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ABSTRACT 

Work with solar radiation reaching the earth's surface frequently 

requires a knowledge of the extraterrestrial solar radiation. A method 

of calculating extraterrestrial solar radiation over various time scales 

(i.e. instantaneous, hourly, daily, etc.) with known errors is detailed. 

Solar radiation data for Fort Collins, Colorado, for the years 

1977-1980 are examined to determine extended periods of low surface 

solar radiation. During the 58 days from 5 January to 5 March 1978 the 

normalized direct component is shown to have been less than 0.15 for 

three separate periods totaling 29 days. 

From this same data set correlation equations between the hemi- 

spheric/extraterrestrial and di ffuse/extraterrestrial ratios are 

developed, a1 1 owi ng prediction of the di ffuse component, given the 

hemispheric, for this high altitude, dry environment. 
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CHAPTER I 

INTRODUCTION 

The emphasis i n  recent  years concerning a l t e r n a t e  sources o f  energy 

has r e s u l t e d  i n  a  l a r g e  body o f  research concerning t h e  s o l a r  r a d i a t i o n  

rece ived a t  t h e  e a r t h ' s  surface. Th is  sur face  s o l a r  r a d i a t i o n ,  termed 

i n s o l a t i o n  o r  hemispheric r a d i a t i o n ,  i s  comprised o f  two components; t he  

d i r e c t  and d i f fuse.  The hemispheric r a d i a t i o n ,  v a r i o u s l y  c a l l e d  t h e  

t o t a l  o r  t o t a l  hemispheric, i s  t h e  t o t a l  i r r a d i a n c e  rece ived from t h e  

upward hemisphere. The d i r e c t ,  v a r i o u s l y  termed d i r e c t  beam o r  s imply 

beam, component i s  t h a t  i r r a d i a n c e  rece ived d i r e c t l y  from t h e  sun (usu- 

a l l y  w i t h i n  a  f i e l d  o f  v iew o f  about 5'). The d i r e c t  i r r a d i a n c e  m u l t i -  

p l i e d  by t h e  cosine o f  t h e  s o l a r  z e n i t h  angle g ives  the  c o n t r i b u t i o n  t o  

t h e  hemispheric i r r a d i a n c e  from t h e  d i r e c t  component. The remainder o f  

t h e  hemispheric i r r ad iance ,  which comes from a l l  angles i n  t he  upward 

hemisphere n o t  conta ined i n  t h e  d i r e c t  measurement, i s  c a l l e d  t h e  d i f -  

fuse component. One f i n a l  d e f i n i t i o n  i s  requi red.  The e x t r a t e r r e s t r i a l  

s o l a r  r a d i a t i o n  i s  t h a t  i r r a d i a n c e  a v a i l a b l e  a t  t he  t o p  o f  t h e  atmos- 

phere on a sur face normal t o  t h e  l o c a l  v e r t i c a l .  The value o f  t h i s  

e x t r a t e r r e s t r i a l  i r r a d i a n c e  i s  a f f e c t e d  by v a r i a t i o n s  i n  t he  sun-earth 

geometry. These e f f e c t s  i nc lude  an annual v a r i a t i o n  o f  about 23.3% i n  

t he  sun-earth d is tance due t o  t h e  e l l i p t i c i t y  o f  t h e  e a r t h ' s  o r b i t ,  t he  

i n c l i n a t i o n  o f  t he  e a r t h ' s  a x i s ,  and t h e  r o t a t i o n  o f  t h e  e a r t h  about 



its axis. These effects are predictable and a method of calculating 

the extraterrestrial solar radiation is detailed in Chapter 11. 

Liu and Jordan (1960) pioneered research in determining the rela- 

tionship between the hemispheric and the diffuse component. Their work 

was based primarily on data measured at Blue Hill, Massachusetts. Since 

this initial study, many authors have investigated these relationships 

for various other locations. Most notable among these studies are those 

by Ruth and Chant (1975) for selected Canadian locations, Orgill and 

Hollands (1976) for Toronto, Canada, and Collares-Pereira and Rabl 

(1978) for locations in New Mexico, Texas, California, and Massachu- 

setts. Chapter 111 of this paper will deal with the diffuse-hemispheric 

relationship based on data measured at Fort Collins, Colorado -- a high 
a1 ti tude, dry environment. 



CHAPTER I1 

CALCULATION OF EXTRATERRESTRIAL SOLAR RADIATION 

Normal i z a t i  on o f  t h e  hemi spher ic  i r r a d i  ance and i t s  components i s 

accomplished by forming t h e  dimensionless r a t i o  o f  t h e  hemispheric 

and/or a g iven  component t o  an appropr ia te  va lue  o f  t h e  e x t r a t e r r e s t r i a l  

s o l a r  r a d i a t i o n  (ETR). It should be po in ted  ou t ,  however, t h a t  t h e  

d i r e c t  component should be normal ized by t h a t  i r r a d i a n c e  a v a i l a b l e  a t  

t he  t o p  o f  t h e  atmosphere on a sur face normal t o  t h e  sun 's  rays. For 

t he  purposes o f  t h i s  study, t h i s  mod i f i ed  ETR i s  termed t h e  d i r e c t  ETR 

(DIRETR). The purpose o f  t h i s  no rma l i za t i on  procedure i s  t o  e l i m i n a t e  

t h e  dependence o f  t he  sur face values on s o l a r  p o s i t i o n .  Th is  i s  espe- 

c i a l l y  impor tan t  whenever comparisons a re  t o  be made f o r  d i f f e r e n t  t imes 

(i. e. one hour t o  another,  one day t o  another,  e t c . )  o r  f o r  d i f f e r e n t  

1 ocat ions.  

S e l l e r s  (1965) g ives  procedures f o r  c a l c u l a t i n g  instantaneous and 

d a i l y  e x t r a t e r r e s t r i a l  s o l a r  r a d i a t i o n  values and a g raph ica l  method f o r  

determin ing d a i l y  and monthly values. Guttman and Mathews (1979) out-  

l i n e  a method f o r  c a l c u l a t i n g  values f o r  v a r i a b l e  t ime per iods  o f  an 

hour up t o  one day. The remainder o f  t h i s  chapter  w i l l  deal w i t h  a 

method o f  c a l c u l a t i n g  e x t r a t e r r e s t r i a l  s o l a r  r a d i a t i o n  over var ious  t ime 

spans and w i t h  known e r r o r s .  



A. The Method 

Instantaneous e x t r a t e r r e s t r i a l  s o l a r  r a d i a t i o n  can be c a l c u l a t e d  

from t h e  r e l a t i o n s h i p  (Se l l e r s ,  1965): 

Q = s ( ~ / R ) ~  cos Z 

where, 

Q i s  t h e  e x t r a t e r r e s t r i a l  s o l a r  r a d i a t i o n ,  

S i s  t h e  s o l a r  constant ,  taken t o  be 1377 Watts pe r  

square meter (U. S. Department o f  Commerce, 1978), 

(R /R )  i s  t he  r a t i o  o f  t h e  mean t o  ac tua l  sun-earth d is tance,  

cos Z i s  t h e  cos ine o f  t h e  s o l a r  z e n i t h  angle. 

