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ABSTRACT 

ACCURATE t10DELING OF INSTANTANEOUS SOLAR RADIATION 

Rafic Zein Makki 

Master of Science 

Youngstown State University, 1980 

l 

The need for alternative energy sources is becoming 

more and more apparent as time goes by. The world's resources 

of fossil fuel are rapidly decreasing, and scientists are 

looking for alternate rout.es to solve the energy problems 

faced by most nations on earth. One such route is the utiliza

tion of Solar Energy which is abundant in enormous quantities. 

For example, the amount falling on Lake Erie can supply the 

needs for the entire nation.[ 6 ] Solar Engineers have been 

trying to bring Solar Energy into the picture as an alternative 

source of energy for many years now, because of its promise 

in providing efficient and economical systems. However, the 

design of an efficient and economical system depends on the 

accuracy of predicting the amount of radiation received during 

the period in which the system is expected to operate. Unfor

tunately it is very diffi~ult to model incoming radiation 

because of constant changes in atmospheric conditions. the 

best that could be done, thus far, is to use previous radia

tion data averaged over a number of years for a specific locali

ty, and through statistical analyzis predict future insolation . 
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Such a technique was presented by Liu and Jor·dan [ l] in 1960. 

It turns out, however, that this kind of approach is not very 

useful for predicting the performance of a solar system because 

it is an averaging technique and solar systems do not operate 

on an average basis . Thus, the need for a model that predicts 

instantaneous radiation that is not averaged over the entire 

day (which in turn is averaged over ' the entire month) is yet 

to be satisfied . Alexander and TaftLZ] have . derived such a 

model using Liu and Jordan's technique along with Meinel's 

development of Laue's observations_[ 4 J 

This paper outline·s a computer program which models 

and tests Alexander and Taft's technique and outputs instan

taneous in~olation data for 10 different locations around the 

country. Using this technique, modifications to Laue's curves 

were proposed for the different locations under study. The 

program can be used to predict instantaneous solar insolation 

for any location in the world where monthly average total 

radiation data are available. 
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CHAPTER I 

SOLAR ENERGY AVAILABILITY 

1.1 INTRODUCTION 

The energy that is received from the sun on the surface 

of the earth depends upon the physical and chemical character

istics of the sun and the effects of the earth's atmosph~ric 

attenuation. This chapter will analyze these points and provide 

the basic building block for the rest of this paper. 

1.2 ABOUT THE SUN 

In general, the sun can be visualized as a black body 

operating at 5760°K. It is a sphere .of fusion reactions with 

· estimated i~terior temperatures reaching 40 x 10 6 °K. 7he sun 

has a radius of 6.95 x 10 5 Km and an average distance of 1.5 x 
8 . 

10 Km fro• the earth. The energy received on a unit area, 

perpendicular to the incident rays, per unit time, in space, 

has ~een found to be 1353. W/m2 or 429.2 BTU/ft 2-hr. This 

value is ·referred to is the NASA/ASTM standard value of the 

solar constant, and is within an estimated error of+ 1.5%. 

In practice, only radiation between 0.3 and 3µm is 

considered for terrestrial applications. Radiation outside 

this range is ne~lected because of strong absorption by o2 

and N2 for wavelengths less than 0.3µm, and by CO 2 and H.20 for 

wave lengths greater than 3µm. Hence, knowledge of the spectral 
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distribution of radiation is instrumental for the estimation 

of insolation. The spectral irradiance curve given in Figure 

1.1 shows the extraterrestrial solar spectrum for the range 

of 0.2 - 2,6\Jm. 

1.3 ATMOSPHERIC ATTENUATION 

The radiation received on the surface of the earth is 

made up of two components: 

A. Direct Radiation (ID): Solar radiation whose 

direction has not been altered by atmospheric 

scattering and reflection. 

B. Diffuse Radiation (Id): Solar radiation whose 

direction has been deflected due to reflection 

and scattering by the atmosphere. 

Obviously the total radiation received (IT) is the algebraic 

sum of ID and Id. 

The earth moves along an elliptical orbit thus causing 

the su_n-earth distance to vary on a seasonal basis. Hence, 

the insolation received at the surface•of the earth depends 

upon the variation of the distance between the sun and earth. · 

Moreover, the atmosphere contains air molecules, H2O vapor, 

dust, o2 , o3 , and CO 2 , all of which absorb and scatter radia

tion. Therefore, the solar radiation received on the surface 

of the earth varies according to: 

1. Variations in sun-earth distance. 

2. Variations of scattering and absorption by at~os

pheric effects. 
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Variations in sun-earth distance contribute only a 

uniform+ 3% change in extraterrestrial radiation, but, varia~ 

tions due to dust particles, H20 vapor, and air molecules 

cause a major probleni in the calculation of solar insolation 

because of constant changes in atmospheric conditions. 

If E0 and E are the irradiance at a given wavelength 

outside the atmosphere and after transmittance respectively, 

then the following relation holds[ 3]: 

E =Ee-cm . 0 (1.1) 

where mis the air mass (m = 1 at sea level), and c is the 

attenuation factor due to Rayleigh scattering and absorption 

by ozone and turbidity. The value of c can be determined 

from tables, for a given wavelength and percentage of H20 

vapor. Equation (1.1) is known as Bourguer's law, and ha.s to 

be slightly modified to include the infrared. Unfortunately, 

this. equation cannot accurately predict future insolation 

because of the uncertainty associated with the c factor. For 

example, it is impossible to know the content of the H2o vapor, 

for every hour of every day for the next twenty year$ ~ Yet 

H20 vapor has a significant effect in attenuating radiation 

and the need for a good model of future insolation is indis

pensable in the design of solar collectors. This has been 

the subject of many studies, the most important of which are 

presented in detail in later chapters. 



1. L~ FUNDAHENTAL EQUATIONS 

It is very important to know the position of the sun 

relative to a collector. For example, one needs to know the 

exact direction of incident radi~tion for every hour of the 

day in order to design for the optimal tilt and spacing of 

collectors of~ solar plant, where shading effects can cause 

some problems. 

At any time of day the position of the sun relative 

to a collectoi can be described by the following angles, 

H: angle of rotation of the earth after solar noon 

(H = 15 x hours after solar ncion). · 

5 

b: tilt angle of the collector relative to the hori

zontal. 

relative 

p: azimuth angle (rotation of collector from due 

south). 

L: latitute (north positive). 

o· seasonal declination angle. 

0 23.45 sin (360. d+284 ) 
365 

where d is · the day of the year. 

The angle of incidence (i) of direct solar radiation 

to the collector surface normal is given by, 

cos (i) = [cos (p) sin (L) sin (b) cos (o) cos (H) 

+ cos (L) cos (b) cos ( o) cos (H) 

+ sin (p) sin (b) cos ( 0 )' sin (H) 

+ sin (L) sin ( o) cos (b) 

cos (p) cos (L) sin (b) sin ( 0 ) J (1. 2) 



If b = O; then the ang le of incidence reduces to the 

zenith angle which is g iven by, 

cos ·( z ) = sin (L) sin ( 0) + cos (L) cos ( c5 ) cos (H) 

6 

(1. 3) 

It is also useful to calculate the length of day (as 

shown in Chapter four) which is given by, 

SS = ( 2 x .H)/15 (1. 4) 

where SS is the · number of hours from sunrise to sunset. 

Equation (1.3) can be solved for H by substituting z = 90°. 

Eence , 

cos (z) = 0. 

and 

cos (H) = - tan (L) tan ( o ) (1. 5) 

Equations (1.2) - (1.5) constitute the basic building 

blocks from which the analysis presented in this paper is 

going to develop. For example, knowing the z enith angle (z), 

the ~irect radiation on a _clear day can be found from Figure 

1.2 or the ~iffuse r adia~ion from Figure 1.3. These are 

knm, .. '11 as Heinel' s d evelopment of Laue's observations and will 

be used in Chapters three and_ four. The graphs are based on 

measurements in urban, desert and standard areas. 

1. 5 HEAS UREMENTS . 

In 1. 3, it was pointed out that it is practically 

impossible to predict the exact value of future insolation 

because of unpredictable weather changes. In practice, how

ever, one can rely on measured data for a specified number of 

pas t years and use the~ to pre~ict the future performance 



of a system. This technique is presented in detail in the 

next chapter. The two most widely used instruments for the 

measurement of solar radiation are: 

I 

1. Pyranometer: Measures the total direct and diffuse 

radiation. 

2. Pyroheliometer: Measures direct radiation. 

Most of the solar radiation instruments used in the 

U.S.A. are manufactured by Eppley Labor~tory. These instru

ments either generate or modify an electric current which is 

proportional to the amount of heat change in the element. For 

example, the Eppley pyranometer, which is made up of black and 

white concentric rings, influences a change in the current 

(through its thermocouple) by the effect of temperature dif-

ferences between the absorbing black and reflecting white 

rings. This change in current is proportional to the heat 

absorbed. Meteorological instruments are calibrated in lang

leys which is the international unit of solar energy and is 

equivalent to 1 calorie per square centimeter. However, solar 

engineers usually prefer the unit of BTU per square foot per 

hour or Watts per square met.er. Throughout this paper the 

unit of Watts per square meter is adopted unless otherwise · 

specified. 

IL I 1 F 'n f ,, ,., I B ' R'{ _ t :, . 111, l..l -· \h1 
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CHAPTER II 

MONrHLY AVERAGE SOLAR RADIATION 

2.1 INTRODUCTION 

In Chapter I, it was suggested that future solar insola

tion for a given locality can be ~odeled using previous meas

ured values. There are basically two methods that utilize 

this approach. The first method makes use of daily and/or 

hourly average data, for a specific day in a given locality, 

to predict daily and/or hourly insolation on a similar day. 

This method is not widely accepted because daily and hourly 

average data are not available in the quantity and quality 

demanded by solar engine~rs for good and reliable designs. 

The second method ~ses monthly average daily and hourly radia

tion data for a number of localities, ·and through statistical 

analysis, predicts the performance of a system in other local

ities on similar days. ·This chapter is an analysis and cri

tique of such a technique and is based on Liu and Jordan's 

1 paper. 

2.2 THE APPROACH 

·The major contribution of Liu and Jordan's observa

tions is embodied in the established relationship between 

direct and diffuse radiation for monthly average days. This 

relationship was derived from experimental data that have been 

averaged over a number of years. This was done for different 

locations (of different climates). Comparison revealed that 
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the data for all locations tested follow similar paths. There

fore, it was concluded that the r e lationship derived must hold 

for any location, since the test locations vary in climate 

from one extreme to the other. It is important, however, to 

note that this ·relationship is ~etween the ratio of the monthly 

averag e daily diffuse radiation to the monthly _average daily 

total radiation as a function of what is termed the cloudiness 

index RT, where 

KT= H/H 

and 

0 

H = monthly average daily total radiation, 

H
0 

= ex traterrestrial daily insolation. 

The extraterrestrial daily irtsolation is giveri by 

Equation (2.2) 

( 2. 1) 

H0 = 24.r . ~ ~ [(cos (L).cos ( cS ).sin (H) + H.sin (L). 
· SC 

sin ( cS ) J (2.2) 

where 

I = solar constant (I - 1353 W/m 2) 
SC SC -

and r is the ratio of intensity of ra1iation at normal 

incidence outside the atmosphere to the solar constant. 

The value of KT can be obtained from tables or calculated from 

Equation (2.1) if H is known. The relationship between the 

monthly average daily total and diffuse radiation is given in 

Figure (2.1). The plot is a curve fit for experimerital data 

taken in Blue Hill, Massachusetts, Nice, France, Helsingfors, 

Finland, and Kew Obervatory in London. The monthly average 

direct radiation can be easily obtained by noting the differ-
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ence between the total and diffuse radiation. 

