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La p r B s e n t e  n o t e  6 v a l u e  q u a t r e  m6thodes d e  c a l c u l  du 
rayonnement s o l a i r e  i n c i d e n t  s u r  l e s  s u r f a c e s  inclin'ees 
p a r t i r  du rayonnement s o l a i r e  h o r i z o n t a l  t o t a l .  Le rayonnement 
s o l a i r e  h o r a i r e  calcul 'e  s u r  des  s u r f a c e s  v e r t i c a l e s  orient 'ees 
au  sud e t  a u  nord e s t  cornpars aux v a l e u r s  mesur'ws. Enfin,  d e s  
h y p o t h h e s  s u r  l a  d i s t r i b u t i o n  du rayonnement s o l a i r e  d i f f u s  
s o n t  Btudi'ees e n  comparant d e s  modeles i s o t r o p e s  e t  d e s  modeles 
an iso t ropes .  



COMPARISON OF MODELS FOR CALCULATING SOLAR RADIATION ON TILTED SURFACES 

S.A. Baraka t  

D i v i s i o n  of B u i l d i n g  Research,  N a t i o n a l  Research Council  Canada 

ABSTRACT - Four methods of c a l c u l a t i n g  s o l a r  r a d i a t i o n  i n c i d e n t  on t i l t e d  s u r f a c e s  from g l o b a l  
h o r i z o n t a l  s o l a r  r a d i a t i o n  a r e  a s s e s s e d .  The c a l c u l a t e d  hour ly  s o l a r  r a d i a t i o n  on  south-  end 
nor lh-or i rn lc t l  v e r t i c a l  s u r f a c e s  i s  comp;~rcd w i t h  a c t u a l  measured v a l u e s .  I n  a d d i t i o n .  d i f f u s e  
s o l ; ~ r  r ,~rl l  . I (  lo11 d l \ t r l l n l t  ion  assumpt ions  a r r  examined by comparing t h e  isotropic and a n i s o t r o p i c  
d i \ t r l b u t l o r ~  modcls. 

INTRODUCTION 

S o l a r  h e a t  g a i n  is an impor tan t  component o f  
b u i l d i n g  e n e r g r  balance.  I t  i s ,  t h e r e f o r e ,  
e s s e n t i a l  t o  be a b l e  t o  c a l c u l a t e  a c c u r a t e l y  t h e  
s o l a r  r a d i a t i o n  i n c i d e n t  on b u i l d i n g  s u r f a c e s  a t  
d i f f e r e n t  o r i e n t a t i o n s  and t i l t  a n g l e s  from t o t a l  
h o r i z o n t a l  r a d t  a t i o n  measurements, which a r e  more 
r e a d i l y  a v a i l a b l e .  Among t h e  models developed t o  
p r e d i c t  t h e  s o l a r  r a d i a t i o n  i n c i d e n t  o n  a  t i l t e d  
s u r f a c e ,  t h e  b a s i c  d i f f e r e n c e  i s  t h e  c o r r e l a t i o n  
e a c h  u s e s  f o r  c a l c u l a t i n g  t h e  d i f f u s e  colnponent of 
t h e  g l o b a l  h o r i z o n t a l  r a d i a t i o n .  The c o r r e l a t i o n s  
a r e  u s u a l l y  based on  d a t a  from a  l i m i t e d  number of 
l o c p t i o n s .  I n  a  r e c e n t  s tudy  Spencer ( 1 )  compared 
d i f f u s e  r a d i a t i o n  p r e d i c t e d  by f o u r  models w i t h  
measured v a l u e s  f o r  f i v e  A u s t r a l i a n  l o c a t i o n s .  
The modcls were t h o s e  of Bugler  ( Z ) ,  L i u  and 
Jordan  ( 3 ) ,  Bocs e t  a l .  ( 4 ) ,  and O r g i l l  and 
Hollands (5). Spencer  found t h a t  t h e  O r g i l l  and 
H o l l a ~ ~ d s  model, witlr modified c o e f f i c i e n t s ,  
np1warc-d t o  y.lvcb t l ~ c  b e s t  prediction of d i f f u s e  
s o l a r  cncbr):y. T l ~ e  o t h e r  t h r e e  gave p r e d i c t i o n s  
t h a t  were c l o s e  t o  e a c h  o t h e r .  

