locality. Hourly and daily aver-
age values of irradiations incident on a thermal solar system are considered impor-
tant parameters in predicting and simulating the performance of such a system. Daily
and monthly average values of total insolation are considered adequate for predict-
ing the thermal energy output of flat plate collectors [1,2]. These average values
could be obtained either by direct measurements or from applying appropriate pre-
diction correlations. As available measurements of solar radiation are very limited in
Jordan, the use of prediction formulas becomes necessary to assess the availability of
solar energy in the country. Linear regression correlations of the Angstrom-type
have been used by the author [3,4] to predict the availability of monthly global radi-
ation in various sites of Jordan. The correlations require the knowledge of the bright
sunshine duration.
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The general expression of sinusoidal function for predicting global radiation is:

G(t)= A + Bsin [(2a/T)t - F] (1)
where G(t) = average global radiation at any given time t.
A = mean value of global radiation.
B = amplitude of the sinusoidal function which specifies the amount
of the global radiation oscillation about its average value.
T = period in units of time.
F = phase angle which parameterizes the extent to which the

sinusoidal function is shifted horizontally.

In the above correlation, t is the time of global radiation variation and stands for
the hour(h) of the day, the day number (n) of the year or the month(m) of the year.
The ratio 2a/T represents the angular frequency which characterizes how often the
global radiation cycle occurs.

The prediction of global solar radiation using the general expression of sinusoi-
dal function has the advantage that it does not require the knowledge of the bright
sunshine hours as well as the calculation of the extraterrestrial radiation and length
of the day. All it requires is the determination of the time period (hour of the day,
day of the month or month of the year) during which the global radiation is needed
to be predicted.

The purpose of the present work is to provide one sinusoidal correlation for
estimating each of the hourly, daily and monthly values of the average, maximum
and minimum global radiation incident on a horizontal surface in Amman, Jordan
(Latitude: 32°N, Longitude: 36°E, Elevation:980 m). The present correlations are
based on hourly measurements of solar radiation performed by the Royal Scientific
Society (RSS) over the period (1983-1987).

The instruments used to measure the hourly global solar radiation data are Kipp
and Zennon Pyranometer and Friedrichs weather station micro processor. The accu-
racy of the recording instrument is better than 0.1%. The accuracy of the Pyranome-
ter used is better than 1%. The accuracy was checked at the end of the measuring
period of 1985 and was found to be better than +3% [5].

Results and Discussion
Correlations of the Average Hourly Global radiation

The average global radiation incident on a horizontal surface during a given
hour has been obtained for each day of the year by averaging the corresponding
hourly measured data available for the period (1983-1987). The averaged data for all
hours from 06:00 to 17:00 hours Local Standard Time, LST, are plotted against the
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day of the year as shown in Fig. 1. The averaged data for each hour presented in Fig.
1, have been fitted to a sinusoidal function of the form:

Gy(n)= A, + B, sin [(2 7/365)n - F, ] )]

where Gy(n) is the average global radiation as a function of the day number, n(n=
1,2,...,365) for a given hour (h) of the day (h= 06, 07,...,17 hours LST).

Fig. 1.
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Annual variation of the average hourly global radiation for all hours of the day.
(a) From 06:00 to 11:00 hours LST.

(b) from: 12:00 to 17:00 hours LST.

Solid curves correspond to correlation (2).
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A computer program was written to compute the values of the constants A, By,
and F, of equation (2) using least squares technique. The obtained values of these
constants are listed in Table 1. The sinusoidal correlations corresponding to each
hour are also plotted in Fig. 1.

Table 1. Hourly values of the constants A , B, and F, of correlation (2) and the mean percentage error

for each hour.
Time Ay B, F, % error
hours LST W.m=2 W.m™> degrees
06 128.3 145.0 77.4 —-46.7
07 308.0 2439 80.0 9.2
08 464.7 247.0 82.3 5.5
09 601.7 256.5 82.4 35
10 684.7 265.3 84.1 3.5
11 720.7 269.0 87.2 35
12 697.1 280.7 88.2 3.2
13 621.2 274.3 89.6 4.5
14 491.6 254.1 86.3 4.9
15 329.6 230.4 329 8.7
16 169.9 176.5 81.4 2.0
17 48.4 66.1 79.7 50.4