Using a similar technique to the one -0utlined pre

viously, Liu and ·Jordan have also found~ general relaiionship 

between hourly diftuse radiation and daily ·diffuse radiation 

as . a function of the number of hours from sunrise to sunset, 

and between daily total .radiation and hourly total radiation 

as a function of sunrise-sunset hours. These are given in 

Figure (2.2) and (2.3) respectively, for 1/2 to 6 1/2 hours 

after solar noon. These curves were also tested with an ex

pression for the instantaneous radiation intensity (I
0

h) and 

excellent agreement was shown to exist between the theoretical 

and experimental observations. The ratio of hourly diffuse 

radiation to daily diffuse radiation is given by, 

(2.3) 

where 

IOh = r.I . (cos (L). cos ( 8 ). cos (H) +· sin (L). 
SC . 

sin (8)) (2.4) 

2 .3 ACCURACY OF LIU AND JORDAN'S METHOD 

The previous section has revealed that once His known, 

one can find the monthly average daily diffuse radiation, the 

hourly diffuse radiation, and hourly total radiation. These 

values, however, are monthly averages and assume a certain 

percentage of cloudiness for every day of the month. Thus, 

unlike the values obtained from Laue's observatioris which are 

only good for clear days, the values from Liu and Jordan's 
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observations are on the average good for any day of the y ear 

(although t~ey are never absolutely correct). Unfortunately, 

Liu and Jordan's method of monthly average data have a draw

back when applied to cbllector des~gns. This comes about 

because the performance of a collector cannot be accurately 

pred~cted from average radiation data. For ex ample, one might 

determine that the collector will not be turned on between a 

specified interval of hour~. yet conclude otherwise if instan

taneous values were available. Thus, there is a great neid 

for a model that predicts instantaneous insolation dat a which 

are n6t averaged _ over the whole day. This will be the subject· 

of the next chapter, where such a model is presented. 
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C_HAPTER 3 

INSTANTANEOUS INSOLATION 

3.1 INTRODUCTION 

The two methods presented thus far are not practical 

for solar design purposes. Laue's observations are only good 

for clear days and Liu and Jordan's method of statistical 

analysis does not offer a great deal of promise in that it is 

an averaging technique, and in g e neral solar systems do not 

operate on an average basis. The model presented in this 

chapter ·combines Laue's observations wi~h Liu and Jordan's 

method_ in a way that produces a peaking effect rather than an 

average one. The model is based on Alex ander and Taft's 

paper . [ 2 ] 

3.2 THE MODEL 

During a monthly average day there is a cert~in number 

of hours of sunshine which is differ.ent from the number of 

hours from sunrise to sunset in that the former represents 

the sunshine hours useful for design purposes . Thus, it is 

assumed that the direct radiation occurs during an interval 

of time equal to the number of hours of sunshine. 

On a clear day, the magnitudes of direct radiation 

(CDIR) and diffuse radiation (CDI F ) can be read from Figures 

l.2 and 1.3 respectively. Both CDIR and CDIF are functions of 

the zenith angle and can be written as, 



CDIR(t) = f[z(t)] 

CDIF(t) = g[z(t)] 

On a monthly average day, the values of direct (HDIR)and 

diffuse (HDIF) radiation are related to 3.1 and 3.2 by, 

where 

i ts .s 
__ CDIR(t) ·cos(i) ·dt ~ HDIR 

L..sr 

i
t . 
ss 

CDIF(t) •dt ~ -HDIF 

sr 

t = sunrise time sr 

t = sunset time . ss 

18 

(3 . 1) 

(3.2) 

(3. 3) 

(3. Lf) 

Now let the number of hours of sunshine on a particular 

day vary from t 1 to t 2 . For a clear day, t 1 , and t 2 will 

coincide with t and t respectively. However, due to the sr ss 

unpredictable changes in atmospheric conditions, one has to 

work on a monthly average day basis. Thus, Alexander and 

Taft proposed to start with CDIR(t) and sweep across th~ curve 

until the area reached is equal to the monthly average value 

predicted by Liu and Jordan. If t 1 was the starting point and 

t 2 the ending point, then (t 2-t1 ) is equal to the number of hours 

of sunshine. Now that a value for t 2 has been established, one 

can find the direct radiation at any instant during the inter

val of (~ 2-t1) by simply reading the corresponding value from 

CDIR ( t) . In general, it is best to fix t
1 

at solar noon and 

vary t 2 ·towards t until HDIR is satisfied. However, if 
sr 
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HDIR is not satisfied before tsr' then t 1 is s e t at tsr a nd 

t 2 is v aried f rom solar noon towards tss 

atically in Figure 3.1 . 

This is shown schem-

If the same procedure is used for the diffuse radiation, 

then - in g eneral - HDIF will never be satisfied since its 

absolute value is greater than the area under CDIF(t) f rom t sr 

Thus CDTF(t) has to be modified b y a factor of K 

which can be derived from Figure 3.1 . 

HDIF = K · CDIF(t) · dt + 

CDIF(t)•dt 

Hence 

K HDIF - C = 
A + B 

where 

C = CDIF(t)•dt 

A = CDIF(t)•dt 

B = CDIF(t)·dt 

t 
ss 

CDI F (t)·dt 

(3.5) 



'CDI~(t ) 

FIGURE 3.1 Absolute Va lu e of Direct Radiation 
and 8iffuse Radiation as a Function 
of the Time of day, (Alexander and 
Taft)2 . . 
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3.3 CONCLUSION 

·This method is .different from any other one in that it 

assumes that the value of direct radiation is received during 

a fixed interval of sunshine hours. The resulting model is 

very useful for collector desi8ns and other applications 

because of the peaking effect. Hence, one can more accurately 

predict the performance of a collector during the period which 

the solar system is expected to operate. The only piece 6f 

outside information needed is the value of the monthly average 

daily solar radiation which is readily available for many loca

tions across the country . 

The following chapter presents a test to this model in 

the form of a computer program. The results are compared with 

experimental data and a modification to Laue's curves is 

proposed. 
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CHAPTER 4 

THE MODEL 

4.1 INTRODUCTION 

This chapter presents a computer program that models 

and tests the methods described in the previous chapters. The 

program was developed using a structured programming technique 

which is outlined in Section 4.2. Alexander and Taft's method 

is emphasized because of its better accuracy in predicting solar 

collector performance as well as concentrator designs. Ins,tan

taneous radiation for 10 different localities in the United 

States have been calculated, and the results are shown in 

Section 4.4. The localities are: 

1. Atlanta, Georgia 

1. Boston, Massachussetts 

3. ·Cleveland, Ohio 

4. Columbus, Ohio 

5. Los Angeles, California 

6. Nashville, Tennessee 

7. Pittsburg, Pennsylv~nia 

8. Seattle, Washington 

9 . . St. Louis, Missouri 

10. Wichita, Kansas 

Ah in-depth analysis of the data is also presented 

and some modifications to Laue's curves is proposed. 
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4.2 STRUCTURED PROGRAMMING 

The most important feature of structured programming 

is the minimization of complexity, through organization. lhe 

system ip partitioned into distinct hierarchical structures 

called levels of abstraction. Each structure or level repre

sents . a module that performs a specific job. Every module is 

designed idependently. The final system is composed of these 

independent modules connected together through well defined 

interfaces. Thus, the two most important points to consider . 
are the maximization of relationships within each module and 

the minimization of relationships among modules. The strength 

of a system is represented by the degree of isolation of a 

single function to each module. This is referred to as module 

strength. Moreover, the degree of minimizing data relation

ships among modules is a .measure of module coupling. Hence 

one has to strive for high module strength and loose module 

coupling. 

In genera l, the program should have as many statements 

as required for maximum clarity and simplicity. After the 

design ~rocess has been achieved the system sh~uld be thoroughly 

tested. Basically, there are four types of testing to which 

one can resort_[ 7J 

1. Bottom up: The following steps should be followed. 

a. The program is tested from bottom to top. 

b. The first modules to be tested are the ones that 

call none of the other modules. 



c. Test those modules that directly call the 

modules described in step (b). 

d. This process is repeated until the top is 

reached. 
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· 2. Top-down: The following steps should be followed . 

a. The program is tested· from top to bottom. 

b. The only module to be tested in isolation is 

the first module. 

C. All the modules that are directly called by the 

first module are then merged and tested. 

d. Repeat the process until all the modules have 

been combined · and tested. 

3. Sandwich testing: This is a combination of bottom

up and top-down testing. The objective is to 

start at both ends and meet at a specified point of 

coincidence in ·the middle of the program. 

4. Big-Bang: Each module is unit tested in isolation. 

Then all of the modules are merged and tested as a 

whole. 

The program outlined in this chapter has been tested 

using the Big-Bang method because each module was designed to 

be completely independent of any other module, and hence the 

Big-Bang method was the easiest to adopt. The program uses 

FORTRAn language . where the respective modules take the form of 

independent subroutines that are called by the main program . 

These subroutines· are studied in d~tail in the section that 

follows 
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4.3 ABOUT THE PROGRAM 

A complete listing of the program is provided in 

Appendix B. It is composed of three major subroutines; and 

. two minor subroutines. The major ones are involved with the 

actual development of the model, while the other two subrou

tines are involved with commuri_icating information that simplify 

the process 9f understanding the input and output data. The 

following is an in depth look at the respective modules. 

I. Subroutine Jord: This module calculates the 

hourly total, direct and diffuse radiation using 

Liu and Jordan's observations (See Chapter 2). 

The inputs to this module are the values of Hand 

KT. With these known, one can use Figure (2.1) 

to calculate the value of monthly average diffuse 

radiation. Now the hourly diffuse and total 

radiation can be obtained from Figures (2.2) and 

(2.3) respectively. The only problem is to be 

able to incorporate these figures into the compu

ter program. This was done using a regression 

technique so that the experimental data points 

can be curve fitted. This technique assumes a 

polynomial fit of 

n n-1 y = K0x + K1x 

the form; 

+ K2xn-2 0 + ----- + K X n (4.1) 

where K. is a constant and n can be adjusted to 
l. 

satisfy the curve requirement for a best fit. · 

Once the K. 's are found, the problem is solved 
l. 



where 

where 
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·and a curve fit is established. It t urns out that 

these Ki's are easily found by using elementary 

calculus (for a detailed analysis, see Appendix 

A). Via this technique the following curve fits 

were found: 

A. From Figure (2.1). 

2 y = 1.35 -3.25 X + 2.5 X 

y = 0.77 - 0.8 X 

0 ~ X ~ .4 

X -~ .4 

(4.2) 

(4.3) 

D Monthl Diffuse Radiation y -- = 
H Monthly Total Ra iation 

-
KT 

H 
X = = 

Ha 

B From Figure (2.2) 

HR: \ u = 0.3981709 - (.034119)V + (9.80952 

x l0- 4)v2 

HR: 1% u = 

HR: 2% u = 

0.314407 - (.0244047)V + (6.88 225 

x 10-4)V2 

0.0869 + (n.4 x 10-3 )V - (4 x 10-4 )v
2 

HR: 3% u=...; 0.172504 + (0.0385416)V . - (1.4583 

x 10- 3)V2 

HR: 4% u=- 0.320007 + (0.0528333)V - (1.8333 

x 10-3 )V2 

HR: 5\ u=- 0.44 + (0.062)V - (2 x l0- 3
)v

2 

HR: 6% u=- 0.455017 + (0 .- 056666)V - 1.6666 

x 10- 3)V2 

u = Hourly Diffuse Radiation 
Daily Diffuse Radiation 

V = Hours from sunrise to sunset. 

HR= Hours after solar noon. 



C. 

where 
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From Figure (2.3). 