Determinat ion o f  t h e  re1  a t i v e  sun-earth d is tance parameter ( ( R / R ) ~ )  and 

the  s o l a r  p o s i t i o n  us ing  Fou r ie r  Ser ies was f i r s t  proposed by Spencer 

(1971). Thompson (1981) devi  sed more accurate Fou r ie r  Ser ies represen- 

t a t i o n s  f o r  these parameters. The F o u r i e r  Ser ies presented i n  t h i s  

paper a re  based on the  fo rmula t ions  o f  Thompson (1981). They have been 

modi f ied,  however, t o  f a c i l i t a t e  computer programming. A l l  se r i es  

fo rmula t ions  were based on data obta ined from t h e  American Ephemeris - and 

Naut ica l  Almanac f o r  1965. The F o u r i e r  Ser ies f o rmu la t i on  f o r  calcu- 

l a t i n g  t h e  r e l a t i v e  sun-earth d is tance parameter i s  d e t a i l e d  i n  sec t i on  

I1 A.1 .  The s o l a r  p o s i t i o n  i s  determined from t h e  geometric formula: 

cos Z = s i n  @ s i n  6 + cos @ cos 6 cos h 

where, 

@ i s  t h e  l a t i t u d e  o f  t h e  observat ion,  

6 i s  t h e  s o l a r  d e c l i n a t i o n ,  + f o r  n o r t h  l a t i t u d e s ,  

- f o r  south l a t i t u d e s ,  

h i s  t h e  l o c a l  hour angle o f  t h e  sun. 



The Fou r ie r  Ser ies f o rmu la t i on  f o r  c a l c u l a t i n g  s o l a r  d e c l i n a t i o n  i s  

d e t a i l e d  i n  sec t i on  I1 A.  2. The l o c a l  hour angle i s  r e l a t e d  t o  Green- 

wich mean t ime (GMT) as fo l l ows :  

h = -  2n (GMT - 12  + T) - + 
24 

where, 

+ i s  t h e  l ong i t ude  o f  t he  observa t ion  i n  radians,  + f o r  

west long i tude,  - f o r  eas t  long i tude,  

T  i s  t h e  equat ion o f  t ime. 

The equat ion o f  t ime co r rec t s  f o r  t h e  d i f f e r e n c e  between t r u e  s o l a r  t ime 

and mean t ime which i s  i n  common use. The Fou r ie r  Ser ies used t o  calcu- 

l a t e  t h e  equat ion o f  t ime i s  d e t a i l e d  i n  s e c t i o n  I1 A.3. 

The Fou r ie r  se r i es  fo rmula t ions  are  approximations t o  t he  exact  

values. Data was obta ined from t h e  American Ephemeris - and Naut ica l  

Almanac f o r  t h e  years 1974, 1979, 1980 and 1981 and compared t o  values 

ca l cu la ted  us ing  these se r i es  representat ions.  The e r r o r s  thus obta ined 

are g iven  a t  t he  end o f  t h e  s e c t i o n  d e t a i l i n g  each ser ies .  
I 

1. Re la t i ve  sun-earth d is tance 

The Fou r ie r  se r i es  rep resen ta t i on  f o r  t he  r e l a t i v e  sun-earth d i s -  

tance parameter i s :  

( R / R ) ~  = 1.000145 + 0.033382 cos a  + 0.001952 s i n  a 

+ 0.000698 cos (2a) 

The t ime parameter (a) i s  g iven  by: 

a = 0.0172017221 [ET + (NOON/24)] 

where, 

ET i s  t he  number o f  days from a  base date o f  0 January 1974 

( i . e .  1 January 1974 i s  day one), 



NOON i s  l o c a l  noon ( i n  Greenwich mean t ime) f o r  t he  l ong i t ude  

of t h e  p o i n t  f o r  which t h e  c a l c u l a t i o n  i s  be ing  made, 

t h e  constant  (0.0172017221) i s  2n d i v i d e d  by t h e  annual 

p e r i o d  f o r  t h e  e a r t h  t o  r e t u r n  t o  t h e  same d is tance 

from t h e  sun (365.2649 days). 

The maximum e r r o r  i n  t h e  c a l c u l a t e d  square o f  t h e  r e l a t i v e  sun- 

e a r t h  d is tance us ing  t h i s  formula i s  + 0.011%. 

2. So la r  d e c l i n a t i o n  
1 

The Fou r ie r  se r i es  rep resen ta t i on  o f  t h e  sun's d e c l i n a t i o n  i s .  

6 = 0.00666 - 0.400866 cos p + 0.06523 s i n  p 

- 0.00667 cos (2p) + 0.00057 s i n  (2p) 

- 0.00274 cos (3p) + 0.00124 s i n  (3p) 

The t ime parameter (p) i s  g iven  by: 

p = 0.0172027912 [ET + (TIME/24)] 

where, 

TIME i s  t h e  mid-point  o f  t h e  i n t e g r a t i o n  p e r i o d  ( i n  

Greenwich mean t ime),  

t he  constant  i s  der ived  from an annual p e r i o d  o f  

365.2422 days. 

The maximum e r r o r  i n  t he  c a l c u l a t e d  d e c l i n a t i o n  us ing  t h i s  formula 

i s  + 1 minute. 

3. Equat ion o f  t ime 1 

The Fou r ie r  se r i es  f o r  c a l c u l a t i n g  the  equat ion o f  t ime i s :  

T  = 0.0098 cos p - 0.1227 s i n  p - 0.0510 cos (2p) 

- 0.1581 s i n  (2p) - 0.0056 s i n  (3p) 

- 0.0021 cos (4p) - 0.0030 s i  n  (4p) 

where the  t ime parameter (p) i s  c a l c u l a t e d  by equat ion C2.71. 



The maximum abso lu te  e r r o r  i n  t h e  c a l c u l a t e d  equat ion o f  t ime us ing  

t h i s  formula i s  + 12 seconds. 

B. The Computational Procedure 

I n t e g r a t i o n  o f  equat ion C2.11 over some t ime i n t e r v a l  f o r  which t h e  

d e c l i n a t i o n  and r e l a t i v e  sun-earth d is tance can be assumed constant  

y i e l d s :  

Q, = s ( ~ / R ) ~  [ s i n  @ s i n  6 (he - hl) 
I 

I 

+ cos $ cos 6 ( s i n  h2 - s i n  hl)]/ANGVEL 

where, 

ANGVEL i s  t h e  e a r t h ' s  angular  v e l o c i t y  i n  radians pe r  hour. 

Because i t  changes so s low ly  t h e  r e l a t i v e  sun-earth d is tance was c a l -  

cu la ted  f o r  noon o f  each day and assumed constant  f o r  t h a t  day. Thomp- 

son (1981) p o i n t s  o u t  t h a t  c a l c u l a t i o n  o f  t h e  s o l a r  d e c l i n a t i o n  once 

every f o u r  hours g ives  s a t i s f a c t o r y  r e s u l t s ;  however, f o r  t h i s  study 

values o f  bo th  d e c l i n a t i o n  and t h e  equat ion o f  t ime were ca l cu la ted  a t  

t he  midpo in t  o f  each i n t e g r a t i o n  i n t e r v a l  and assumed constant  f o r  t h a t  

i n t e r v a l .  A one hour t ime i n t e r v a l  was chosen f o r  use i n  t h i s  study, 

except t h a t  when hl was l e s s  than t h e  sunr ise  hour angle i t  was s e t  

equal t o  t h e  sunr ise  hour angle and, s i m i l a r l y ,  when h2 was g rea te r  than 

the  sunset hour angle i s  was s e t  equal t o  t h e  sunset hour angle. 

The appendix i s  a  program l i s t i n g  (FORTRAN V) o f  t h i s  computational 

scheme w i t h  t h e  t ime i n t e r v a l  (TIMINC) s e t  t o  one hour. The program 

w i l l  ou tpu t  d a i l y  t o t a l  e x t r a t e r r e s t r i a l  s o l a r  r a d i a t i o n  f o r  t he  years 

and l o c a t i o n  spec i f i ed .  Values o the r  than d a i l y  t o t a l s  ( i . e .  ins tan tan-  

eous, hou r l y ,  e t c . )  can be obta ined by changing t h e  beginning (BEGGMT) 



and ending (ENDGMT) t imes. For mean monthly values a  simple averaging 

loop  should be added. 