The average global radiation values for each hour of the day were computed
using correlation (2) and the corresponding values of the constants A, , By and F, are
listed in Table 1. The predicted data, (G, ) were compared with the measured
values (G, ) for each hour. (365 readings). The residual (G4 - G eas ) @s well as
the percentage error, defined as (G4 - Gmeas ) Geas. €an be used to check the
accuracy of the used correlation. The overall mean error of correlation (2) for every

365
hour, defined as: (1/365) Z | [Gpreq. (4)-Grmess ¥ Gumeas (d) | was computed to verify the
d=1

correlation. The results of computation are listed in Table 1. It can be seen from
Table 1 that the overall mean error is less than 6% for most sunshine hours of the day.
It is noted that, the overall mean errors at #6:00 and 17:00 hours L.ST are considered
large (about 50%) due to the fact that the irradiation data of the first and last hours
are not complete. In addition, the radiation intensity is low at these hours which
results in large errors. Thus, the present model fails to predict the global radiation at
these hours with high accuracy. However, this large error occurs near sunrise and
sunset hours and is of little practical singificance since most of the radiation incident
during the day is confined within about or four-fifths of the day around solar noon.

Table 1 indicate that, the magnitude of the mean value of global radiation (A,)
increases from 128.3 W.m2 at 06:00 hours to reach a maximum value of 720.7 W.m™2
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at 11.00 hours. The mean value then starts to decrease until a minimum value of 48.4
W.m2 is obtained at 17:00 hours. The integrated value of the constants A, repre-
sents the annual mean daily global radiation reaching the horizontal surface. This
value amounts to 5.266 KWh.m2 per day as compared to the corresponding mea-
sured value of 5.302 KWh.m? per day. The resulting error is only 0.7%. The
behavior of the amplitude (B, ) and the phase angle (F, ) is similar to that of A, . The
amplitude increases from a value of 145.0 W.m 2 at 06:00 hours to a maximum value
of 280.7 W.m2 at 12:00 hours, then decreases to reach its minimum value at 17:00
hours. Similarly, the phase angle starts to increase from its value at 06:00 hours to
reach a maximum value of 89.6 at 13:00 hours then decreases to 79.7 at 17:00 hours.
The shift in the phase angle indicates a change in the location of the maximum value
of global radiation intensity.

The hourly values of the constants A, , B, and F, listed in Table 1 can be related
to the independent variable h by a single formula of polynomial form. This will allow
the use of a single equation for representing the hourly variations of global solar radi-
ation. This resulting equations are as follows:

A, = 2702.525 + 697.089h - 42.031 h? + 0.613h (3)
B, = 29.683 + 5.771 h + 4.797h% - 0.291h (4)
F, = 68.889 -+ 0.100h + 0.369h2 - 0.019h? (5)

The coefficients of equations (3)-(5) have been computed using the least squares
technique. The regression coeffecients (r) for equations (3)-(5) are 0.99, 0.96 and
(.94 respectively. The day number at which the hourly global radiation reaches its
maximum value (n, _..) can be obtained by differentiating equation (2) with respect
to the day number and equating the result to zero. The expression obtained is:

Ny e = 365(0.25 + 0.5 F /) (6)

Equation (6) reveals the role of the phase angle in determing the day number at
which the maximum value of the hourly global radiation occurs for each hour. The
maximum values of the hourly global radiation (G, ,...) can be determined by sub-
stituting equation (6) into equation (2). The relation obtained is:

Gh,max = Ah + Bh (7)

The above result is expected as equation (2) reaches its maximum value when
sin[(2a/365)n - F,] is equal to unity. The hourly values of N max @nd Gy . Were
determined, using equation {6) and (7), respectively, and are shown in Table 2. It can
be seen from Table 2 that the smallest and greatest phase shifts occur at the day num-
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bers of 170 for 06:00 hours and 182 for 13:00 hours, respectively. This result indicates
that the maximum shift is 12 days. Table 2 also indicates that G, ., reached an upper
value of about 990 W.m2 and occured at 11:00 hours while the lower value is reached
at 17:00 hours and amounts to 115 W.m™.