HR: 

HR: 

HR: 

HR: 

HR: 

HR: 

HR : 

w = 

.k w = 0.351749 - (0.02407)V + (5.5352 2 

X 10 
-4)V2 

1\ w = 0.2783838 - (0.0172258)V + (3.9072 

x 10-4)V2 

2\ w ·= 0.0614835 + (8 .90109 x 10- 3)V - (4.3956 

x 10- 4)V2 

3% w=- 0 .1527705 + (0.033846l)V - (1.23076 

x 10- 3)V 2 

4% w=- 0.2 + (0.032)V - _ (l0- 3)v2 

5% w =- 0. 0253896 + (7.14285 x l0- 5)v 

x 10-4)V2 

6% w =- 0. 0200665 - (9.2857 x l0- 4)v 

x · lo-4)v2 

Hourly Total Radiation 
Daily Total Radiation 

+ (2.46753 

+ (2.09523 

Hourly diffuse, direct and total radiation are given 

in section 4.4 for ten localities in the United States , for an 

average day during eath ·month of the year. 

II. Subroutine LLJ: This module calculates the nwnber 

of hours of sunshine during an average day and 

compares the results with experimental data based 

on Weather Bureau records from black-bulb type 

sunshine recorders, during the period of 1~31-

1960~9] The number of hours of sunshine were 

found according to the method described in Chapter 

3. Hence, this module tests Alexander and Taft's 

method by comparing hours of sunshine data. Sun-



28 

shine data for three different types of localities 

namely, Desert, . Standard, and Urban are presented 

Using the regression analysis (See Appendix A), 

Laue's observations for these types of localities 

were fitted into the following curves: 

A. Desert: 

CDIR(z) = [959.8844 + l.203539z - 0.170716z 2 

CDIF(z) 

-2 3 -4· 4] + 0.454363 X 10 Z - 0.456588 X 10 Z 

(4.4) 
. 2 

= [85.0517 - 0.912085z + 0.041425z 

0.750411 x ' l0-J + 0.3182 X 10- 5z4] 

(4.5) 

B. Standard: 

CDIR(z) = [929./4566 + 0.49859z - 0.140152z2 

+ 0.395109 x l0- 2z3 - 0.414178 x l0- 4z4J 

(4.6) 

CDIF(z) = [96.45 - 0.613444z + 0.03077z 2 

C. Urban: 

- 0 . 648918 x l0- 3z3 + 0.278249 x l0- 5z4J 

(4. 7) 

CDIR(z) = [612.66 - l.382752z + 0.06817z 2 

- 0.176841 x l0- 2z3 + 0.374235 x l0- 5z4J 

(4. 8) 

CDIF(z) = [215.6253 + 0.069213z - 0.012605z 2 

0.187604 x l0- 3z3 + 0.23314 x l0- 6z4J 

(4.9) 
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Thus, if the lo·cality is of typ·e A_, B, or C one should expect 

the results to be in close agreement . with the experimental data. 

However, this is not always the case because of two major 

reasons: 

1. Laue's Observations: The three types of locali

ties were characterized as being strictly desert, 

standard or urban. However, the experimental 

2. 

data might have been obtained in areas that cannot 

be characterized by any of these three types of 

localities. Instead one might find that the 

atmospheric conditions dictate a type of area 

which is somewhere between desert and standard 

or standard and urban. Indeed, the data ~btained 

via the computer program (See Section 4.4) show 

that this kind of result is possible and probable. 

It is ·also important to point out that this does 

not imply defects in the proposed model, but 

reveals the limitations imposed by Laue's curves 

which have to be modified to include more ·types of 

localities. Section 4.4 proposes such a modifica

tion for ten different localities in the United 

States. 

Total Versus Direct and Diffuse radiation: The 

model used in the program utilizes the curve 

developed by Liu and Jordan (2.1) to calculate 

the montly average di-rect and diffuse radiation 

from the value of KT. This curve is an ave~age 
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one and thus it never predicts perfect values of 

· direct and diffuse radiation. Therefore, one 

should expect a slight difference between the 

experimental and theoretical data· because the 

assumpti.on is that the measured -data are correct, 

and hence, Laue's curves are modified accordingly. 

Subroutine LLJ also generates values for the daily 

direct and diffuse radiation on clear days, and the number of 

hours from sunrise to sunset. Day 15 of each month is taken 

as the reference · day for which all values were calculated. 

III. Subroutine CALC: This module generates values of 

instantaneous radiation in the form of hourly data. 

Once the number of hours of sunshine on a given 

day in a given locality is fixed, one can look up 

the hourly radiation during that period by simply 

reading off the corresponding values · from the 

output of this module . At this point, it would 

serve as a good reminder to mention that all the 

values obtained are for horizontal surfaces where 

· b=O, and i=z. One can easily modify the output 

to include radiation on a quarter hourly basis by 

changing the index of summation, since the c·urves 

utilized are continuous functions of time rather 

than discrete functions. The hourly basis was 

chosen for simplicity and convenience. 
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IV . Subroutine DATA : This prints the respective input 

to the program. The inputs are: 

a. H 

b. DAY 

C. L 

d. KT 

e. HS 

There a re 12 values for each input that correspond to 

the 15th day of each month of the year. 

V. Subroutine DEF: This subroutine defines the 

various variables of the system. 

Each subroutine contains a testing routine which makes 

sure that the inputs are not out of range a nd that the module 

is behaving according to the specifications of the system. 

For a complete listing of the program, see Appendix B. 

4.4 THE OUTPUT 

This section is a presentation of the output of the 

program. Tables 4.1 - 4 . 10 represent the hourly radiation for 

the ten localities listed in section 4.1 . The data are given 

in sets of three. The first set are values for the hourly 

total, direct and diffuse radiatio~ for the fifteenth day of 

January. The second set are values for the fifteenth day of 

February and so forth. 

Tables 4.11 and 4.12 give the calculated number of 

hours of sunshine for the fifteenth day of each month, for the 

ten different localities. These are compared with the experi-
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mental data from Weather Bureati Records_[ 9J Since the cal6u

lated number of hours of sunshine are linearly dependent on the 

value of CDIR from sunrise to sunset, then one can apply a 

correction factor to CDIR so that the measured and calculated 

values coincide. Let CDIR be the new value of CDIR correcte9 

by a factor C. · 

Then 

and 

when 

HS 
C = XLEr•lG 

CDIR l . CDIR 
C 

HS= experimental number of sunshine hours 

XLENG = calculated number of sunshine hours. 

The value of C is given in Tables 4.13 and 4.14. 

Figures 1.2 - 1.3 give Laue's curves which have to be modified 

by the correction factor. For some locations, the model pre

dicted a dr·op in the number of sunshine hours for March, where

as the experimental data did not predict such a drop. However, 

this drop can be jus tif,ied according to the followi n3 argument. 

It was noticed that for each location where the dron occurred, 

the experimental value of KT also dropped during the same 

mo_nth. This means that during this month, the r at io o f monthly 

average total radiation to extraterrestrial radiation has 

decreased. Thu~, one should expect more cloud concentration 

and higher winds which dictate the predicted decrease in the 

number · of hours of sunshine. The preceding argument is based 

on the assumption that the value of KT has been more accurately 

measured than th~ value of sunshine _hours, since the former 

is generally more reliable because of . the difficulty .encountered 
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when meas·uring sunshine hours. 

Now that a value for the number of hours of sunshine 

has been established, the instantaneous radiation can be found 

during this interval from the hourly radiation as given in 

Table 4 . 15. 

4.5 CONCLUSION 

The program outlined in this chapter can be easily 

modified to include any location in the world where H data 

are available. The program can also be modified to handle 

radiation on an inclined surface, by setting a value to the 

tilt angle (b) and . calculating the value of the incidence 

angle - which is no longer equal to the zenith angle. Hence, 

this program predicts instantaneous rad~ation during any day 

of the year for any location where H data are available. 
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HALF 1/0URLY fUDIATION EBQM Llu ANO JORDAN 
HR o.s HR 1.5 HR 2.5 HH J.5 HR '+. 5 Hk 5.5 HR 6.5 

TOTAL 28'+.938 2'lb.269 l 71.'+08 88.576 16 • 722 0.000 0.000 
• rHECT 108.251 l42.8'l2 93,0311 47,l'll 8,521 0,000 Q,000 
DIFFU. 115.6811 103,'+27 79.370 '+l.'+35 8.201 0.000 0,000 
TOT /IL 373.638 327.503 2'+5,012 150.139 . 5'l,281 3.622 0.000 
DIHF:CT 225.98', l':14.230 136.872 81.731 25.109 3.622 0.000 
DIFFU. 147. 6'+9 UJ.265 108.140 68.'108 29.172 0.000 0.000 
TOTAL 436 .22'+ '+'l3.5ld 358.815 25'+.261 127.8b5 .H.571 0.000 
DIHF:CT 317.678 27d.5J9 215.349 1'+8.!:75 64.547 15.!Jj9 g.ooo 
DtFr:u. 178.546 lb:i • OJ9 14~.466 l 05 • 686 63.318 15.732 0.000 
TOTAL '\53,521 - 505.166 '+33 • '+20 335.721 202.'+96 77.15() 16•801 
D!HECT '47,"1)70 310.095 256.81'+ l'i3.J52 102.'+59 2b.043 13. 502 
DIFFU. 206.452 l':15 0 071 l7b,605 142.J68 100.037 51 • 107 3,299 
TOT/IL 557.699 611.111 :i:. (l. 205 434.'72j 292.9'+1 l'l&.870 Si+.802 
DtRECT '+33,982 3':16.536 H5.17l 272.430 170.00'+ 09.653 · 23.842 
CIFFU. 223. 717 21 '•• 57'+ 195.033 16<:! • '+93 122.937 lf.217 3 0 .959 
TOT/IL 665.492 6.!'+.139 555,576 '+50.549 H':1,505 .Ll:!3.515 78•109 
DIRECT 436,400 403,15~ 357-03'+ 285.03'+ 191-19'+ 'H-479 34.605 
DtFFU- 229,092 220,987 198,542 16!:l-::l!:I 12a.311 db 0 (;jo '+3-503 
TOTAL 671.918 62tl,038 558-056 '+51.858 . 31'+.5'+3 l 71 .9'+2 70-151 
DtRECT 451,706 416,0lo 3&6.526 2'H.'J8'J 191-580 ':11-253 32-195 
DtFFU- 220 .212. 212.02.s 1'1l-:i31 l 5':l -86'J 122-9b.4 d0 0 6U9 37-956 
TOTAL ,;11 • 038 5od.'+34 '+96.608 394.072 252.'+98 lll-'+97 34,656 
DIRECT 40tl,590 . .!oSI. 81 7 . 315-711 ;!44 • 'J7.9 143.070 41!.103 17-332 
CIFFU. 20~.'+48 . 198,617 180.897 149 • 092 109-428 b.3.394 17.32'+ 

TOTnL 547.593 '+94 • 425 412.889 . 307.57'+ 110 .882 :>3.&06 2.781 
DIHECT 359,274 318. 4-0'3 256-116 185.'i96 91-067 21-'+84 2.781 
DIFFU. 188.319 1 H, .• Olo 156-773 12.1.579 79,81'+ 32.122 0,000 
TOTAL '+26, 72'> 3 77-.422. 293,626 19'+ .. ~15 8'+.682 13 • 9.'J8 0.000 
D!HECT 272,084 2j6. 27'+ 17'+. '3.38 112,911 42-377 13-998 a.ooo 
DtHU. 154.640 141.141! 118-6~1! !:11.'+0'+ 42.305 0,000 0.000 
TOTAL 2,86. 891 2'+9.'+04 179.171 100.293 21.271 0.000 0.000 
DI HECT 161:!, 14'+ 1'+3,34J ';6.335 :J2.b55 12,535 u.ooo 0.000 
orFr:u. 118.7'+7 106.054 82.1!36 47,639 l'+-737 o.ouo 0.000 
TOTAL 2'+9.595 .114.950 146.527 . .71.457 B.968 0 • o.o 0 0.000 
DIRECT 1'+'1, 972 1~2.653 77-984 37 • .356 5.153 0.000 0.000 
DIFFU. 104.623 ~2 .2'H 58.543 34-100 3,816 0,000 0-000 