The p r e s e n t  s t u d y  a s s e s s e s  t h c  a b i l i t y  of  
f o u r  radiation modcls t o  p r e d i c t  s o l a r  r a d i a t i o n  
on t i l t e d  s u r f n c c s  f o r  a  Canadian l o c a t i o n .  Three  

h e m i s p h e r i c a l  s k y  ( 7 ) .  It h a s  been shown, 
however, t h a t  sky d i f f u s e  r a d i a t i o n  is  a n i s o t r o p i c  
i n  many i n s t a n c e s  ( 8 , 9 )  and t h a t  t h e  i s o t r o p i c  
assumption may i n t r o d u c e  e r r o r s  i n  c a l c u l a t i o n s  
f o r  t i l t e d  s u r f a c e s .  The i s o t r o p i c  assumpt ion  and 
two a n i s t r o p i c  d i s t r i b u t i o n  models were compared 
and t h e  e f f e c t  of t h e  assumed d i s t r i b u t i o n  on  
c a l c u l a t e d  r a d i a t i o n  f o r  t i l t e d  s u r f a c e s  was 
examined. 

INCIDENT SOLAR RADIATION ON A  TILTED SURFACE 

The t o t a l  s o l a r  r a d i a t i o n  i n c i d e n t  on a  
t i l t e d  s u r f a c e ,  I+, compr ises  t h r e e  components: 
d i r e c t  o r  beam component, HbT,  s k y  d i f f u s e  
component, Hdsr and r e f l e c t e d  d i f f u s e  compbnent, 
Hdr. Thus, 

I f  t h e  sky d i f f u s e  r a d i a t i o n  is assumed t o  be 
i s o t r o p i c ,  e q u a t i o n  ( 1 )  can  be e x p r e s s e d  a s  

Cos Oi 
HT = Hb - l+Coe a 

Cos 0, 
1 

o f  t h e  models a r c  t h e  same a s  S p e n c e r ' s  ( i . e . ,  where Hb and Hd a r e  t h e  beam and d i f f u s e  
those  of L i r ~  and Jordan  ( 3 ) .  Roes e t  a l .  ( 4 ) ,  and 
O r g i l l  and t lo l lands  ( 5 ) ) ;  t h e  f o u r t h  was developed 

components of t h e  g l o b a l  h o r i z o n t a l  r a d i a t i o n ,  H, 
Oi is t h e  i n c i d e n t  a n g l e ,  0, i s  t h e  z e n i t h  a n g l e  

by May ( 6 ) ,  based on d a t a  From f o u r  Canadian 
measuring s t a t i o n s .  Each model i s  used  t o  

of t h e  sun ,  s is  t h e  a n g l e  between t h e  s u r f a c e  and 

c a l c u l a t e  s o l a r  r a d i a t i o n  i n c i d e n t  on v e r t i c a l  
t h e  h o r i z o n t a l  ( s l o p e ) ,  and p i s  t h e  ground 

sooth-f  acinp, and v e r t i c a l  north-facinp:  s u r f  a c e s  
r e f l e c t a n c e .  - 

based on hour ly  s o l a r  r a d i a t i o n  d a t a  measured on 
D i f f u s e  R a d i a t i o n  C o r r e l a t i o n s  a  h o r i z o n t a l  s u r f a c e  a t  t h e  N a t i o n a l  Research  

Council  Canada (NRCC) p a s s i v e  s o l a r  t e s t  f s c i l i t y  
i n  Ottawa. The c a l c u l a t e d  v a l u e s  u e r e  t h e n  

A b r i e f  d e s c r i p t i o n  of how e a c h  of t h e  models 
a r r i v e s  a t  Hb and Hd from H i s  g i v e n  below. 

conpared w i t h  t h e  cofresponding measured v a l u e s  on  
a n  hour ly  b a s i s  f o r  s e v e n  one-week p e r i o d s .  

1. Liu and J o r d a n  model ( 3 )  

A common assumpt ion  i n  e s t i m a t i n g  s o l a r  
r a d i a t l o n  on  t i l t e d  s u r f  a c e s  i s  t h a t  t h e  d i f f u s e  

T h i s  method r e l a t e s  t h e  r a t i o  of d a i l y  
d i f f u s e  t o  t o t a l  h o r i z o n t a l  r a d i a t i o n ,  Hd / H. t o  

component of t l ~ c  s o l a r  r a d i a t i o n  (sky d i f f u s e  
rnd laLion)  h a s  a n  i s o t r o p i c  distribution o v e r  t h e  

t h e  r a t i o ,  KT, of d a i l y  h o r i z o n t a l  t o  



(.XI r n t t S r r e s t t  la1 radiation, by t h e  c o r r e l a t i o ~ ~  

Although t h e  c o r r e l a t i o n  was based on d a i l y  r a t h e r  
t h a n  liourly v a l u e s ,  i t  h a s  o f t e n  been used t o  
e s t i m a t e  hour ly  d i f f u s e  r a d i a t i o n .  The 
c o r r e l a t i o n  i s  based on  d a t a  From Blue  H i l l .  
Mass., U.S.A. (La t  42"13'N). 