Table 2. Hourly values of M max and Gh,mal of equations (6) and (7)

Time h,max
hoursLST 0 W.m™
06 170 273.3
07 172 551.9
08 175 711.7
09 175 858.2
10 177 950.0
11 180 089.7
12 181 977.8
13 182 895.5
14 179 F45.7
15 175 560.0
16 174 346.4
17 172 114.5

Correlations for the Total Monthly Hourly Global Radiation

The averaged global radiation data of each hour from 06:00 to 17:00 hours LST
for all days of the month were integrated to yeild the total monthly hourly values of
global radiation. The obtained values were plotted against the hour of the day for
each month of the year as shown in Fig. 2. The variation of the monthly hourly data
for each of the 12 months have been fitted to a sinusoidal function of the following
form, using the least squars method:

G, (h) = A, + B, sin[(27/11.5) h-F,] (8)

where G_(h) is the total global radiation for a given month (m) as a function of the
hour. In the above correlation, h=1 stands for 06:00 hours, h=2 stands for 07:00
hours, and h=12 stands for 17:00 hours LST. The values of the constants A, B, and
F_ of equation (8) were determined for each month and are given in Table 3. Using
the monthly values of the constants A, B, and F_ and equation {8), the total
monthly hourly global radiation data were calculated for each of the 12 months.
These values are plotted against the hour of the day as shown in Fig. 2. The predicted
monthly hourly global radiation for each month (G ;.4 ) were compared with the cor-
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responding measured data (G_,,.). The overall mean error of correlation (8},
defined as:
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Fig. 2. Hourly variation of the average total monthly global radiation for all months of the year.
(a) From January to June.
{b) From July to December.
Solid curves correspond to correlation (5).
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meas. (VG eas. |» was calculated for every month to check

12
(1/2)Ell [Gpred. (l)'G

the accuracy of the used model. The results are also presented in Table 3. As may be
seen from Table 3, the overall mean error is less than 7% for every month which indi-
cate good agreement between predicted values and measured data. Table 3 also indi-
cates that the average value of the monthly mean hourly global radiation (A )
increases from a value of 7 KW per m? for the month of January to a maximum value
of 20 KW per m® for the month of July. The magnitude of the constant A then
decreases to a minimum value of 6.8 KW per m? for the month of December. Itis also
observed that the minimum value of the phase angle (F_ ) is 86° and occurs for the
month of November while the maximum value of F is 115°.

Table 3. Monthly values of the constants A, B_ and ¥, of correlation (8) and the mean percentage error
for each month

AL B, F.
Month KW.m? KW.m™? degrees % error
January 7.055 6.913 104.0 4.4
February 7.800 5.557 115.2 53
March 11.641 6.708 109.8 3.7
April 14.855 7.018 115.2 -5.9
May 17.704 6.824 99.7 0.3
June 19.675 6.757 105.1 0.4
July 20.013 7.234 108.5 -0.7
August 18.494 7.700 105.7 23
September 15.323 7.684 101.1 -3.6
October 12.542 7.159 92.9 -1.3
November 8.160 6.446 86.0 3.7
December 6.846 5.600 97.0 6.9

In order to permit the use of a single formula for expressing the monthly vari-
ation of the global solar radiation, the constants A, , B and F,, of Table 3 are expres-
sed in polynomial form in terms of the month of the year m as follows:-

A, = 0.678 + 5.008m - 0.298m’ - 0.007m* 9)
B_ = 7.144—0.709m + 0.188m* - 0.012m* (10)
F,=101.1+ 6.7m-1.3m> + 0.1m’ (11)

The regression coefficients of the above relations are 0.96, 0.85 and (.81 respec-
tively.
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Correlations for the Total Yearly Hourly Global Radiation

The values of the total monthly global radiation for each hour from 06:00 to
17:00 hours LST have been integrated over all months of the year to obtain the total
yearly hourly global radiation (G, ,,, ). The data obtained were plotted against the
hour of the day as shown in Fig. 3. Using the least squares technique. the sinusoidal
equation:

Gy pon= 160.107 + 80.740 sin[(2x/11.5)h — 1.807) (12)

Total daily glob, rad., KWh.m™

Day numbers

Fig. 3. Hourly variation of the total annual global radiation.
Solid curve corresponds to correlation (6).

was obtained to fit the annual global radiation data for each hour(h). Equation (12)
indicates that, the mean value of the yearly hourly global radiation is 160.107 KW.m™
per year. The total global radiation incident over the whole of the year is 160.107x 12
hours which equals to 1921.284 KW.m per year which indicate good availability of
solar radiation. The predicted values of the total annual hourly global radiation were
calculated for each hour using equation {12) and the obtained values are also plotted

in Fig. 3. The predicted and measured values of G, , - were compared and the per-
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centage error for each hour was calculated. The overall mean error was found to be
3.2% which indicate good agreement between predicted and measured values.