TABLE 4 . 2 Monthly Average Hourl y Ra dia ti on for O. 5 - 6 . 5 Hours 
af ter Solar Noon. Location: Boston, Massachussetts. 
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HALF '10IJKLY K.I\CiI/\TION FROM LlU AND JORDAN · 
Hrl o.s 111{ 1.5 HK 2.5 HK .1. 5 Hk '+. 5 HK 5.5 

Tor AL 2'59,890 2l5.2'+l 159,200 85,621 19,768 0,000 
DIKECT 1'+2,126 liO ., '+Bl 7/l,639 '+l, l 99 8, '+58 0,000 
DIFFU, 117,765 1U'+.75U dll,561 '+4, '121 11,310 u,ooo 
TOTAL :i69,929 3l4,817 '.!4 4. 9'+8 152. ·508 57.598 5.151 
DIKECT 218.528 187 .tl65 1.32.994 80,531 25,402 5.1~1 
DIFFU, 151,401 l.11',,952 tll,954 72,057 32.195 0.000 
TOTAL · 5 00,640 447,604 362.506 2ti 7,326 129,860 .12,3'+4 
DIKECT 316,878 277. 7_U 21'+.668 l4tl, 222 64,276 15,667 
0 If' FU• 183,762 lo9,tl91 1 117, 838 109.104 65,585 16,678 
T()TI\L 601,288 5 4 9,%9 . 468,901 361.780 216 • 30.3 80,696 
OIKECT 390,193 3'+3, 1:153 261l.796 217,l•~U 115.364 .10.216 
DIFFU, 211,09'+ l':1·9.217 .1.tlll.104 144, b 110 lOU.940 50.480 
TOTAL 683,608 6.18, l:iO 562,365 451.106 299,337 l'+'+.408 
DIKECT '+65.065 42'+, 1 119 367,572 289.191· 177.868 &9.792 
UIFF• • 223,543 . 214,001 t94,793 161.'.lt5 12::. .469 ,i+.616 
TOTAL 7.61.198 711,522 632,258 5ll.'J56 356.476 .I. ':15·. 005 
DIKECr 539,89'J '+':ltl ,'+48 4.39, 791 351 • .106 232.d96 113.805 
OrFFO, 221,298 213,J74 192,461 160.6511 123,579 81,120 
TOTAL 745,175 · u94 • .3&9 615,532 · 497.15'+ .HU .241 177,832 
DIKECT 523,894 481,72.1 '+22, 72 11 33b.274 217,501 '19.017 
DrFFO, 221.281 212,64& 192,809 16U,8AO 122 ,'1t+O 78.614 
TOTAL 699.500 643 • .129 559,97 11 442,421 280,065 120.oua 
uIKECT '+tlll.969 114,!, 864 .H7,681 292. 7<+5 171,105 ::>8.292 
DIFF •• 210,530 20 • ,2bh IJ2 .292 14':.l,c 76 108,960 6l,116 

- .. -- -- - -- - · 

TOTAL 679,388 6l.3 • .15ll 511 .385 380,218 ?.10.429 &5,'+16 
DIRECT '+95, 11,; 441.055 358,240 261,684 132,875 -''+.631 
DI F·Fu • 184.213 J.72,ll96 153 • 14!'i 118,535 77,553 -'0·, 786 
TOTAL 509,801 .. s1,390 352,705 23ti,288 10'+,358 18,2'+5 
• rnECI 351 !i5j jQQ.QQg 2jC,5!il 150,79~ 52,650 .Z,!tOa 
DIFFU, 158, 3'+8 144.724 122.164 84,'lqS 44,708 0,837 
rorAL 3117,502 302,803 220,162 126~ -l50 38.0'+6 0,000 
• ItiEC[ 211 1]51 1 tl :i, '.:1 11 tl 121,6!!3 12,Q'6'f 12,aaa Q,OOC 
DI~FU, l.30,4'+f, llt'>,855 92,319 54,f:,87 18,958 0.000 
TOTAL 271,557 2.14,57j 162,753 8.5, .19.1 l'+.985 u,ooo 
• IBECI 1sa.2u 1.1!!,18.3 86,2H1 'fj,!15~ 1,608 0, O!lO 
DIFFU, 113,344 lU0.390 75,837 39, 740 7.376 U,000 

TABLE 4.4 Monthly Average Hourly Radiation fo r 0.5 - 6 . 5 Hours 
after Solar Noon. Loca t ion : Columbus, Ohio . 
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HALF HOURLY RADIATION FRO~ LIU AND JORDAN 
HR 0.5 HR 1.5 · HR 2.5 HR 3.5 HR 4.5 HR 5.5 HR 6 , 5 

TOTAL 496.813 433.676 318.114 186,831 59.779 0 • 053 0,000 
DIRECT 3!51.1+'+5 303.1!57 21't,136 123.932 36.3'+2 o .• 053 Q,000 
OtFFU. 145.368 130.519 103.978 62,899 23.437 0.000 0,000 
TOTAL 626.658 552.729 425,127 275.354 114.291 15,922 0.000 
DIKECT 1+59.109 400,315 298.270 190.289 72.259 15.922 0.000 
DIFFU, 167.549 152.414 126-,858 85.065 42,032 0,000 0,000 
TOTAL 772,604 691,314 561,406 400,294 203.816 51.895 0.000 
DIKECT 590.675 522,962 414,585 291.'439 137.826 34,145 0.000 
DIFFU, · 181.930 168,352 146,-820 108.855 65,9'30 17.750 0.000 
TOTAL 805,770 732,076 621.519 474,338 276.992 97 • 711 15.493 
DIRECT 599.159 537, 71'+ 446,551 335,313 181,78'3 52,'343 1!5,493 
DI.FFU. 206,611 194,362 174.96'3 139.024 95.203 44.767 0.000 
TOTAL 839,900 773.108 674.494 534.285 3i+0.633 148,557 '+5, 148 
DIRECT 623.750 567.293 '+87,078 380,053 227,810 83,792 28,398 
DIFFU. 216.150 2U5,814 187,'+15 15'+,232 112.823 b4 1 765 16.749 
TOTAL 870.1+88 806.718 710.932 570.297 378.470 182,&37 64.996 
DIRECT 658.11+5 603.1+36 525.898 l+H,,491 263.076 111.740 39,032 
DIFFU, 212,342 203,281 185-, 034 153.807 115,391+ 70.896 2!!,'961+ 
TOTAL 926,591+ 856.5'38 752,3'32 601.109 393.261 182.990 61,902 
DIRE.CT 728.159 666.988 579,682 1+57,'375 286,793 119.050 ll0.777 
DIFFU. 198.435 1"9.611 112.110 143,134 106,468 &3,9160 21,125 
TOTAL 885,1+69 809.989 698,407 544.666 333,726 132,047 32,222 
DIRECT 690.'+26 625,296 530,823 1+09.694 237,036 ao.939 25.759 
DIFFU, 195,043 184.693 167.583 135,-'l71 96,690 51.209 6•463 

TOTAL 816,166 735 ~ 7144 611,590 452.'428 21+7,868 75,238 1,3514 
DIRECT 636,1+014 568.015 462,683 337,765 173.517 '4&.811 1,3514 
DIFFU, 179,762 167.729 148,907 111+,66.5 74.352 .!8.426 0,000 
TOTAL 646,003 573,594 453.122 308.279 142,616 28,248 0.000 
DIRECT 47'+.211 416,.051 318,862 213!484 90,278 22,995 0.000 
OtFFU. 171. 792 157,542 134,2,0 94,794 52.338 5.253 0.000 
TOTAL 552.272 '+8'4.164 362,504 222.508 80.806 5.583 0.000 
DIRtCT '+07.831 353!765 256,611 155,'+0'+ 52,050 5.583 a.ooo 
DIFFU, 1'+4,'+42 130,399 105.893 67,10'+ 28.756 0,000 0.000 
TOTAL 482.961 420.471 304,366 173.4'+7 50.290 0,000 0.000 
DIRECT 348.'+28 300.090 209,659 117,946 31.797 0,000 01000 
DIFFU, 134,533 120,382 , ... 707 55.501 18.493 0,000 0,000 

TABLE 4.5 Month l y Average Hourly Radiation for 0.5 - 6.5 Hours 
after Solar Noon. Location: Los Ang eles , California 
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HALF HOURLY RADIATION EBO" LIU ANO JORDAN 
HR 0,5 HR 1,5 HR 2,5 HR 3,5 HR '4,5 HR 5,5 HR 6,5 

HOURLY 'TOTAL 320,093 . 278,672 201,·703 11'4,,18 33,295 0,000 0,000 
HOURLY CtRECT 183,051 156,0'48 105,241 58,1402 1'4,480 0,000 0,000 
HOURLY DIFFU, 137,0'42 122,623 96,'462 56,~U, 18,815 0,000 0,000 
HOURLY TOTAL '4141,1410 388,683 296,815 189,5914 76,156 9,294 0,000 
HOURLY OIRECT 274,2'J8 236,981 171,369 106,694 36,580 9,294 0,000 
HOURLY ' DIFFU, 167,112 151,702 125,'4147 82,899 39,576 0,000 0,000 
HOURLY TOTAL 5514,895 '496,3614 1402,685 286,652 1145,1477 36,7142 0,000 
HOURLY DIRECT 359,375 315,'498 2145,079 169,999 714,978 18,159 0,000 
HOURLY OIFFU, 195,519 180,866 157,606 116,653 70,'498 18,583 0,000 
HOURLY TOTAL 695,876 632,993 538,973 •U3,055 2143,362 87,~714 15,391 
HOURLY OiltECT '476,937 1426,786 353,029 2614,703 1141,0314 38,387 1!1,391 
HOURLY DIFFU, 218,939 206,206 185,91414 1148,352 102,327 149 , ·28a O, 0.0 0 
HOURLY TOTAL 71414,559, 687 , 067 601,862 1479.228 310,183 llt0,'482 145,577 
HOURLY DIRECT 519,98~ '472,788 lt06,662 317,888 190,980 70,178 214,361 
HOURLY DIFFU, 2214,575 21'4, 279 195,200 161,3140 119,203 70,30'4 21,216 
HOURLY f.OTAL 787,861 732,1470 ' 6'47,878 521,979 352,710 178,318 67,179 
HOURLY DIRECT 566,093 519,682 '4514,5148 360,8143 230,587 '101,259 35,727 
HOURLY DIFF·U, 221,768 212,788 193,330 H,1,136 122,123 77,0!59 31, t.; 52 
HOURLY TOTAL 778,615 721,9114 636,570 511,005 3140,032 165,221 59,J27 
HOURLY DIRECT 5514,316 507,112 '4'41.088 31t8.'437 217.87'4 89.860 3102'40 
HOURLY DIFFU·, 2214.299 21'4,802 195,'481 162,568 122,158 75,361 28,086 
HOURLY TOTAL 735,81t5 67'4,385 583,69'4 1457,538 283,822 115,715 30,501 
HOURLY DIRECT 520,0'45 '1469,686 · 397·, 687 305,B•H 175,00lt 56,532 2Q,'401 
HOURLY DIFFU, 215,800 2Ul4,700 186,007 151,61+1 108,818 59,183 10,100 