C. Accuracy o f  t h e  Method 

Given t h e  e r r o r s  i nhe ren t  i n  c a l c u l a t i n g  t h e  r e l a t i v e  sun-earth 

d is tance,  d e c l i n a t i o n ,  and equat ion o f  t ime, t h e  maximum e r r o r  i n  c a l -  

cu la ted  e x t r a t e r r e s t r i a l  s o l a r  r a d i a t i o n  has been determined. The 

e r r o r s  were maximized w i t h  t h e  d e c l i n a t i o n  s e t  a t  23' and the  hour 

angles (which are  a  f u n c t i o n  o f  t he  equat ion o f  t ime)  s e t  a t  90°for t he  

instantaneous e r r o r  de termina t ion  and a t  O0 and 15' f o r  t h e  h o u r l y  

determinat ion. Hour ly  e r r o r s  were then summed f o r  15 hou r l y  ca l cu la -  

t i o n s  t o  a r r i v e  a t  t h e  d a i l y  e r r o r s .  It should be noted t h a t  t h e  i m -  

proved performance o f  t h e  d a i l y  c a l c u l a t i o n  over t h e  hou r l y  c a l c u l a t i o n  

i s  due t o  t h e  f a c t  t h a t  t h e  equat ion o f  t ime c o r r e c t i o n  i s  symmetrical 

about t r u e  s o l a r  noon. For t h i s  reason whenever t h e  c a l c u l a t i o n  i s  

performed over an i n t e r v a l  which i s  a l s o  symmetrical about t r u e  s o l a r  

noon, t he  equat ion o f  t ime c o r r e c t i o n  i s  cance l led  and t h e  e r r o r  associ-  

a ted  w i t h  i t  makes no c o n t r i b u t i o n  t o  t h e  c a l c u l a t e d  e x t r a t e r r e s t r i a l  

s o l a r  r a d i a t i o n .  It should be emphasized t h a t  t he  s ta ted  e r r o r s  a re  due 

s o l e l y  t o  t h e  computat ional procedure and do no t  ,account f o r  any changes 

i n  s o l a r  ou tpu t  o f  l ong  term changes i n  sun-earth geometry. 

1. Instantaneous values 

Maximum absolute e r r o r  1.3 ~ m - *  

Maximum percent  e r r o r  0.10% 

2. Hour ly  values 

-2 -1 
Maximum abso lu te  e r r o r  4 W h r  m h r  

Maximum percent  e r r o r  0.32% 



3. D a i l y  values 

Maximum absolute e r r o r  5 W h r  m-'day-' 

Maximum percent  e r r o r  0.05% 



CHAPTER 111 

ANALYSIS OF FORT COLLINS SOLAR RADIATION DATA 

Both t h e  d i r e c t  component ( D I R )  and hemispheric i r r a d i a n c e  (HEM) 

have been measured a t  t h e  Atmospheric Science Department o f  Colorado 

S ta te  U n i v e r s i t y  s ince  t h e  s p r i n g  o f  1975. The hemispheric i r r a d i a n c e  

i s  measured by an Eppley P rec i s i on  Pyranometer i n  t h e  spec t ra l  i n t e r v a l  

0.3 pm t o  3.0 pm, w h i l e  an Eppley Pyrhel iometer  measures t h e  d i r e c t  

component i n  t h e  same wave l e n g t h  band. Cox and McKee (1978) and Cox 

and McKee (1980) g i v e  a complete d e s c r i p t i o n  o f  t h e  f a c i l i t y  and t h e  

ins t rumenta t ion ,  as w e l l  as hour ly ,  d a i l y ,  and monthly values o f  t h e  

d i r e c t  component and hemispheric i r r ad iance .  Because o f  t h e  complete- 

ness o f  t h e  data, t h e  years 1977 through 1980 were chosen as the  data 

base f o r  t h i s  study. The d i f f u s e  component ( D I F )  was c a l c u l a t e d  from 

the  re1 a t i on :  

DIF = HEM - (DIR)(cos Z).  

The method descr ibed i n  Chapter I 1  f o r  determin ing s o l a r  p o s i t i o n  was 

used i n  c a l c u l a t i n g  cos Z. 

A. Data Hand1 i n g  

Q u a l i t y  o f  s o l a r  r a d i a t i o n  data can be a f f e c t e d  by t h e  c a l i b r a t i o n  

o f  t h e  pryanometer o r  pyrhe l iometer ,  mechanical o r  e l e c t r o n i c  problems 

w i t h  t h e  record ing  system, misa l  ignment o f  t h e  pyrhe l  iometer,  and/or 

d i r t y  o r  snow covered o p t i c a l  surfaces. Therefore, t h e  f o l l o w i n g  



dec i s i on  c r i t e r i a  were a p p l i e d  t o  t h e  da ta  p r i o r  t o  f u r t h e r  a n a l y s i s  and 

r e s u l t e d  i n  a t o t a l  da ta  s e t  o f  707 days. 

1. Miss ing  da ta  

Data f o r  an e n t i r e  day was d isregarded i f  f o r  one o r  more hours 

e i t h e r  t h e  d i r e c t  o r  hemispheric values were miss ing.  A t o t a l  o f  506 

days f e l l  i n t o  t h i s  category.  

2. Suspicious da ta  

I f  t h e  c a l c u l a t e d  d i f f u s e  component was l e s s  than  zero t h e  e n t i r e  

day 's  data was disregarded. Th i s  c o n d i t i o n  r e s u l t s  f rom t h e  d i r e c t  

component be ing  t o o  l a r g e  o r  t h e  hemispheric be ing  t o o  smal l ,  e i t h e r  o f  

which i n d i c a t e  ins t rument  problems. Only n ine  days f e l l  i n t o  t h i s  

category.  

3. Problems a t  sunr ise/sunset  I 
Near t he  t imes o f  sun r i se  and sunset i t  i s  p o s s i b l e  f o r  t h e  s o l a r  

z e n i t h  angle t o  exceed f90°, i n  which case t h e  cos ine o f  t he  s o l a r  

z e n i t h  angle w i l l  be negat ive  and t h e  r e s u l t i n g  c a l c u l a t e d  d i f f u s e  corn- 

ponent w i l l  be g rea te r  than  t h e  hemispheric (assuming t h e  d i r e c t  i s  

non-zero). For these events t h e  h o u r l y  d i f f u s e  component was s e t  equal 
I 

t o  t h e  hemispheric va lue.  

4. Excess ive ly  l a r g e  values o f  d i f f u s e  

A l l  hours f o r  which t he  i n e q u a l i t y  

D I F  S 0.5(S x cos Z) 

was n o t  t r u e  were e l i m i n a t e d  (Co l l a res -Pe re i ra  and Rabl, 1978). Th i s  

c o n d i t i o n  r e s u l t s  f rom t h e  d i r e c t  component be ing  t o o  smal l  w i t h  respec t  

t o  t h e  hemispheric,  t h e  most probable cause be ing  misal ignment o f  t h e  



pyrhel iometer .  A t o t a l  o f  239 days were e l i m i n a t e d  f o r  n o t  s a t i s f y i n g  

t h e  above i n e q u a l i t y .  