2. O r g i l l  and Hol lands  model ( 5 )  

The c o r r e l a t i o n  between Hd / H and K i s  based  
on hour ly  d a t a  f o r  Toronto ,  Canada (La t  X3"48'N), 
and i s  expressed  by t h e  f o l l m i n g  r e l a t i o n s :  

f o r  

3. Roes r t  a l .  model ( 4 )  

T h i s  model is based on hour ly  d a t a  from t h r e e  
U.S. stations: Albuquerque ( L a t  35"3'N),  Omaha 
(La t  41°23'N) and Rlue H i l l .  It c o r r e l a t e s  t h e  
d i r e c t  normal s o l a r  r a d i a t i o n ,  DN, i n  K W / ~ ~  t o  t h e  
r a t i o ,  KT, by thc  f o l l o w i n g  r e l a t i o n s :  

f o r  

KT -, 0.5 and OZ < 10' DN = 0.4 

The beam component can t h e n  be d e r i v e d  from t h e  
d i r e c t  n o r m 1  usi l lg t h e  r e l a t i o n  

4. Hay model ( 6 )  

T h i s  model is based on hourly measured 
r n d l a t i o n  d a t a  n ~  t o u r  Canadian l o c a t i o n s :  
Toronlo ,  MonLrr:rl (La t  45"30rN),  Goose Ray 
( L a t  5J01R'N) 311d Rtasolute ( L a t  7ho43'N). I t  
i n c o r p o r a t e s  m u l t i p l e  r r f l e c t i o n s  of short-wave 
r l d i a t i o n  between t h e  e a r t h ' s  s u r f a c e  and t h e  
atmosphere.  I t  t h e r e f o r e , r e q u i r e s  hour ly  ground 
r e f l e c t a n c e  and cloud c o v e r  va lue .  The model 
c o r r e l a t e s  t h e  r a t i o  of t h e  d i f f u s e  component, H A ,  
t o  g l o b a l  r a d i a t i o n ,  H '  (where t h e  prime d e n o t e s  
v a l u e s  b e f o r e  m u l t i p l e  r e f l e c t i o n s ) ,  t o  a  modi f ied  
KT r a t i o  by 

i n  which 

and 

where p is ground r e f l e c t a n c e  and B is a t m o s p h e r i c  
back s c a t t e r a t i o n ,  a  f u n c t i o n  of cloud cover.  

Sky D i f f u s e  R a d i a t i o n  D i s t r i b u t i o n  Models 

A method of c a l c u l a t i n g  d i f f u s e  r a d i a t i o n  
from t h e  s k y ,  Hds, a l l a w i n g  f o r  v a r y i n g  d e g r e e s  of 
a n i s o t r o p y ,  i s  g i v e n  by Hay (9 ) :  

Cos 0  
i DN - Hds - Hd [ Cos 0, 

where I, is  t h e  s o l a r  c o n s t a n t .  

The method developed by Klucher ( 8 )  
m u l t i p l i e s  t h e  i s o t r o p i c  s k y  d i f f u s e  component by 
two c o r r e c t i o n  f a c t o r s  t o  g i v e  t h e  sky d i f f u s e  
component, H d s ,  t h a t  i s ,  

3 
Hds = Hd ( 

+ ;os ) ( I  + F s i n  E ,) 
2 

2 3 
( 1  + F Cos 0, s i n  0, ) 

where F = 1 - ( H d  / H  ) 

CALCULATION PROCEDURE 

At t h e  NRCC p a s s i v e  s o l a r  t e s t  f a c i l i t y .  
g l o b a l  s o l a r  r a d i a t i o n  v a l u e s  on  a  h o r i z o n t a l  
s u r f a c e  and on v e r t i c a l  sou th- fac ing  and v e r t i c a l  
nor th- fac ing  s u r f a c e s  a r e  measured every  minute,  
t h e n  averaged and recorded on t a p e  every  15 min. 
Data  g a t h e r e d  d u r i n g  seven  weeks i n  1980/81 were 
chosen t o  r e p r e s e n t  p e r i o d s  w i t h  d i f f e r e n t  sky 
c o n d i t i o n s .  The c o n d i t i o n s  f o r  t h e  seven  weeks 
a r e  g iven  i n  Table  I. Data were checked f o r  
c o n t i n u i t y  and c o n s i s t e n c y  b e f o r e  t h e  157nin d a t a  
were added t o  produce hour ly  r a d i a t i o n  va lues .  
S o l a r  p o s i t i o n .  e x t r a t e r r e s t r i a l  r a d i a t i o n ,  and 
i n c i d e n t  a n g l e  were c a l c u l a t e d  Following t h e  
procedure  d e s c r i b e d  i n  Ref. 10. The hour a n g l e  
was taken  a s  t h e  a p p a r e n t  s o l a r  t ime e q u i v a l e n t  t o  
t h e  mid-point of t h e  hour. 