HOURLY TOTAL 691,514'4 623,668 519,072 3814,715 211,571 614,796 1,773 
HOURLY DIRECT 1493,934 1+39,201 355,160 258,251+ 129,293 32,886 1,773 
HOURLY DIFFU, 197,609 181+,1467 163 ,'312 126,'461 9·2,218 31,909 0,000 
HOURLY TOTAL 577,057 511,8142 1+02,7214 272,0146 123,968 23,512 0,000 
HOURLY DIRECT 1+06,536 355,661 210,oe5 179,092 73,1418 19,890 0,000 
HOURLY DIFFU, 170,521 15,.181 1~2,639 92,.9514 50,550 3,622 o,000 
HOURLY TOTAL 14114,160 362,267 268,377 161,076 514,973 1,980 0,000 
HOURLY DIRECT 268.612 231,2'45 163,02'4 95,873 28,869 · 1,980 a,ooo 
HOURLY DIFFU, 11+5,5147 1 .n.022 105,353 65,204 26,103 0,000 0,000 
HOURLY TOTAL 321.351 278,958 198,8814 10,.2,e 27,670 0,000 0,000 
HOURLY DIRECT 190,510 162,321 108,1tl42 58,283 13,161 0,000 0,000 
HOURLY DIFFU, 130.81+0 11.6, 637 90,4142 51,016 114,509 0,000 0,000 

TABLE 4.6 Mo n thly Average Hourly Radiat i on for 0.5 - 6.5 Hours 
after Sola r Noon. Location: Nashville, Tennessee . 
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HALF HOURLY RAOI"ATION FROM LIU ANO JORDAN 
HR o.5 HR 1.5 HR 2.5 HR 3 • 5 HR '+. 5 HR 5.5 HR 6, 5 

319.966 277 . 208 1~5.5'+0 10'+.635 23.608 0.000 Q,000 
19'+.170 165,357 109.690 57.549 ll,951 0,000 0.000 
125,795 lll,851 850850 47,08 ·, U,657 U,000 0,000 
399,081 350,333 263,916 16'+,056 61,591 5,332 0.000 
2'+'+,582 210,619 1'+9,813 90,780 29.0'+1 5,332 o·, oo o 
154,'+99 139,r14 11'+.103 73,276 32,5'+9 0,000 0, ooo-
5'+5.160 '+67,388 . 39'+,672 280,094 1'+1,285 35.150 0,000 
360,981 317.120 2'+6,522 170.786 75,607 18,'+99 0,000 
184,179 170.268 148~1'+9 109,308 65,678 16.651 0,000 
612,50'+ 558,385 477,907 368,923 220,832 82,615 16,892 
401,923 359,622 298,177 22'+,510 119,958 32,023 15,,25 7 
210,581 198,764 179. 730 144.412 100,873 50,592 1 ,6SS-
686,863 6j6,752 561,376 45·0, 548 299.559 1'+5,251 52,015 
'+63,818 423,173 366,996 288.918 178.16'+ 70,'+53 211,285 · 
22_3, 01+5 213.578 191+,380 161,630 121,395 1 if• 7 98 27, 7 30 
756,373 707.323 628,702 509,214 355,'+22 195,676 80,350 
536,3'+5· '+95,417 '+37,'+10 349,555 232,'+72 114,731t 111,8•~9 
220.028 211. 906 191,292 1:59, 6'58 122.91f9 8U,91f2 :,9,500 
751,308 700,368 621,069 501,819 34'+,206 180,968 11,113 
533,6'+'+ 4'11,1'+3 '+31~442 3'+3,~75 223,3'+2 103,127 36,821+ 
217, 66'+ 209.225 189.626 158,2144 120,864 77,81f1 :,,. • 28'T 
706,55'+ 6'+9,78'+ 566,026 '+'+7, '+69 283,717 122,057 3&,lff5 
'+99,028 '+52,332 386,277 299,80'+ 176,102 60,916 21,3119 
2_07,:526 1.97.&+52 179, 7149 1'+ 7 ,66&+ 107.615 61,l'tl l'+, 796 

65'+,109 5'10,370 1192,'+68 366,2'+6 202,799 &3,120 ·2• 77'+ 
'+67,230 '+15, 773 337 ·, 079 245, 9'+3 124,05'+ "31,80'+ 2• 77'+ 
186,879 17'+,597 155,389 120,303 78,745 ~l.316 ·0,000 
525.101 '+64.871 363,031 241.'325 107,059 18,585 0,000 
362,!03 3iZ,B6!l il:t3,Z2::i 152,i::il 63,362 171'.M:S a• Q D Q __ 
155,39"7 142,002 119,807 82,775 '+3,697 0,620 0,000 
360,261 313,82'+ 227-,819 13"0,690 38,761 0,000 0,000 
2311,360 1H,:!D3 136,ll5a Zli. ::i311 2D ,2!t!l 1!1Dllll a.aaa 
129,900 116. 321 91,761 5'+,151 18,517 0,000 0,000 
292,996 252,991 17'5,132 89,181 15,429 0,000 0,000 
11Z.2BD 151l • :i:ll:t 21.212 !Ill ,2BZ 11.3~1 0,DDII a,DDI! -
ll:5, 716 102.'+37 77.21~ 40.199 7,097 o.o!]o 0,000 

4.7 Month l y Average Hourl y Radiation for 0.5 - 6 . 5 Hours 
after Solar Noon. Location : Pittsburgh, Pennsylvania 
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Monthly Average Hourly Ra diation for 0 . 5 - 6.5 Hours 
after Solar Noon. Lociatio n : Seattle , Washington . 
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!:HILE HQL'tiL Y lill• l8Il01')l EaQM LIU ll ~'• JQB• llt~ 
HR 0.5 Hf: l. 5 HR -2. 5 HR j,5 HR 4,5 HR 5,5 

TOTAL 351.342 3U 5, U82 217.841', 120,174 30,890 0.000 
• ItiEC:T 2lll.8 1H l, t\ 6.-% 1 126 1 11 8 6 8 ,226 15,8 4 7 0,000 
DIFFU, 132,455 lHl, 121 '91,729 51, ':148 15,04.3 0,000 
TQfAL 457,0 3 0 4Ul, 778 304,616 191,il25 74,418 7,724 
QIKFCT ~9 7,2'56 2 ~ 7.0:14 185.707 114,4"14 38,802 7,724 
Dif· FU, t5 9 ,77:l 14 4 ,743 118,90q 77,.4 11 35,616 0,000 
TOT/IL '585,280 523,389 4 2 4,191 301,473 152,50.3 jll,210 
DIKECT :1 9.6, 122 340,4 6n 271,88(, lll8,9 :l 2 84,699 20,699 
DI FFU, 189,157 1 / 4,922 1 5 .!. 3 05 112,540 67,804 17,510 
TOTAL 6 61,591 602,51 5 514,455 3 9 5,821 235,206 86,4-73 
QIKECT 448,604 4 0 1, 6 0.:2 3 3 3, 0 79 ·2so. 554 13 4 .320 36,791 
ur F'FU . 212 ; 987 2 0 0, 03 3 181,.376 1"5,267 100,8d6 4':l,&82 
TOTAL 753,902 b 'H ·,401 bl.3,115 4q0,.385 322, 030 151,281 
DIKEC T '>31 (, 22 4tl4, 89':I 41q,577 329,853 202.344 78,961 
UIFFU, 2 2? , 280 21 2 ,5 02 l './ 3,537 l (, 0,5 32 119,685 72,320 
TO TAL 7d 4,182 7 ,H,33 1 648.763 524,4 0 3 36 0 ,565" l':l0,774 
OTk EC:T '562, _66 ~ 51 11 , 34 4 455,819 3,;3,j 7 j 237,427 111.218 
DI FFU, 221,517 2l 2 , 9 07 1 9 2,944 1 61,J30 123,138 79,556 
TOTAL 789,496 7j 1~,llb 6 119, 448 523 d50 353,973 , J, f9, 400 
Oil<ECT 573,039 5 26 ,399 460,750 366, 0 58 234,702 104,0.39 
UIFFU, 2lb,457 2 07 , 7 17 188,698 157,2 9 2 119,271 75,360 
TOT/IL 73/l, 71 -7 67:..t.;: b U 509,123 4,;3,150 291,221 122.210 
D!kECT 527,29':' 477, :~':1 5 406,390 31U, j49 102,951 bl,Btl9 
U!FFU, 211,41 R 2UO,U7 3 182,733 14_9 ,&08 1-nu,210 &U,320 

TOT/\L 674,639 6Ut!,b77 507,208 376,bl2 207,877 &4,218 
!)TKECT 486,791 4jj, 2 4j 351,188 256.015 l2'j-,160 j3,272 
Dif'FU, 187,849 ll5,434 · 156.0i9 120,597 78,717 .30,946 
l"O HIL 547,138 4 tl4,010 379 _. 939 254,821 11 11,346 20,718 
DIHECT :185,3 3 3 3M,, 79 :, 254,670 l f, 7,b89 6 7.,694 18,769 
D!f'F U, 161,806 1 4 (3,017 125,269 R7,132 46,653 1,949 
TOTAL 402,855 3::,1,602 257,705 151,0135 48,077 CJ,000 
DI.KECT 266 1 935 2,!9,59 0 160,578 9 2,439 ,6,359 u·. u o o 
DIFFU, ,135,920 122.011 ':l7,127 58,646 21,718 o.ouo 
TOTAL 313~440 271,316 190,465 1 0 0,b67 21 .• 409 0,000 
D Tk£CT 190,0 6 7 lbl,74 ::, l Ob,753 55,j46 10,979 a. ooo 
DLf' FU, 123,372 109,571 83,712. 45.321 10,431 0.000 

TABLE 4 . 9 Monthly Av era g e Hourl y Radiat i o n for O. 5 - 6 . 5 Hour s 
afte r So l ar No o n . Location : St . Lou i s , Missour i. 

HR &. ~ 
0,000 
QI O_QQ 
0,000 
0,000 
Q • OQ~ 
0,000 
0,000 
0 • 0 O_!)_: 
o·.ooo 

1i; •. 546 
lfi,54~ 

0,000 
51,890 
27,297 
24,593 
75,447 
4o,004 
3"i, 411.3 
67,777 
.3,;,858 
30,918 
34,.398 
21,717 
12,&81 

2,332 
2,332 
0,000 
0,000 
0,000 
0,000 
0,000 
g.ooo 
0,000 
0,000 
Q,000 
0,000 

\ 
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M 
·o 
N 
T 
H ATLANTA 

1 5.75 

2 5.88 

3 · 6 .64 

4 7.41 

5 7.86 

6 8.08 

7 7.76 

8 7.65 

9 6.90 

10 6.87 

11 6.41 

12 5.41 

44 

BOSTON CLEVELAND · COLUMBUS LOS ANGELES 

4.87 2.50 2·. 50 6.75 

5.25 2.75 3.50 7.38 

6.10 6.10 4.50 8.39 

4.25 4.50 5.25 8.17 

7 . 4L~ 8.15 7.60 8.62 

7.00 8.47 8.40 9.10 

7.65 8.35 8.29 9.77 

6.00 7.86 7.58 9.15 

6 . 45 6. 9L~ 7.69 8.65 

5 .73 6.00 6.52 7.37 

3.25 2.75 · 5. 18 7.16 

4.73 2. 75 4.25 6.90 

TABLE 4.11 Number of Hours of Sunshine for an 
Average Day in each Month Using Laue's 
Standard Curve. 



M 
0 
N 
T 
H 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

45 

NASHVILLE PITTSBURGH SEATTLE ST. LOUIS WICHITA 

3.00 

L~ . .7 5 

6.13 

7.21 

7.70 

8 . 46 

8.12 

7.72 

7. l~l 

6.58 

5.57 

4.00 

5.21 1. 75 5.30 6.59 

5.45 2.50 5. 7 (5 6.78 

6.36 6.07 6.62 .7. 12 

6.78 7.19 7.00 7.73 

7.61 8.19 8.04 8.25 

8.42 8.35 8.57 9.02 

$ . 31 9.20 8.47 8.67 

7.84 8.32 7. 78 8.50 

7. 4lJ- 6. 74 7.43 7.92 

6.76 3.75 6.54 7.31 

5.42 2. 75 5. 74 6.78 

5.08 1.50 5.18. 6.23 · 

TABLE 4 .1 2 Number of Hours of Sunshine for an 
Average pay in each Month Using Laue's 
Standard Curve. 