B. Resul ts  o f  Ana lys is  

1. Frequency d i s t r i b u t i o n s  

Table 1 gives  t h e  number o f  days, by month f o r  which t h e  d i f f u s e  

component t o  hemispheric (DIF/HEM) r a t i o  f e l l  w i t h i n  t h e  var ious  i n t e r -  

va ls .  Table 2 and Table 3 a re  s i m i l a r ,  b u t  f o r  t h e  d i f f u s e  t o  e x t r a t e r -  

r e s t r i a l  (DIF/ETR) and hemispheric t o  e x t r a t e r r e s t r i a l  (HEM/ETR) r a t i o s ,  

respec t i ve l y .  I nspec t i on  o f  Table 1 revea ls  a  maximum occurrence o f  

days (23%) i n  t h e  0.10-0.19 range. These represent  days o f  r e l a t i v e l y  

c l e a r  cond i t ions .  A secondary peak (11%) i s  observed i n  t he  range 

0.90-1.00, represent ing  overcast  cond i t i ons  when t h e  d a i l y  d i r e c t  compo- 

nent i s  equal t o  o r  very nea r l y  zero. From Table 2 we f i n d  t h a t  on 75% 

o f  t h e  days the  DIF/ETR r a t i o  f a l l s  i n  t he  0.10-0.29 range. Table 3 i n -  

d i ca tes  t h a t  on 29% o f  t h e  days t h e  HEM/ETR r a t i o  fa1  1  s  i n  t h e  0.60-0.69 

range, and no evidence o f  a  secondary maximum ex i s t s .  Table 4 g ives the  

frequency d i s t r i b u t i o n  o f  t h e  d i r e c t  t o  d i r e c t  e x t r a t e r r e s t r i a l  r a t i o  

(DIR/DIRETR). Most no tab le  here i s  t he  r e l a t i v e l y  un i fo rm d i s t r i b u t i o n  

i n  t h e  range o f  0.00 t o  0.59, w i t h  t h e  d i f f e r e n c e  i n  t he  maximum and 

minimum occurrences be ing  o n l y  about 9.8 percent .  

2. An extended p e r i o d  o f  low sur face s o l a r  r a d i a t i o n  

The F ron t  Range o f  t h e  Colorado Rocky Mountains has t h e  r e p u t a t i o n  

o f  be ing gene ra l l y  sunny and m i l d  and, t he re fo re ,  an e x c e l l e n t  environ- 

ment f o r  s o l a r  energy app l i ca t i ons .  The ques t ion  a r i s e s  as t o  how we11 

deserved t h i s  r e p u t a t i o n  may be. I n  an at tempt  t o  a t  l e a s t  p a r t i a l l y  

answer t h i s  quest ion,  t h e  data was scanned t o  determine t h e  number o f  



Table 1. Frequency distribution of the daily Diffuse/Hemispheric 

ratio. Entries are the number of days. 

Interval Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec - - -  - - - -  
1 4 1 1 1 0 0 2 1 13 11 6 

Total 

4 1 

16 3 

105 

97 

78 

5 4 

38 

28 

28 

7 6 - 
707 

0.00-0.09 

0.10-0.19 

0.20-0.29 

0.30-0.39 

0.40-0.49 

0.50-0.59 

0.60-0.69 

0.70-0.79 

0.80-0.89 

0.90-1.00 

Total 



Table 2. Frequency distribution of the daily Diffuse/Extraterrestrial 

ratio. Entries are the number of days. 

Interval - Jan - Feb Mar Apr May - J u n  Jul Aug 
0.00-0.09 1 11 6 2 2 9 2 5 

0.40-0.50 

Total 

Sep Oct Nov Dec Total - - - - 



Table 3. Frequency distribution of the daily Hemispheric/Extraterrestrial 

ratio. Entries are the number o f  days. 

Interval 

0.00-0.09 

0.10-0.19 

0.20-0.29 

0.30-0.39 

0.40-0.49 

0.50-0.59 

0.60-0.69 

0.70-0.79 

0.80-0.89 

Total 

Jan Feb - - Mar Apr May - Jun - Jul 

0 1 1 0 0 

1 2 6 3 2 

7 4 3 3 4 

7 7 8 4 3 

11 2 13 8 14 

8 10 13 8 18 

22 16 25 14 24 

23 12 16 23 19 

1 - 0 - 0 - 0 - 0 - 
80 54 85 63 84 

Aug Sep Oct Nov Dee - - - 
0 0 0 1 0 

2 0 0 2 1 

3 1 3 5 4 

2 1 5 3 5 

7 2 5 7 6 

11 4 11 10 10 

10 15 2 1  19 19 

10 20 25 9 3 

0 - 1 - 0 - 0 - 0 - 
47 44 70 56 48 

Total 

4 

24 

45 

52 

8 3  

113 

202 

182 

2 - 
707 



--- Table 4. Frequency distribution of the daily Direct/Direct 

extraterrestrial ratio. Entries are the number of days. 

Interval - Jan - Feb - Mar & MaY Jun Jul Aug' Sep Oct Nov Dec Total - - - -  
0.00-0.09 7 14 17 11 16 10 8 7 2 10 11 12 125 

0.10-0.19 3 4 9 4 15 8 7 6 1 4 7 5 73 

0.20-0.29 4 5 11 10 13 4 18 12 5 10 7 6 105 

0.30-0.39 2 7 12 12 20 9 17 6 6 2 5 10 108 

0.40-0.49 4 8 11 10 12 18 16 7 11 12 9 5 123 

0.50-0.59 2 13 16 6 8 13 18 7 18 29 16 10 156 

0.60-0.69 1 - 2 - 4 - 1 - 1 - 1 - 0 - 2 - 1 - 3 - 1 - 0 - 17 - 
Total 23 53 80 54 85 63 84 47 44 70 56 48 707 



I 
t imes when t h e  d a i l y  hemispheric t o  e x t r a t e r r e s t r i a l  r a t i o  was l e s s  than 

0.35 f o r  a p e r i o d  o f  t h r e e  o r  more consecut ive days. The c r i t e r i a  

(HEM/ETR) < 0.35 was chosen because O r g i l l  and Hol lands (1976) p o i n t  o u t  

t h a t  values i n  t h i s  i n t e r v a l  represent  ext remely c loudy days w i t h  over 

90% o f  t h e  t o t a l  i n s o l a t i o n  be ing  d i f f u s e .  S i x  such cases were found. 

They were 27-29 A p r i l  1977, 16-18 August 1977, 6-9 February 1978, 

1-3 May 1978, 6-8 May 1980. Because o f  t h e  d u r a t i o n  o f  t h e  February 

1978 event, t h e  f a c t  t h a t  t h i s  i s  t h e  o n l y  p e r i o d  which was found i n  t h e  

pr imary  heat ing  season, and having noted t h a t  t h e  HEM/ETR values f o r  11 

and 12 February were a l s o  below t h e  th resho ld ,  a c l o s e r  examinat ion o f  

t h i s  p e r i o d  was made. 

a. The meteoro logica l  s i t u a t i o n .  A h i g h  pressure c e l l  was cen- 

t e r e d  over southwestern Colorado on 5 February w i t h  a s t a t i o n a r y  f r o n t  

l y i n g  j u s t  eas t  o f  F o r t  C o l l i n s .  F o r t  C o l l i n s  experienced l i g h t  ( l ess  

than 5 knots) south e a s t e r l y  f l o w  throughout t h e  e n t i r e  day and by 1900 

LST began observ ing t h e  c l a s s i c  upslope cond i t i ons  ( c e i l i n g  a t  100 f e e t  

and two m i l es  v i s i b i l i t y  i n  fog).  On 6 February t h e  f r o n t  moved west 

over t he  Rocky Mountains. C e i l i n g s  were gene ra l l y  a t  500 f e e t ,  v i s i -  

b i l i t y  t h ree  t o  f o u r  m i l es  i n  fog, and winds remained l i g h t  o u t  o f  t h e  

south through southeast. A c o l d  f r o n t ,  hav ing moved o f f  t he  P a c i f i c  

Ocean, merged w i t h  t h e  s t a t i o n a r y  f r o n t  on t h e  8 t h  and produced, on t h e  

7 t h  and 8 t h  o f  February, c e i l i n g s  100 t o  300 f e e t ,  v i s i b i l i t y  % t o  

m i l e  i n  f o g  and occasional 1 i g h t  snow, and winds calm t o  1 i g h t  south- 

eas te r l y .  On t h e  morning o f  t he  9 th ,  a second f r o n t a l  system moved on 

shore and stagnated over c e n t r a l  Nevada and c e n t r a l  C a l i f o r n i a  and 

remained i n  t h i s  l o c a t i o n  through t h e  1 0 t h  as the  low pressure c e l l  

centered over c e n t r a l  Nevada i n t e n s i f i e d .  The system began a slow 

eastward movement on 11 February which cont inued u n t i l  around midn igh t  



when i t  merged w i t h  t h e  s t a t i o n a r y  f r o n t  over t h e  Colorado Rockies. 