Correlations for the Total Daily Global Radiation

The measured data of daily global radiation over the period (1983-1987) were
processed to determine the average, maximum and minimum daily values for all days
of the year. The annual variations of the average global radiation (G ,,, } incident
over the whole of the day, as well as the maximum (G ... ) and minimum (Gg ... )
global radiation are shown in Fig. 4. The daily data have been successfully fitted to
sinusoidal functions expressed as follows:

G, .., = 5.327 + 2.681 sin[(27/365)n ~ 1.550] (13)

d,avg

G

d,max

= 6.074 + 2.376 sin[(2/365)n — 1.513] (14)

G, .. = 4.430 + 3.071 sin[(2a/365)n — 1.426] (15)

d,min
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Fig. 4. Annual variation of the average, maximum and minimum global radiation incident over the
whole of the day.
Solid curves corresponds to correlations (7 - 9).
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where n is the day number of the year (i.e. n= 1,2, ...365). The mean values, the
amplitudes and the phase shifts of the above relations were calculated using the least
squares method. Correlation (13)-(15) are also plotted in Fig. 4. The average,
maximum and minimum daily global radiation, computed using correlations (13)-
(15), were compared with that of the corresponding measured values. It was found
that, the mean error introduced by using formulas (13)-(15) are less than 2.6,2.5and
9.5%, respectively. The above formulas indicate that the mean values of the yearly
variations of Gy ., » Gy max 304 G i aT€ 5.327, 6.014 and 4.430 KWh™ per day and
are obtained at n equals to 90, 88 and 83, respectively.

Correlations for the total Monthly Global Radiation

The average, maximum and minimum global radiation incident over the whole
of themonth G ... Gy max a0d Gy i respectively have been calculated by integrat-
ing the daily radiation data of G ,,,, Gy max a0 Gy rmin respectively for each month
of the year. Fig. 5 shows a plot of the measured values of G, ;. G max @14 Gy min
against the month of the year. The monthly variations of the data presented in Fig.

5 were fitted to the following sinusoidal correlations, using the least squares
technique.
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Fig. 5. Annual variation of the average, maximum and minimum global radiation incident over the

whole of the month,
Solid curves corresponds to correlations (10 - 12).



132 Mohammad A. Alsaad

Gy avg = 161.555 + 71.803 sin[(2a/11.5)m - 2.024] (16)
G e = 182.458 + 60.464 sin[(27/11.5)m — 1.860] (17)
Gipin = 135.921 + 81.738 sin[(27/11.5)m —2.158) (18)

where m is the month of the year (m= 1,2, ..., 12) with m=1 corresponds to January,
m=2 corresponds to February and m=12 corresponds to December. It can be
observed from formulas (16)-(18) that, the mean values of the annual variations of
G aver Omomax and G are 161,555, 182.458 and 135.921 KWh.m ? per month,
respectively while the amplitude of the variations are 71.803, 60.464 and 81.738
KWh.m™ per month, respectively. Correlation (16) indicates that, the average total
global radiation incident over the year is 161.555 X 12 and equals to 1938.660
KWh.m™ per year as compared to the annual value of 1921.284 KWh.m™ per year
calculated based on integrating the hourly radiation data. This discrepancy is less

than 1% and is due to considering the day length from sunrise to sunset as 12 hours.

Conclusion

The present work provides several empirical formulas of the form:
G(t) = A + Bsin[(2a/T)t - F]

which best represent the distribution and behavior of the measured hourly, daily and
monthly global radiation data. The developed formulas allow the computation of the
average, maximum and minimum global radiation intensity incident on a horizontal
surface in Amman, Jordan over the whole of hour, day and month of the year for
solar energy collection applications. The accuracy of the derived correlations were
tested against the measured data over the period (1983-1987). The agreement
between predicted values and measured data was found to be satisfactory.

The cbtained values of the constants A, B and F of the present work are differ-
ent from those calculated for Athens and Greece [6] (Latitude: 38° and Longitude:
24°). A comparison of the present constants obtained for the average hourly global
radiation correlation with the corresponding values calculated for Athens shows a
difference in the range of 10-60% for A, 5-20% for B and 1-6% for F, depending on
the hour of the day. It can be observed that, the largest difference occurs for the con-
stant A. This is due to the fact that the constants, mainly the constant A depend on
the latitude of the location and on the turbidity of the atmosphere.
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