M 
0 
N 
T 
H 'i\TLANTA 

1 0.89 

2 0.93 

3 1. 09 

4 .1.19 

5 1.3.0 

6 1. 25 

7 1. 21 

8 1. 24 

9 1. 19 

10 1. 16 

11 0.97 

12 0.98 

46 

BOSTON CLEVELAND COLUMBUS LOS ANGELES 

1. 01 1.05 1. 49 1.10 

1. 06 1. 34 1. 25 0.97 

1.15 0.91 1. 31 1.08 

1. 74 1. 54 1. 36 1. 07 

1. 17 1. 11 1.18 1. 12 

1. 34 1.18 1.17 1. 09 

1. 30 1. 29 .1. 29 1. 20 

1. 55 1. 22 1. 27 1. 22 

1. 19 1. 12 1.03 1.13 

1. 20 1. 03 1.07 1. 18 

1:56 1. 20 0.84 i. 15 

1. 04 0.93 0.79 1. 06 

TABLE 4.13 Correction Factor, C, for Five 
Locations around the United States, 
During an Average Day of Each Month. 



M 
0 
N 
T 
H 

1 

2 

3 

!+ 

5 

6 

7 

8 

9 

10 

11 

12 

47 

NASHVILLE PITTSBURGH SEATTLE ST. LOUIS WICHITA 

1,.36 

0.99 

1. 06 

1. 11 

1. 2.3 . 

1. 21 

1.19 

1. 20 

1.12 

1. 13 

1.00 

1.05 

0.56 1. 40 0.86 

0.69 1. 32 · 0.88 

0. S-5 0.84 1. 01 

0.98 0.93 1. 11 

1. 04 1.00 1.17 

1. 02 0.93 1. 26 

1. 13 1.10 1. 27 

1. 06 0.99 1. 23 

1. QI+ 0.97 1.14 

0.88 1.08 1. 13 

0. 70 0.93 0.96 

0.49 1. 37 0 . 80 

-
TABLE 4.14 Correction ractor C, for Five 

Locations around the United States, 
During an Average Day of Each Month. 

0. 9l~ 

0.91 

1. 08 

1. 09 

1.17 

1.18 

1. 34 

1. 26 

1. 16 

1. 11 

1. 01 

0..97 
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THIS MOlJULE CALCULATES THE HUUHLY ZE NITH ANGLES 
AND DIRECT Ii-ISOLATION USI NG LtlUES CURVE 

ZE NITH DIR HOR OlF 
· 90.0000 2.02.!7 0 • OU.UO .0.02'+6 
79.1748 423.8157 79. !:1"83 . 28.0380 
69.560'+ 646.1'+58 225.&'+&6 '+ 9 • 39 7'J 
61.7566 753 .-8823 356.7:Jl2 €,3.5518 
51, 0 5395 800.'+9-'2 '+41.jbl.3 71,2782 
54.6674 81,3.4585 470 ,441'+ 73.7066 

. 56 .• 4775 800,95U9 "4'+2,.5j67 71,3615 
"61,6431 755.08.33 358 0 bj6.,! 6.3.73'+':J 
69.4096 648.7598 228.1::i<J2 49.7001 
78.99A6 429.0103 - 8l 0 tlb95 28.'+63CJ 
89.8070 ll , 53:i4 o.oj89 0.5020 
90.0000 2.02.!7 o.uuuo .0.0246 
78.2940 449.3203 91.lb29 30.1556 
67 . ·4.7:?.9 680.29'+2 2bO.bj48 53.4811 
50.1020 788.2617 416.5,'+2 69.112'+ 
51 ; 0345 834.09.35 524.:i,22 77.9056 
47.3429 850.11·':!6 576.U'+tllf sl.4950 
'+7.8284 848.2502 569,4/bl 81.0610 
52 • .37 :3 4 827.1204 504.'ibt:15 76.4363 
·.;o. t.JS06 771, 0054 384.9ljl 66.2338 
o9.dl2l 641.7.322 221,4bc!6 48.8915 _ 
80.8734 371.2H2 58 . _8tl':19 2 3 .8736 
8-3,9999 2,u264 0.0000 .0.02'+4 
77. 5837 469.05.30 100,8::127. 31.8412 
65. 3 568 708,008 5 292 0 '1b78 57, 040'+ 
5 4 . 353.! 815,4615 475.2437 74.0963 
44 • 7 257 859.1602 610.'H':I'+ 8.3.6'+22 
37.9842 876 •. 4990 690 • !jj':/'+ a7.773<+ 
35. 8 472 8A0.84jQ 713.9949 all,7029 
39,0a97 874.0862 678·.'+jOJ 01.2250 
46.5863 852.9010 586.1/07 02.11+8":J 
56,1",367 799.7711:) 439,8308 71.1472 
G8,t.l641 671.05dl 250.bt:170 52,3'+62 
80.2033 392.5'+.30 66.7.,23 25.5290 
89.9999 2.0264 u.uuou .0.0244 
77.51!68 '+68. ':1685 1uo.8.1.uo 31,8338 
65.0765 71'+.4470 301.0/40 57.903'J 
52.7515 825.0232 499.364.3 76.0048 
41.0597 869.4297 655.5123 a6.1266 
3".l.9598 889.75-'2 762.'11:1'10 90.2511 
24.6697 900.4414 a1a.2:,13 91.3310 

,5 . 2 926 8 99 • .3889 81.3.1111 91.2578 
!2 , 4.:79 0a1.11ti2 74 8 .tljf4 0 ':1.8630 
~2 . a <:,43 8 0 4 . 58 '; 6 633.'+U 72 ,9 4.9572 
~4, 7 3 47 e13.ou2 469 0 4U':17 73.622'+ 
67.1135 685.741 6 26 6,b.,,'I 54.1625 
79 , 6 254 4 10 .. 51 7 (, 73 • tl" lfl 2 6.9437 
•. o C- U O U ::> ·. U:2b4 u.uuuo -• -0244 
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b5 , b66 3 
':13,3 75 8 
40,9144 
2 9 , 9 077 
1 8 ,6417 
1". 71 ""' 
21. 0 -:121 
32,C76<
'14,2760 
5 6 ,7745 
69,2292 
GL 4171 
69,9999 
7A,5':13'1 
66,6165 
5 11, 2tl'l 1 
41,7621 
29,3545 
17,6'170 
10.2121 
15,6082 
26,9664 
39 •. 3.307 
5 1,8419 
611,2222 
76,2839 
li ],8<:22 
69,9999 
70,11213 
66 .:.:1:: 
5 3 ,91 5 4 

. 41,4035 
29,08 4 8 
17,8183 
11.7243 
17,5660 · 
2 e .7765 
41,0A56 
5 3 ,597~ 
6 6 ,0086 
78,1166 
89,7136 
89,9999 
77,82115 
6 5 ,3682 
52,8712 
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2,02b4 
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104,7661 

2,C2611 
4115. 70'18 
697,.3'+3,3 
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e92,9124 
912,0205 
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869,3650 
820,1174 
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11511,2&20 

lb,1106 
2,0264 
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21:17, 7 41':I 
4 9 0,0jb4 
657, 2 "17 
781,':lll, 
862,l:lb50 
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8'15,7b76 
752,,:::i,2 
616, l'+'+':l 
437,658'! 
231,lbl:ll 

52 I 7::l50 
o,ouuo 

87,1141 
275,0/62 
476,2',b6 
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902 ,3';3.8 
869, tl':143 
763,ljbO 
655,2b49 
466,7056 
265,3j';8 

93,5269 
O,Otl05 
o,oouo 

97,53211 
296,1=>16 
497,5t135 
660,3447 
777,b,lb 
846, tl':150 
856,bbtl7 
804,0156 
1 o o, 5'+511 
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56,'1779 
75,2765 
e6,2U1 
90 ,6973 
91,8396 
92 I 1 't8't 
91,6616 
89,9611 
83,9791 
70, 9607 
5·0, 0596 
22,5193 
-0,0244 
2',,4393 
s5, •9't3 
711,18111 
85,E,8311 
90,6090 
91,9106 
92,7336 
92 ,·0091 
91,0297 
87,0990 
77,03011 
59 ,-4108 
34 ,87110 
5.A755 

-0,021111 
29,8513 
-,5,6417 
711,6311 
05;9185 
g0,6b2', 
91,8982 
92,11942 
91, 9 lb.5 
90,7220 
86,1111 
75,0135 
5&,2175 
30,5737 

0,7566 
-0,02114 
31,2716 
57,3806 
75,8668 
ti 6,3652 
yO, 60211 
ql,6737 
91,7750 
91,1140 
~!l,1761 
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'1 5 ,1 ~ 98 
61,5838 
7'1,0788 
86,3645 
89.9999 
77,'1878 
65 ,ll69 
5 :! ,2'1ll 
'12 , 'I 73 8 
34,0352 
30,0527 
32,2 5 43 
39,6089 
49,8436 
61, 4o94 
73,7.358 
86,2353 
85,9"199 
77, 8626 
66, <i, 24 
56,1324 
47,0518 
42,814 3 
'12, 2 219 
46,2'+83 
53, 8 529 
63,7.393 
74, ') 674 
06. 9 579 
89, 9 999 
70,7792 
68,6'+03 
60,1762 
54,2072 
51.6238 
52,9306 
57.8616 
05,5 9 '+1 
75,2 5 16 
8 f.,Hi 38 
8 ~,9999 
7~.4366 
70,1 5 82 
62.7 6 35 
5 7 ,9955 
56,5.328 
58,6260 
b 3 , '32 31 
71,7li!!9 
81. 2574 

042,9006 
755,7075 
556,2019 
l68,ll2l 

2. 0264 
471,6594 
713,91-'6 
822,2207 
865,7'178 
884,27.32 
891 ,3179 
887,'IIHal 
872.9065 
839,74.34 
756.9048 
563,8701 
17 3 ,52-'4 

2,0264 
460, 8.369 
695,8',87 
803o'lb29 
848,l5t:14 
864,8125 
866,4270 
854,10'+2 
818,57'+0 
731,3657 
535ob482 
142,8328 

2. 0264 
435.'+1'16 
661,7307 
769,8113 
Al6,3653 
831,1082 
824 , 00 9 8 
790 .·2 32 :? 
707,'19 9 8 
528. 8 596 
176,50'14 

2,026'+ 
'116,0110 
635 . 5542 . 
742,ul59 
789, l3d9 
800.5'+-'0 
783,84'31 
729 ,1 2 5 5 
606, 2 800 
358 ~ 75':13 

551,::i:ioj 
359,b208 
152,51'+7 

lO,bbOl 
0,0000 

102,ld39 
300,-''116 
'192 ,u::,79 
638,:Jbj5 
732.7'120 
771,4 '1 j9 
750,:J-':::>9 
672,4'1':Hl 
541 , ::,.,_05 
.361,:J.l.':lO 
157,9221 

11, j'1j'+ 
o,uuuo 

96,7-'b8 
278,j:::lj8 
447,1::,07 
569,1=>72 
634,j'126 
641, b-'U'+ 
590,b'+2.3 
482, 8'+::>0 
323,::>'181 
138, ',jjQQ 

7, :)t:102 
o.ouoo 

8'+.7278 
2'+1,0172 
382.ll:Jj5 
4 77, '+.b 15 
5l5,'JI02 
496 0 b'1t:12 
'120,.3165 
292. j,)79 
134, b.l'+'+ 

11, 801:19 
o,ouoo 

76 ,2b5Q 
215,72.jl 
33'l,9b07 
418.2324 
4'1l.'lb7.3 
'1 08,01:198 
320,5068 
1 9 0,211:ll 

5,._::,29 9 

so 

7':',8'+13 
63,8303 
39,8586 

9.7617 
-0.024'+ 
32.0673 
57,8315 
75 1 435'+ 
A5.2381 
a9.36'+9 
q0,461'+ 
59.9121 
a6.950e 
79,1369 
64,0138 
40.6151 
10,1039 
-0, 024'+ 
31.13'+3 
55,4550 
71,8211:! 
81,0397 
a5.0ll3 
05,4027 
02,1+322 
74,7066 
60o2'165 
37,87'+5 

a.1852 
-0,02'+'1 
28.9929 
'.51.2237 
6,6 0 041'+ 
7'+.2758 
77.2700 
75.79H 
i;9,'1539 
56.9729 
37.2330 
10,2930 
.o, 02'+'+ 
27,4031 
,.a,1902 
61,896'+ 
69,2641 
71.2872 
6 8,3576 
59,929B 
·1'+ • 9787 
22,9178 

TABLE 4 . 15 Hoµrly Data incompa ssing the zenith ang l e, direct 
radiation on a vertical surface, direct radiation on 
a horizonta l surface, and diffuse radiation , for clea r 
days, for January - December. Location: At l anta , 
Georgia. 