Dur ing t h i s  e n t i r e  p e r i o d  F o r t  C o l l i n s  cont inued t o  experience up-slope 

cond i t ions ,  w i t h  c e i l i n g s  g e n e r a l l y  300 t o  800 f e e t  (except 5,000 t o  

7,000 on t h e  l o t h ) ,  v i s i b i l i t i e s  from l e s s  than one up t o  f i v e  m i l es  and 

l i g h t  sou theas ter ly  f low. The a c t i v e  p o r t i o n  o f  t h e  c o l d  f r o n t  then  

dropped south i n t o  eas t  c e n t r a l  New Mexico, and by 0800 LST t h e  s t a t i o n -  

a r y  f r o n t  had d i s s i p a t e d  and t h e  sur face winds became l i g h t  o u t  o f  t h e  

nor theast ,  a l though t h e  c e i l i n g  remained a t  between 200 and 500 f e e t  

throughout most o f  t h e  d a y l i g h t  hours. By e a r l y  morning on t h e  1 3 t h  t h e  

c l e a r i n g  t r e n d  was w e l l  establ ished.  

b. Rad ia t i ve  observat ions. The hemispheric/extraterrestrial r a t i o  

and d i r e c t / d i r e c t  e x t r a t e r r e s t r i a l  f o r  each day du r i ng  t h i s  p e r i o d  i s  

g iven below. 

DAY - 

6 
7 
8  
9  

10 
11 
12 

I n  rev iewing  t h e  weather records f o r  t h i s  February 1978 case, i t  

appeared t h a t  t he re  were o the r  per iods  o f  extreme c loudiness t h a t  had 

no t  been detected by t h e  proposed threshold.  Time se r i es  p l o t s  o f  

average c loudiness du r i ng  d a y l i g h t  hours, t h e  DIR/DIRETR r a t i o s ,  and the  

HEM/ETR r a t i o s  f o r  t he  p e r i o d  5 January t o  5  March were made, and are 

g iven  i n  F igure  1. Three per iods  stand o u t  i n  t he  c loudiness and D I R /  

DIRETR p l o t s  -- 12-20 January, 5-16 February, and 24 February through 

3 March. Average c loudiness du r i ng  t h e  5-16 February event was 9-6/10, 

wh i l e  t h e  c l i m a t o l o g i c a l  mean f o r  February i s  o n l y  5/10. The average 

DIR/DIRETR f o r  t he  p e r i o d  was o n l y  0.04. Temperature dev ia t i ons  



Figure 1. Time se r i e s  plots of average daylight hours cloudiness, average da i ly  
d i  rec t /d i rec t  ex t ra te r res t r ia l  r a t io s ,  and the average daily hemispheric/ 
ex t ra te r res t r ia l  ra t ios  fo r  5 January to  5 March 1978. Points indicated 
by an M a re  missing, those indicated by an E a re  estimated. 





(observed average minus c l  ima to log i ca l  mean) were: 1 
Maximum (OF) 

Minimum (OF) 

The synopt ic  s i t u a t i o n  d u r i n g  t h e  January and February/March cases 

proved t o  be p r a c t i c a l l y  i d e n t i c a l  t o  t h a t  d e t a i l e d  f o r  5-12 February. 

The r e s u l t s  o f  f u r t h e r  i n v e s t i g a t i o n  are as fo l lows:  

12-20 January 

Mean - Observed 

24 February - 3  March 

Mean - Observed 

I 
Cloudiness 

DIR/DIRETR 

Maximum Temperature (OF) 

Minimum Temperature (OF) 

1 
We the re fo re  have t h r e e  events cover ing  29 days i n  a t o t a l  p e r i o d  o f  

o n l y  58 days where t h e  average d a y l i g h t  hours c loudiness exceeded 88% 

c loud cover,  the  average d a i l y  DIR/DIRETR r a t i o  was o n l y  0.04, and 

temperatures where h i g h l y  v a r i a b l e  w i t h  maximums from 7.6 t o  13.8 de- 

grees below t h e  means and minimums from 2.3 degrees above t o  4.6 degrees 

below mean values. 

A f o u r  year  data base i s  i n s u f f i c i e n t  t o  e s t a b l i s h  a  r e a l  s o l a r  

r a d i a t i o n  c l imato logy .  I n  general ,  however, i t  would seem t h a t  t h e  

r e p u t a t i o n  o f  t h e  F ron t  Range i s  w e l l  deserved, though occasional ex- 

tended per iods  ( t h ree  days o r  more) o f  low i n s o l a t i o n  may be expected. 

The January-March 1978 event i s  c e r t a i n l y  an anomally and should n o t  be 

considered rep resen ta t i ve  o f  a  normal year.  

C. Re la t ionsh ips  Between So lar  Rad ia t ion  Components 

Subsequent t o  t h e  i n i t i a l  work by L i u  and Jordan (1960) r e l a t i n g  

the  d i f f u s e  and hemispheric i r r a d i a n c e ,  many authors have i n v e s t i g a t e d  



I 
t h i s  r e l a t i o n s h i p  f o r  var ious  o the r  l oca t i ons .  Among these Ruth and 

Chant (1975), Org i  1  1 and Hol 1 ands (1976), and Co11 ares-Perei  r a  and Rabl 

(1978) found c o r r e l a t i o n s  which dev ia ted  s i g n i f i c a n t l y  f rom those o f  L i  u  

and Jordan (1960). The remainder o f  t h i s  chapter  w i l l  deal w i t h  t h e  

d i f fuse-hemispher ic  i r r a d i a n c e  c o r r e l a t i o n s  determined from t h e  1977 

th rough  1980 data base f o r  F o r t  C o l l i n s ,  Colorado. 

1. Method o f  c o r r e l a t i o n  

I The d a i l y  DIF/ETR and HEM/ETR r a t i o s  were ca lcu la ted .  For each 

HEM/ETR i n t e r v a l  o f  0.10 t h e  corresponding values o f  DIF/ETR were ave- 

raged and these mean values were p l o t t e d  aga ins t  t h e  va lue o f  HEM/ETR 

f o r  t h e  mid-point  o f  t h a t  i n t e r v a l .  The o n l y  except ion t o  t h i s  approach 

was f o r  t h e  HEM/ETR i n t e r v a l  0.00-0.09. Only f o u r  days f e l l  i n t o  t h i s  

i n t e r v a l  w i t h  values o f  0.07-0.09. Therefore, t he  mean DIF/ETR value 

(0.08) was p l o t t e d  aga ins t  t h e  mean HEM/ETR value (0.08). A l e a s t  

squares polynomial  f i t  was then obta ined f o r  these means. 

The cumulat ive dens i t y  f u n c t i o n  o f  DIF/ETR values w i t h i n  each 

HEM/ETR i n t e r v a l  was a l s o  obtained, and the  20 and 80 percent  l e v e l s  

determined. The values o f  each o f  these l e v e l s  were again p l o t t e d  

aga ins t  t h e  value o f  HEM/ETR f o r  t h e  mid-po in t  o f  t h a t  i n t e r v a l  (except 

t h a t  values f o r  t he  lowest  i n t e r v a l  were again p l o t t e d  aga ins t  a  HEM/ETR 

value o f  0.08), and a l e a s t  squares ploynomial  f i t  obta ined f o r  each o f  

these l eve l s .  

I 
2. C o r r e l a t i o n  equat ions I 

I 

The i n t e r v a l  0.35 6 (HEM/ETR) S 0.80 inc luded approximately 86.3 

percent  o f  t he  t o t a l  number o f  days. The f o l l o w i n g  c o r r e l a t i o n s  were 

obtained: 
I 



Mean 

20% l e v e l  

There were no p o i n t s  i n  t h e  i n t e r v a l  (HEM/ETR) > 0.81. 

I The remaining days f e l l  i n  t h e  i n t e r v a l  0.00 5 (HEM/ETR) < 0.35. 

The c o r r e l a t i o n s  obta ined were: 

Mean 0.010 - 0.863(HEM/ETR) 

+ O.ZOO(HEM/ETR)* - 1. ~ ~ ( H E M / E T R ) ~  

0.0913 - 0.724(HEM/ETR) 

+ 7. 62(HEM/ETR)2 - 12. 0(HEM/ETR)3 

20% l e v e l  

80% l e v e l  

It i n t e r e s t i n g  t o  note t h a t  w h i l e  32.4 percent  o f  t he  values i n  t he  

O r g i l l  and Hol lands (1976) study (based on f o u r  years o f  data f o r  To- 

r o n t o  A i r p o r t ,  Canada) f e l l  i n  t h i s  i n t e r v a l ,  which again represents ex- 

t remely c loudy cond i t i ons ,  o n l y  13.7 percent  o f  F o r t  C o l l i n s  days were 

included. Caut ion should be used i n  any d i r e c t  comparison, however, 

s ince t h e i r  work was based on hou r l y  values and the  present  study deals 
I 
I 

o n l y  w i t h  d a i l y  t o t a l s .  I 
F igure  2 shows p l o t s  o f  t he  above c o r r e l a t i o n  equat ions. A compar- 

i s o n  o f  t h e  c o r r e l a t i o n  equat ions f o r  t he  mean values i n  t h e  present  

study w i t h  those developed by L i u  and Jordan (1960), based on t e n  years 

o f  data f o r  Blue H i l l ,  Massachusetts, and by O r g i l l  and Hol lands (1976), 

! 





based on f o u r  years o f  da ta  f o r  Toronto A i r p o r t ,  Canada, i s  g iven  i n  

F igure  3. The c o r r e l a t i o n s  f o r  t h e  t h r e e  d i f f e r e n t  regions are very 

s i m i l a r  f o r  HEM/ETR values l e s s  than 0.15. Th is  i s  no doubt due t o  t h e  

f a c t  t h a t  i n  t h i s  range t h e  d i r e c t  component i s  zero ( o r  very  nea r l y  so) 

and, t he re fo re ,  t h e  t o t a l  i n s o l a t i o n  i s  very n e a r l y  a l l  d i f f u s e .  I n  t he  

HEM/ETR range o f  0.15 t o  around 0.45, t h e  present  s tudy g ives DIF/ETR 

values t h a t  l i e  about midway between t h e  o the r  two c o r r e l a t i o n s ,  w h i l e  

above HEM/ETR values o f  0.60 the  present  s tudy and t h a t  o f  L i u  and 

Jordan (1960) agree q u i t e  w e l l  

I 



Hemispheric to Extroterrestrrol Rot io -- - - -- 
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Figure 3. Comparison of the hemispheric/extraterrestrial to diffuse/extra terres trial 
correlations of the present study with those of Liu and Jordan (1960) for 
Blue Hill, MA and Orgill and Hollands (1976) for Toronto Airport, Canada. 



CHAPTER I V  

SUMMARY AND CONCLUSIONS 

An i n v e s t i g a t i o n  o f  t h e  s o l a r  r a d i a t i o n  environment o f  F o r t  

C o l l i n s ,  Colorado, was performed. A method o f  c a l c u l a t i n g  t h e  e x t r a t e r -  

r e s t r i a l  s o l a r  r a d i a t i o n  over var ious  t ime scales and w i t h  known e r r o r s  

was accomplished. Unce r ta in t y  o f  t h e  e x t r a t e r r e s t r i a l  values r e s u l t i n g  

from t h i s '  c a l c u l a t i o n  a re  1 .3  W ;' i n  c a l c u l a t i n g  instantaneous values, 

4 W h r  m-2 h r - I  f o r  hou r l y  values, and 5 W h r  mm2 daym1 f o r  d a i l y  t o t a l  

ca l cu la t i ons .  These e r r o r s  a re  c e r t a i n l y  l e s s  than those t o  be expected 

i n  t h e  measurement o f  sur face  s o l a r  r a d i a t i o n .  The computer program 

developed t o  per form t h e  ETR c a l c u l a t i o n  i s  g iven  i n  t h e  Appendix and 

w i l l  produce d a i l y  t o t a l s  f o r  one year  f o r  about $1.20 on a  Contro l  Data 

Corporat ion CYBER system. (Note: This  i s  n o t  in tended t o  be an endorse- 

ment o f  t he  CDC CYBER and i s  g iven  o n l y  as an example o f  expected cos t . )  

) Equations c o r r e l  a t i  ng t h e  d i f f u s e  and hemi spher ic  components were 

developed. Since establ ishment  o f  confidence i n t e r v a l s  f o r  these cor- 

r e l a t i o n s  would e n t a i l  assumptions regard ing  the  s t a t i s t i c a l  normal icy 

o f  t he  data, c o r r e l a t i o n s  f o r  t h e  20 percent  l e v e l  and 80 percent  l e v e l  

obta ined from cumulat ive dens i t y  f unc t i ons  o f  t h e  ac tua l  data were 

determined. Th is  was done i n  an at tempt  t o  p rov ide  t h e  maximum i n f o r -  

mation w i t h  t he  fewest assumptions. Using these c o r r e l a t i o n s  t h e  mean 

d a i l y  d i f f u s e  component o f  t he  i n s o l a t i o n  can be pred ic ted ,  g iven t h e  

value of t h e  hemispheric component. These present  c o r r e l a t i o n s  were 

a l s o  compared t o  those found by L i u  and Jordan (1960) and O r g i l l  and 
I 
I 



Hol lands (1976) and were found t o  agree w e l l  w i t h  t h e  ' r e s u l t s  o f  L i u  and 

Jordan (1960) except i n  t h e  HEM/ETR range o f  0.20 t o  0.60 where t h e  

present  work g ives  values o f  DIF/ETR rang ing  from 0.01 t o  0.04 h igher .  

Except i n  t h e  very lowest  values ((HEM/ETR) 5 0.20) t h e  c o r r e l a t i o n s  os 

O r g i l l  and Hol lands (1976) c o n s i s t e n t l y  over est imate t h e  DIF/ETR values 

of t h e  present  study by as much as 0.05. Whi le t h i s  s tudy was based on 

data taken o n l y  a t  F o r t  C o l l i n s ,  Colorado, and the  c o r r e l a t i o n s  have n o t  

been app l i ed  t o  an independent data s e t  f o r  o the r  l oca t i ons ,  t h e  author  

be l ieves  t h e  c o r r e l a t i o n s  g iven  should prove useful  f o r  o the r  c l imato-  

l o g i c a l l y ~ s i m i l a r ,  h i gh  a l t i t u d e  s i t e s .  