51 

APPENDIX A 

REGRESSION ANALYSIS 
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REGRESSION ANALYSIS 

The term regression is used to imply working backwards. 

Herein, given the results of a study in the form of data points, 

one would work backwards in order to generalize the result by 

fitting the data points by an optimal curve. 

Assume that a set of experimental data points can be 

approximated by a polynomial fit of the form, 

(A. 1) 

Now let yi be the exact value of the ith ordinate data point. 

The idea is to minimize the difference hetween the exact value 

and the approximate one. If I is taken to be the polynomial . fit, 

then 

where K 

Thus 

I = 

K 

I y. 
l 

i=l 

yJ 

= number of data points. 

K 

I = 

The absolute value indicates that the data point -could be 

below or above the approximate fit . However, it is very 

(A. 2) 

(A. 3) 

hard to handle absolute quantities when minimizing a function. 

Therefore, it is best · to square both sides of Equation (A.3) 

and get rid of the absolute value. 
TT 
''-

(A. 4) 
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Now the task is reduced to that of minimi z ing p using elemen-

tary calculus, since the only unknowns are the K's . 
• 

Example: For simplicity let n = 2, and k = 10 

10 
p [y. 2 

Klxi + Kz)]2 = L (KOxi + 
l 

i=l 

10 10 10 10 
cl P 0 KO. L 

4 + Kl. L 
3 + Kz, L 

2 
L 

2 
clK0 

= x . x. x. = Y· .x. 
l l l l l 

i=l i=l i=l i=l 

10 10 10 10 
cl P = 0 KO. L 

3 + Kl. L 
2 + Kz. L L 

~ 
X. x . x . = Y· .x. 

l l l l l 

i=l i=l i=l i=l 

10 10 10 
cl P 0 KO. L 

2 + Kl. L + K2 .(10) L 8K = x. x . = y . 
l l l . 2 

i=l i=l i=l 

The x. 'sandy. 's are known, and the problem is solved by 
l l 

solving the three equation simultaneously. This technique is 

sometimes referred to as the "least square" technique and can 

be programmed on the computer. 
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APPENDIX B 

The fo.llowing is a listing of a computer program that 

generates instantaneous radiation using two different techniques 

for any location where H data are available. 



. - ··-

· SJOtl 
1 
2 
3 
4 
5 40 
6 
7 
8 
9 

10 500 
11 
12 

13 
14 
15 
16 
17 
18 
1.9 
20 
21 
22 
23 
2-4 
25 
26 
27 
28 
29 
30 
-H 
32 
33 
34 
35 
3·6 
37 
38 
39 
40 
41 
42 
43 200 

44 ,30 ll 

45 
46 
47 
48 
49 

51 
52 
53 
54 
55 
::, 6 

-.C:-=5 
55 

. . - - · .. • : · _ · - -- - . 

DIMENSION HtlAR(4dl,DAY(481 
REAL L(48l ,KT(48l ,HS( 118) 
CALL OEF( ,'l OfH) 
Oil 4 I=ltl2 
RF.AD(5,50UIHBAK(I),DAY(IJ,L(Il ,KT(IJ ,HSlII 
CALL OATilltltlAn,OAY,L,KT,HSI 
CALL LLJl ifBA~,D,H,L,KT,HSI 
CkLL JOHOIHtlAR,KT,OAY,LJ 
C!'. LL CALClO/\Y,LI 
FORMAT(2FlU,2,FlU.4,2FlU,~1 
STOP 
mo 
SlJ8HQUTINt: LLJlH!:lAR,UAY,L,KT,HSI 
HF.AL Ll48J,KT(4dl,HS(48l 
CIMENSION HtlAR(481 ,IJI\Yl48 -I 
TWO(T):CUS(L(Ill•r.OSlDCLl•COS(TI 
THREE<T>=ONt.+TwO(TI 
XZE N(T):AHC US(THREEl~)) 
ZENIT>=XlEN(Tl•l80,/PI 
STAl(T>=<l-ll,41478E·4>•<ZENIT>••4>>•<10,395ll[•2>•<LEN!Tl•*311 
STA2(T>:l l•U,1401521•llENlT1••21 l+l (0,4'1859l•U.[M(Tl) l 
STA3(T):( l0,278249E·Sl•<ZENIT>••4) >•< !0,6489lBt.-3J•lZENIT>••3l) 
STA4(T):l (0,0307i >•IZE N<T>••2> 1-l C0,613'+441•1lt.Nl T) I l 
OTP.S(T):SIAllT)+5T~2(T)+929,4~bb 
HOKS(T):QIRS<T>•T HREE(T) 
CIFS(Tl=SfAj(T)+STA4(T)+96,45 
CESl(T):( (-0,4565A8E-41•<ZENlTl•*4ll•( (0,45436j(-21•1ZEN(Tl*•31 I 
D ES2 CT l = l l • U, 1 7'J 7f, 11 * l LEN I TI ••2 J I+ I I l ,2 0 3539 I* I £EN (TI I I 
CES31Tl=I l0,31~2E-5l•llENIT1••4> >-ll0,750421E-jl•IZt:NIT1••311 
DES41TI:( l0,0414251•(ZEN(Tl••211-1 l0,912085)•l£ENlTJII 
OIRO(Tl=DESl(Tl+OES2(Tl+959,8844 
HOHD(Tl=OIHU<T)•THREEITI 
OIFDITl=OESj(Tl•DES4(Tl+85,05l7 
UR 8 11Tl=~l0,3142jE-51•lZEN(Tl••4l 1-1 l0,17684E-~1•1ZENITl••311 
UR82(T):( l0,068l"fl•IZE NIT>••2> l-( 11,3d2751•1Z[N( Tl I l 
UR83(T):l(0,2~314E-6>•<ZEN(Tl••4l)•l l0,1876E-3l•llEN(Tl••31 I 
UR84(Tl=l (•U,01261•llE N<T>••2ll•< (0,0692ll•IZt.NITl I I 
DIRU(Tl=UHB11Tl+UR821Tl+612,66 
HORU(Tl=DIRU(Tl•THREt:(Tl 
DIFU(T):UKB3(TJ+UK84(T)+215,6253 
wRITEl6,2UOl 
wRITEl6dOOl 
PORMATl////20X, 'ACTUAL SUNSHINE HOURS ANO DIRE~! AND DIFFUSE 

1 RADIATION' l 
FORMAT ( / / 20 X, 'SL ENG' , 1 ll X, 'ULE :\I G' • 11 X, 'QUO 1' , l _l A• 'QU02' , 11 X, '0 IF' ~ 

ll3 X,•SS ') 
on 3 I=ltl?. 
Pt:3,1415 '1 
Ar: GLE=2,•?I•t !JAY I I )•~!34, 17365, l 
CEL=23,45•S1N(A NGLEl*PI/180, 
ON E= S l N(Lllll•SlNlDEL) 
= . N c. 

C=T ANlLlil) 
T P ~E=/\ ~COS ( -s•c I 
x=Tl ME•180,7(PI•l5.l 
ss=z.«x 
ss2=ss••2 
HOIR:RBAR (I)- ( HOA ,\ (I). (a. n- ( a ,1Jl K l (I)))) 



• 
• 
• 
• 
• 
• 
• 

0 

• 
• 

C 

• 

57 
58 

. 59 
60 

62 
63 
64 
65 
66 

68 
69 

71 
72 
73 
74 
75 

77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 

89 
90 
91 
92 
93 

4 

95 
96 
97 
9tJ 

10 

20 

30 

40 

99 50 
100 
101 
102 
10.3 
104 
105 ell 
1 % 
1 0 7 
1 G8 
iU':/ 
llC 
111 
1 12 7 fl 

l 1 6 
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• 

FtNO:l.35-(j.25•KT(!))+(2.5*(KT(l)**~>> 
IF(KT(l) ,Ll. 4E-ll HUIR:HBAR(Il-(FI NO*HBAR(lll 
HOIF:HBAR(ll-HDIH 
Tl=O. 

T3=-TIME 
T4=0, 
•El Io=a, 7 5•t'I11:iu 
HAVE:O • 
TOIH:0. , 

TR ISE=TSAVE 
TSAV(:TSAVE+(QELiA•l5.l 

FUNCT=HORS(TRISEl+HO HS(TVARl 
TDIH:FUNCT•UELTA*l8U,/(2,•PI)+TD1R 
IFITvAR,LT,T2·1 GO TO 1• 
TOLD:Tl 
T1:T1-<DELTA*l5,1 

ESCOR:HOHS(T NEWJ+HORS(TOLD> 
HAVE:HAVE+(ESCGR•OELfA*l8Uo/(2.•~Ill 
IF_( HQ\/E .GE, HCIH > G(J rq 40 
lF(HAVE .LT • HOlk .A NO. Tl .GT • 13> GO TO 20 
TOU:l:T4 
I4=I4•1PELI~*15.l 
TNE,1:T4 
ESCOR:HORSlTN(,1)+HORSlTOLDl 
HAYE:HAVE+(E.SC OR••t::LTA•1ao,1t2,•l-'Il) 
IF<HAVE .LT. HOIR > GU TO 30 
SLENG:ABS ( TNE~>•l80./(15.•Pil 

T: 
IF(TNEW .GT • TEST1 SLENG:((TIME•TNE~>•l80-/(P1•15,)I 
TSCAT:TDIH-HOIH 
TQIF:TSCAT/'1. 
Tl=O. 
12=TIME 

T4:0. 
HAVt::U • 

T ~=0 • 
TSAVE=-T I ,~E 
TRISE:TSAVE 
TSAVE=TSAVE•(~£LTA•l5,> 
TVAR:TSAVE 
FUNCT=HOllU ( TR ISE) +HOHU ( TVAR) 
TQIH:FUNC f •U ELTR~l ~J . /(2 ,•PI)+TQl R 
IF(TVAR,Lf.T2J GO TJ ~O 
TOUJ:Tl 
T1=Tl-<D E~ T~ • l 5 .) 
TrJEW:Tl 
ESCOR: HU H•J ( Tri f-, l +HO ~U (T OLD) 
HAVE:H AV E • ( E3C~ R• OEL fA•l 80 ./(2,•PI)) 
1 F ( HA VE , '~ t:_, HU I h I · j I J I tJ ~ 0 
IF(-1/l VE , I_T, ..;urn . -IIJ IJ. Tl , GT. 13 ) r, o TO t,Q 
rnL O:T 1! 