F i  na l  l y  , an i n v e s t i  g a t i  on i n t o  extended p e r i  ods o f  1  ow i nsol a t i o n  

was made. For t he  f o u r  year  data s e t  s i x  per iods  o f  t h r e e  days o r  more 

were found where the  d i f f u s e  component would account f o r  more than 90% 

o f  t h e  t o t a l  i n s o l a t i o n  received. A d d i t i o n a l l y ,  du r i ng  a  58 day p e r i o d  

th ree  cases t o t a l i n g  29 days were found i n  which the  d i r e c t  component t o  

e x t r a t e r r e s t r i  a1 d i r e c t  component r a t i o  d i d  n o t  exceed 0.15. The four  

year  data s e t  i s  c e r t a i n l y  too  s h o r t  a  t ime p e r i o d  t o  e s t a b l i s h  a c l ima-  

to logy .  However, t h e  r e s u l t s  o f  t h i s  study tend t o  l end  creedence t o  

t he  r e p u t a t i o n  o f  t he  Colorado F ron t  Range as being very s u i t a b l e  f o r  

s o l a r  energy appl i c a t i o n s .  
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APPENDIX 

This Appendix i s  a  1  i s t i n g  o f  a  program t o  compute d a i l y  values 

o f  e x t r a t e r r e s t r i  a1 so lar  r ad i a t i on  (HEMETR) , the normal component 

o f  the e x t r a t e r r e s t r i a l  so lar  r ad i a t i on  (DIRETR), and the length  o f  

the day (DAYLEN). 
I 
I 

I 



PROGKAlI EXTRA 
COMPUTES EXTRATERRESTRIAL SOLAR RADATKION ON BOTH A HORIZONTAL 
PLANE (FIEMETR) AND A PLANE N O D A L  TO THE SUN'S 1 U Y S  ( D I K E T R )  BY 
T.M. THOPIPSON'S ( 1901) fIETROD ( I I O D I F I E D  BY J . R .  C O N L E Y ( 1 9 8 2 ) )  
FOR DETERPIINING SOLAR P O S I T I O N .  ( E T K  I S  I N  IJATT HOUKS PER 
SQUARE IIETER) . ALSO COllPUTES DAYLENGTH (GAYLEN) . 
DAYLEN U N I T S  ARE HUNDREDTHS O F  HOURS ( 1 % .  932 I S  9.32 HOUKS). 

I N T E G E R  ALLSOL 
DIMENSION A L L S O L ( 3 , 3 1 , 1 2 ) ,  NDAY(12)  
COPlMON TIPIE1,TI~IE2,SIMLAT,COSLAT,XLONG,DECL,EQT,DIST, 

1 BEGGIIT, ENDGMT, T I I , I INC,  SOLC ,ANGVEL, HEl'iETK , D I R E T R  , 
2 SUNRIS,SUNSET,DAYLEN,IYR,IP10,IDAY,IET 

DATA NDA~/31,28,31,30,31,30,31,31,30,31,30,31/ 
OPEN(UN1T = 7 , F I L E  = 'RADAT') 

I N I T I A L I Z E  ARRAY ALLSOL ITIIICH W I L L  CCNTAIV VALUES O F  
EXTRATERRESTRIAL SOLAR RADIATRION AND DAYLENGTH. , 

I 

C 
DO 1000 I = 1 ,3  
DO 1000 J = 1,31 
DO 1000 I< = 1 , 1 2  

1000 A L L S O L ( I , J , K )  = -9.00 
C 
C PROVIDE LATITUDE , LONGITUDE,  AND ST4TIOEI: LVIlBER 
C (EXAIIPLE: 4 0  DEG 35 I I I N  XORTH = 4 0 . 5 6 3 3  DEG, 4 0  DEG SOUTH = 
C - 4 0 . 0 0 0 0 ,  9 0  DEG R E S T  = 90.0000 CEG, 30 DEG EAST = 
C -30.0000 DEG). 
C I 

XLAT = 4 0 . 5 3 3 3  
XLONG = 105.1333 
I S T A  = 53006 

CONVERT LATITUDE AIW LOXGITUDE TO PADIAN EIEASURE 

P I  = 3 . 1 4 1 5 9  
COKV = P I / 1 3 0 .  
XLAT = XLAT*COKV 
SINLAT = SIN(XLAT) 
COSLAT = COS(XLAT)  
XLONG = XLONG*CONV 

S E T  SOLAR COKSTAE\"i' (KATTS PER SqUAXE TIETEK) AKT) EARTH'S ANCULm 
VELOCITY (RAE I A N S  PER I!OUX) 

I 

SOLC = 1 3 7 7 .  
AMGVEL = 15.*CONV 



S E T  T H E  T I M E  P E R I O D  ( I N  D E C I l l A L  G1,fT IIOUKS) OVER \JlTtIICII TIiE 
I N T E G R A T I O N  O F  E T R  I S  TO BE PERFORMED ( E X :  101OGPIT = 10.1667) 
AND TIIE YEAR D E S I R E D .  

BEGGMT = 11 -00 
ENDGElT =: 05 -00 
I Y R  = 78 

S E T  T H E  I N T E R V A L  ( I X  DEC1I":AL HOUIIS) OVER \ d I I C I I  I N D I V I D U A L  
I N T E G R A T I O N S  O F  E T R  ARE TO BE P E R F O E I E D .  
NOTE: T H I S  I S  T H E  I N T E G P A T I O N  I N T E l I V A L  ( N O T  TI-IE P E R I O D  

F O R  T?lIICII A F I N A L  VALUE I S  DESILYED) AND I S  KOEFIALLY 
SET TO ONE IIOUK. 

I 

C I 

C I 
DO 1500 IMO = 1 , 1 2  
N D  = MDAY(IPIO) 
I F ( ? I Q D ( I Y R , 4 )  .EQ. 0 .AND. I l l 0  .EQ. 2 ) N D  = 29 
no is00 IDAY = 1 , N U  

C 
C T H E  A D D I T I O N  O F  0.5 TO VALUES BELOW I S  DONE TO ROUND 
C THEY U P  B E F O R E  F O R C I K G  THE)! T O  BECOIIE I N T E G E K S .  I N  
C THE CASI-1 OF DAYLEN Tt-IE I E L T I P L I C A T I O N  FACTOR O F  100 
C F O R C E S  OAYLEN TO BE AN INTEGER.  
C 

I 

C 
A L L S O L ( l , I D A Y , I I ~ I O )  = E T K ( )  I- 0.5 
A L l , S O L ( Z ,  I D A Y ,  I f l O )  = I IEl IETR + 0.5 

1 
A L L S O L ( 3 , I D A Y , I P I O )  = DAYLEN * 100 + 0.5 

1500 C O N T I S U E  
\ ~ K I T E ( 7 , 6 0 0 0 ) I S T A , I Y R  
DO 1600 J = 1,31 
V R I T E ( 7 , 6 0 1 0 )  J , ( ( A L L S O L ( I , J , K ) , K  = 1 , 1 2 ) , I  = 1,3)  

1600 C O N T I S U E  
5000 C O N T I N U E  
6000 F O R I U T ( / / / / '  S T A T I O N  N O . ' , I S , S X , '  YEAR ~ ~ ' , I ~ / / ~ x , ' D A Y ' , ~ X ,  

1 'JAIV' , 7 X , ' F E l 3 ' , 7 X ,  ' I . IAR8,7X,  ' A P R ' , ~ x ,  ' E I A Y ' , ~ x ,  ' J U N '  ,7X, 

I 
END 



I 
I 

FUKCTION ETK() 
C THIS FUNCTION OPEKATES AS THE TIMING CONTROL FOR COMl?UTATION OF 
C EXTERRESTRIAL SOLAR RADIATRION AND TOTALS DAILY VALUES. 

COPI!4ON TII.IE1 ,TIME2, SINLAT, COSLAT,XLONG, DECL, ECT,DIST, 
1 BEGGMT, ENDGMT,TIFfIXC, SOLC ,ANGVEL, HEiIETR, DIRETR, 
2 SUNRIS,SUNSET,DAYLEN,IYK,IMO,InAY,IT)AY,IET 

C 
C 
C 
C 

CALL SUBKOUTINE TO CALCULATE ELAPSED TII4F. SINCE RASE DATE 

CALL ELPSTM 

CALL SUBROUTINE TO CALCULATE SUN-EARTH DISTANCE PARA-IETER 

CALL DISTMN 

TIME1 = BECGFIT 
HE;lETR = 0.0 
ETKDIK = 0.0 
SUNRIS = 0.0 
SUNSET = 0.0 
IF(ENDGE1T .LT. BEGGMT)ENDG?IT = ENDQ1T + 24. 