T4:f 4 +1 nE~T A• t5 . I 
Tr01E'~:T4 
ESC·IJ R: HOH 'J ('r !J[,J ) +HO"U (T OLD) 
HAVE :II A I/~+ ( l $ r: UR •UCL TA'" 18 0 • / ( 2 , "' P I l l 



117 
111:l l:lO 
119 
120 
12-1 
122 
123 
1 24 400 
125 .5 
126 
127 

128 
129 
13U 
·131 .5 
132 
133 
134 
135 
136 
137 
138 

-13':I 
140 
141 
142 
143 
144 
1·45 
146 
147 
141:l 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 · 
160 
161 
162 
163 
11=4 
ic,5 

1 6 7 
1 61:l 
. :, 
170 
171 
l <
~73 
174 
175 

IF ( HI\VE .LT• liOifll GO :0 70 
ULENG:A8S<TN[Wl•l80./(15.•Pil 
IF<TNEW .uT. TEST) IJLENG:< .<TIME+TNt.Wl•l80./(Pl*l5.Jl 
GlUOl:HS(Il/SLENG 
QU02::HS(II/ULENG 
DIF=GlUOl-CJUU2 
PRINT 400,SLENG,ULENG,QUOl,GlU02,UIFtSS 
FORMAT(lOX,bFt5.4l 
CONTINUE 
RETURN 
END 

SU8HQUTIN£ JORD(HOAH,KT,DAY,Ll 
REAL KT(4Ul ,L(48l 
DIMENSION HtlAR(40l,DAY(48l 
WR!TE(6,500l 
..iRIT (6,6C01 
DO SQ I=l,l;! 
PI=3.1415':I 
ANGLE=2,•~I•<(OAf(Il+21:l4,l/365,l 
OEL=23. 45*S I N < 1\IJGLE l •P II 180, 
8:TANIDELl 
C:TAN<L<Ill 
TIM£:ARCOS(•8•CI 
A:TIME•l8U./(Pl•l5,l 
SS:2,•X 
S52=SS••2 
FIND:l,35-(~,25•KT(ll 1+(2,5•(KT(ll••2l) 
IFtKT(Il ,Lt., 4£·1) ODR=FINO•HtlAH(Il . 
DDR=HBARI I l•C 0, 77•( U,8•KT( I)) l 
OHAF:OOR•I0.391:ll7•(0,03412*SSl+((9,l:l0952£•4l*SS2)l 
CHAFl=DDR•<0,3144-(0.0244•SSJ+((6.88225E•4l•SS2ll 
DHAF2=DDH•(O,OA69+( (6,4E•3l•SSJ•I <4E•4l•SS2)l 
DHAF3=DOR•(•U.1725+(0.03854•SSl•< <l,458.5E•3J•SS2ll 
CHAF4=DDR•<·0.32+(0,05283•SSl·l(l,8333E·3l•SS2ll 
DHAF5=DDR•<•0.44+(0.062•S$l·<<2E·3l•SS2ll 
CHAF6:(00Hl•<-0.4550l+(U,05666•SSl•<<l.66666E•~l•SS2)) 
THAF:HBAHlIJ•(0,35175-l0,02407•SS)+( (5.5352E•4l•SS2ll 
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THA Fl=HBAH(ll•<0,27838•JO.Ol722•3Sl+l<3.9072E•4l•SS2)) 
THAF2=HOAH(l)•cO.U6l48+((8,90109E-.5)•SS)-((4.j'156~-4l•Ss21> 
THAF3=HBAH(Il•C•0,15277+(0,03384•SSl-((1~23076t.•3l•SS2)) 
THAF4:H8AH(ll•C•0.2+<0.032•SSl•< (1E•3J•SS2l l 
THAF5:H8AH(I>•<·0,02538+((7,14285E·5l•SSl+((2o4&753£•4l•Ss2ll 
THAF6=HBAH(Il•<-U.02006•( (9,2857E-4l•SSl+( (2.U'1523E•4l•SS2l l . 
TJ::S :0, 
IF(THAF6.LT,TESTI THAF6=0• 
IF(OHAF6.LT.T[STl OHAF6=0, 
!F(TH~F5,L!, l [ST / THAF5:Q, 
IF!OHAF5,LT,T[STl 0HAF5=0• 
IF!TH/\F 11.L:.T[ST) Tl"1AF4=U, 
!i-:'(JJ.HM" 11 .... r. ,ts, I Jhi,F4=ll. 
0 t R=r:rnF-.JrlM" 
0 t H 1 : TH ,\ F l •UH 1\ F l 

'.:IR 3:THf,F ~~l''-1AF3 
C I R4 :TH /\ F4- L''1r,F4 

Oirtb:TH~F 1,-Uf-uF1.., 
P '< INT tJ 'l O , T 11 AF , Th/\ F 1 , TH AF 2 , TH AF:; , TH A.r: 4 , TH AF 5 , 1 HA F b 
P;; t '-J T 9 'la , • ! FZ , • I" 1 , o rn 2 , o !R 3 , o 1 R q , c r • s , tr1 A 6_ 

D 



• 
• 
• 
• 
• 

t 

f 

C 

C 

{ 

( 

., 

176 
177 
178 

179 
ll:!0 
181 

183 

lb4 
185 
186 

188 
189 

191 
192 
193 
194 
195 

197 

199 
200 

202 
203 
204 
205 
206 

201:l 
209 

211 
212 
213 
214 
215 
216 
217 
218 
,-19 
no 
22 1 
222 
22 3 
.e24 

226 
22 7 
1:.!b 
2 :C'1 
230 
23 1 

58 

50 PRINT 700,DHAF,UHAF1,0HAF2,DHAF~,QHAF4,UHAFS,UHAF6 
500 FORMAT(////,OX,'HALF HOURLY RAUJATION FROM LIU ANO JQRDAN•I 
600 FORMAT(HJ.<,'H, U,5',3X,'HR 1,5',jX','HR 2,5',3X•'HR J.S',3X• 

l'HP. 4,5',JX,'HR 5,5',3X,•HR 6,5'1 
ZOO FOHM0Tc]X1'HCillbl X OIEFLJ.•,lX,7F';l,3l 
bOO "FORMA~(lX,'HOUHLr TOTAL',2X,7F9,3) 
'100 FORMAT(lX,'HQIUKLr ' UIRECT•,lx,7F9-3) 

40 

41 
100 
200 

'17 
98 
99 

100 

END 

SURRQUTINE UAJA!H9AB1PAJ,L1KI1HSI 
REA L L(48l ,KT(48l ,HS('481 
DIMENSION HE:!ARC481,DAYl-81 

.. P.ITEC6,lUOI . 
FOHM~T(////cUX,'Tf'IS MODULE PRINtS THE RE5PECT1Vl DATA POINTS' : 

~R1TEC6,200J HBARCII ,DAY(ll ,LCll ,KTCil,HSCil 
CONTINUE 
FORMAT c 3't X • 'He AR' • 1 7X • 'DAY' • J 9X • 'L' • J 'J X • 'KT' • l '1X • 'HS' > 
FORMATC20X,jF20,41 
RETURN 

SuBROUTINl CALC(uAY,L) 

DIMENSION DAY(481 
·11RITE(6,97l 

d 

11RITE(6,9'Jl 
FORMATC////20X,'THI5 MODULE CALCULATES THE HOURLY ZENITH 4NGLE : 
ECRMAT(2QX,'AND DIRECT INSOLQTION USING LAUES LURVE' J 

F0RMATC28X, 'ZENITH' ,9 X, 'DIR' ,llX• 'H.OR' l 
PI=3,1415'J 

ANGLE=2, •f' I• C CC 1-1 Y C I l +204, l / 365. l 
DEL=23,45•SlNCANGLEl•PI/180, 
= 

R:TANCL(lll 
Hl=•A•E:! 
H2=•1'RCOSCHll 
H3=•H2 
ONE=SINCLCll l•SINCDELl 
rwo=cos<L<111•coscoEC1•coscH2> 
THREE:ONE•TWO 
Z:ARCOSCTHRlE)•lOO,/PI 
ST A 1: ( I - U • 4 l 4 l 7 [ - I+ I • I z-.. ·• 4 I ) + I ( 0 d 9 5 l E - 2 ) • C Z * * ~ J l 
SoA2:C 1-0.1'+015)•<1;:••21 l+C0 , 4'JU59,oLl 
ST A 3: C · C O , 2 7 U 2 <1 E - 5 l • I L • • 4 J l - C ,( 0 • 6 11 0 'HE - 3 l • I Z • * j I l 
5TA4:C CU,U3U77l•lZ••2l l•C0,1;1344•Zl 
OIRS:SlAl+STA2+92q ,<+566 
HORS:OIRS•fH~EE 
OI FS:STA3•SIA<++~6.45 
0 ES l: C I - 0 , 4 ::i b 5 8 C: - <. l • C Z • * 4 l I + I I U , 4_ 5 4 3 'i £ - 2 J * C Z • • ~ l l 
CES2:C C·0 ,l l07ol•CZ••2l )+ll,2U3S.3•l.l 
CFS .3: C C O , 31 tl 2 E - 5 ) * IL • * 4 ) ) - I C O , 7 5 U 112 E - .3 l * ( Z • * 3 l I 
CF: S 4: C C O , 114 14·2 l • ' Z • * 2 l I - C O_. 'l 12 O·R • Z l 
CIRD:OESl+ClS2+959,RA44 
1-'0RO:OIRO*THHEE 
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234 
235 
236 
237 
238 
239 
240 
241 
242 
243 
244 
245 
246 
24 7 

248 
249 
250 
251 
252 
253 
254 
255 
25b 
257 
258 
259 
.:6u 
261 
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. 2b3 
264 
265 
266 
267 
2E:8 

102 

lO~ 

500 
~01 
:J02 
50 3 
504 
505 
50b 
~.07 
SOil 

liEI.THY 

-
UR Bl: ( < rJ, ~ 7423E-5) • < Z• • 4) ) - ( < 0, 17684E-2 I* I Z••~ I l 
uR82:((rJ,ObH171•<Z•*211-(l,38275•Z> 
uP.83:((0,23~14E-61•<Z••4))-((0,lll76E-3J•<z••3JI 
UR84:( <-0,01261•<Z••2JJ+(0,06921•Z> 
DIRU:URBl+UH82+612,66 
i-10RU:D mu• THREE 
DIFU:UR83+UH84+215,6253 
PAINT 102,Z,uI KS ,HCRS,Dif5 
F CRM AT<20X,4Fl 5 ,4) 
D f.L TA: 15 • f' I/ 18 0, 
t-,?:H2+DELTA 
IF(H2,LT,H31 GO TO 100 
CONTINUE . 
RETURN 
END 

SUBROUTINE UEF<NuTH) 
i. RITE(6,500J 
i.RITEl6,5Ull 
wRITE(6,5U21 
WRITE(6,5U3> 
wRITE(6,5041 
~RIT (6,5U5J 
wi1ITE<6,506J 
WRITE< 6·, 507 J 
•~RITE<6,500J 
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FOHMAT(////20X,'HBAH:MuNTHLY AVEHAGE DAILY TOTAL RADIATION') 
FORMATl20X,'HOIR=~ONTHLY AVERAGE DAILY DIRECT KADIATION•) 
FORMAT(20X,'HDIF=~ONTHLY AVERAGE DAILY DIFFUSE HADIATION') 
FORMATl2UX,'L=L~T!TUDE-PGSITIVE ~QHTM-•I 
FORMAT(20X,'KT=H~AH/EXTRATERRESTHIAL RADIATION'> 
FORMAT<20X,'TOIR=TOTAL AREA OF DIRECT ON A CLEAR DAY•) 
FORMATl20 X,'SS=HGUHS FHO~ SUNRISE TO SUNSET') 
FORMATl20X,'XLEN~:NUMBER OF HOUHS OF SUNSHINE'/ 
FOHMAT<20X,'flS=EXPERIMOHAL NU_Mtlt::R OF SUNSHINE HOURS') 
RETURN 
END 
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