1 0  CONTINUE 
IF(TI:.IEl .GT. ENEGMT) GO TO 2 0  
TI!.,IE2 = TII?lEl+TI!~IIMC 
HEllETR = ETR2 ( ) +EIEf,IETR 
ETROIR = DIRETK + ETRDIR 
TIPIE1 = TIPiE2 
GO TO 10 

2 0  CONTINUE 
ETR = ETKDIR 
RETURN 
END 



SUBROUTINE ELPSTM 
COliPUTES NUMBER O F  DAYS S I N C E  THE BASE DATE 0 J A N  1 9 7 4  FOR 
USE I N  T I M E  PARAPlETEKS KHO AND ALPHA. 
COPIMON TIPIEl,TIME2,SINLAT,COSLAT,XLONG,DECL,EQT,DIST, 

1 BEGGMT ,ENDGIIT, T I I I I N C ,  SOLC ,ANGVEL, HEMETR, D I R E T R ,  
2 SUNRIS,SUNSET,DkYLEN,IYR,IMO,IDAY,IET 

I N I T I A L I Z E  0 J A N  1974 TO NUPIBER O F  DAYS S I N C E  1 J A N  1901 
I B A S E  = 26663 

COMPUTE NUIBER O F  DAYS FROM 1 J A N  1901 TO DATE D E S I R E D  
LEAPYR = 2 
I F ( ( I Y R / 4 * 4 )  .EQ. 1YR)LEAPYR = 1 
IDYYR = I F i 0 * 2 7 5 / 9  + IIIAY - 30 
I F ( I f l 0  .GT. 2 )  IDYYR = IDYYR-LEAPYR 
I D Y C T  = ( I Y R - 1 ) * 1 4 6 1 / 4  + IDYYR 

COKPTJTE ELAPSED T I Y E  I N  DAYS FROll  BASE DATE TO D E S I R E D  CATE 
I E T  = IDYCT- IBASE 
RETURN 
END 



I 

SUBROUTIKE D1ST:ffJ 
COMPUTES TXE SQUARE OF THE RATIO OF THE MEAN TO ACTUAL 
SUN-EARTH DISTANCE 
COFPION TIIIEl,TII.IE2,SINLAT,COSLAT,XLONG,DECL,EQT,DIST, 
1 BEGGMT,ENDGMT,TI~~IINC,SOLC,ANGVEL,HEMETR,DIRETR, 
2 SUNRIS,SUNSET,DkYLEN,IYR,IMO,IDAY,IET 

COFIPUTE TIME PARA!.IETEK ALPHA FOR LOCAL NOON OF GIVEN DAY 
XNOOM = 12.+XLONG/ANGvEL 
ALPHA = ~0172017221*(1ET+(XN00N/24.)) 
SINAL = SIN(ALPHA) 
COSAL = COS(ALPHA) 
COS2AL = 2.*COSAL*COSAL-1. 
DIST = 1.000145 + 0.033382*COSAL + 0.001952*SINAL + 

1 0.00069S*COS2AL 
RETURN 
END 



FUNCTION E T R 2  ( ) 
COIIPUTES EXTEKRESTIAL SOLAR M D I A T I O N  

COflMON TIMEl,TIME2,SINLAT,COSLAT,XLONG,DECL,EQT~DIST, 
1 BEGGMT ,ENDGPfT, T I i * l I N C ,  SOLC ,AKGVEL, HEIIETK , D I R E T K ,  
2 SIJNRIS,SUNSET,DAYLEN,  I Y K , I I ~ ~ l O , I D A Y ,  I E T  

OBTAIN M I D P O I N T  O F  CURRENT T I M E  INTERVAL FOR USE IIi CALCULATING 
RHO 
TIFZE = ( T I I I E 1  + TI!.IE2)/2.  1 

COIIPIJTE TI1,IE PARA1,lETER RHO 
RHO = 0 . 0 1 7 2 0 2 7 9 1 2 * ( I E T  + ( T I M E / 2 4 . ) )  

COEIPUTE TKIGONOPIETRIC VARIABLES 
SINKHO = SIN(R1IO)  
COSKHO = C O S ( R H 0 )  
S I N 2 R H  = 2.*SINKHO*COSRHO 
COS2RH = 2.*COSRHO*COSRHO - 1. 
S I N 3 R H  = 3. *SINKHO-4 .*SIKRHO*SINRIIO*SINRIIO 
COS3RM 4.*COSRHO*COSKHO*COSRHO - 3.*COSRHO 
S I N 4 R H  = 4.*SINRHO*COSREO - S.*SIXRIIO*SINR~IO*SINRHO*COSR~IO 
COS4KH = 8.*COSR~!O*COSRHO*COSRlIO*COSKHO - 8.*COSRHO*COSRHO +1. 

CO1,IPUTE E E C L I N A T I O N  AND EQUATION O F  TII.IE 
DECL = 0.00666 - 0 . 4 0 0 1 6 6 " C O S R H O  + 0 . 0 6 5 2 3 * S I N R t 1 0  - 0 . 0 0 6 6 7 *  

1 COS2RII + 0 m 0 0 0 5 7 * S I N 2 R H  - 0 . 0 0 2 7 4 ~ C O S 3 I ? I I  + O.C10124* 
2 S I K 3 R I l  

EQT = 0 .0098"COSRHO - 0.1227"SI i \ ;RHO - 0 . 0 5 1 0 * C O S 2 R I I  - 0.1581" 
1 S I N 2 R H  - 0.0056"SI!?3KII - 0 . 0 0 2 1 * C O S 4 R I i  - 0 . 0 0 3 0 * S I K 4 R H  

S I N D E C  = S I N ( D E C L )  1 
COSDEC = COS(DECL)  
I l R l  = ANGVEL*(TII*IEl - 1 2 .  + E Q T )  - XLONG 
HR2  = ANGVEL"(TIr IE2 - 1 2 .  + E Q T )  - XLOKG 

i 
I 

IIRO = ACOS(-(SINLAT*SINDEC)/(COSLAT*C~SEEC)) I 
I F ( H R 1  .GT. HRO) GO TO 10 1 
IF(I - IR2 .LT.  -IIRO) GO TO 10 
I F ( H R 1  .LT.  -NKO) HR1 = -HRO 
I F ( l I R 2  .GT. HRO) HR2 = HRO 
E T R 2  = 0.0 
D I R E T R  = 0.0 
I F ( H R 1  .GE. I!R2) RETURK 
ETR2  = SOLC*DIST* (SINLAT*SI>?DEC*(H1<2-tiRl )i 

1 COSLAT*COSDEC*(SIN(HR2)-SIN(HRl)))/AKC,VEL 
D I R E T K  = SOLC*I)IST*((HR2 - !IRl)/AKC,VEL) I 

CALCULATE SUIJRISE  AND SU?.Y'SET tiOUK ANGLES ( D E F I X I T I O N S  : SL'PiRISE - 
CENTER O F  SOLAR D I S K  I S  OK TILE HORIZON WITH SUEj K I S I N G ;  SUNSLT - 
CEKTER OF SOLAR D I S K  I S  ON TIIE IIORIZON UITI I  SUN GOIr\lG DO\!N). 
I F  (HR1  .EQ. -1IRO) S U N K I S  = H R l  
I F  (HR2  .EQ. HRO) SUBSET = HR2 
CALCULATE DAY LEKGTlI FROi1 SUTU'RISE AND SUNSET 110UI: ANGLES, ADGIKG 
CORRECTION FOR ATIIOSPHEKIC f !EFUCTION (-34 IIINLTTES OF  ARC) AND 



C TIIE SUN'S SEPIIDIMIETEK (- 16  NINUTES OF ARC), 
DAYLEN = (SUNSET - SUNRIS)/ANGVEL + 0.16 
RETURN 

10 CONTINUE 
I 
I ETR2 = 0.0 

DIRETR = 0.0 
RETURN 
END 
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