Values of s o l a r  r a d i a t i o n  i n c i d e n t  on  
v e r t l c a l  sou th-Fac ing  and v e r t i c a l  n o r t h - f a c i n g  
s u r f a c e s  were c a l c u l a t e d  from t h e  measured 
h o r i z o n t a l  r a d i a t i o n  v a l u e s ,  u s i n g  e a c h  of t h e  
models. Ground r e f l e c t a n c e  was assumed t o  have 
v a l u e s  of 0.7 and 0.2 f o r  comple te ly  snm-covered  
and grass-covered ground,  r e s p e c t i v e l y ;  f o r  
p a r t i a l  snow c o v e r  a  v a l u e  between t h e  two was 
chosen t h a t  would b e s t  r e p r e s e n t  t h e  a c t u a l  
c o n d i t i o n s .  



RESULTS A N D  DISCUSSION 

For L u i l d i n g  energy c a l c u l a t i o n ,  s o l a r  
r a d i a t i o n  d a t a  a r e  r e q u i r e d  a s  h o u r l y ,  monthly, o r  
s e a s o n a l  i n t e g r a t e d  va lues .  Ilourly v a l u e s  a r e  
r e q u i r e d  l o r  d e t a i l e d  computer  s i m u l a t i o n s ,  w h i l e  
moiltlily o r  r;c.asonally In~e j : ra ted  t o t a l s  a r e  used 
w i t h  s i m p l i  f i e d  e n e r w  c a l c u l a t i o n  methods. The 
f o l l o w i n g  comparison aLtempts t o  a d d r e s s  t h e  two 
a p p l i c a t i o r l s  s e p a r a t e l y .  

t lourly S o l a r  R a d i a t i o n  Values 

To compare t h e  f o u r  d i f f u s e  r a d i a t i o n  models ,  
v a l u e s  oE t h e  s o l a r  r a d i a t i o n  i n c i d e n t  on v e r t i c a l  
sou th- fac ing  and nor th- fac ing  s u r f a c e s  were 
c a l c u l a t e d  u s i n g  e a c h  of t h e  models, assuming 
i s o t r o p i c  d i s t r i b u l i o n  of t h e  sky d i f f u s e  
r a d i a t i o n .  The a b s o l u t e  v a l u e  of t h e  d i f f e r e n c e  
bea..7een cnl c u l a t e d  and measured v a l u e s  was 
dcterrntned f o r  every  hour between s u n r i s e  and 
s u n s e t  each day ,  and was averaged o v e r  t h e  dayt ime 
hours  f o r  every  week. These a v e r a g e  a b s o l u t e  
e r r o r  va lucs  a r e  g iven  i n  Table  I I ( a )  f o r  a  
v e r t i c a l  south 'facing s u r f a c e ,  and i n  T a b l e  I I ( b )  
f o r  a  v e r t i c a l  n o r t h - f a c i n g  s u r f a c e .  

To a i d  i n  a s s e s s i n g  t h e  models t h e  
accumulated number of hours  d u r i n g  which t h e  
a b s o l u t e  e r r o r  was l e s s  than  o r  e q u a l  t o  a  chosen 
t h r e s h o l d  v ; ~ l u e  a r e  g i v e n  i n  T a b l e s  I I I ( a  and b)  
f o r  south-[acing and n o r t h - f a c i n g  s u r f a c e s ,  
r e s p e c t i v e l y .  Fo l lowing  t h e  s t u d y  by Spencer  ( 1  , 
t h e s e  t h r e s h o l d s  were chosen a s  0.1 and 0.2 MJ/ 3 

f o r  t h e  s o u t h - f a c i n g  s u r f a c e ;  lower v a l u e s  of 0.05 
and 0.1 MJ/m2 were chosen f o r  t h e  n o r t h - f a c i n g  
s u r f a c e .  The lower  t h r e s h o l d  v a l u e s  a r e  
approximate ly  e q u a l  t o  10 and 20% of t h e  a v e r a g e  
h o u r l y  s o l a r  r a d i a t i o n  i n c i d e n t  on  t h e  s o u t h  o r  
n o r t h  s u r f a c e s  o v e r  t h e  seven-week p e r i o d .  

For s o l a r  r a d i a t i o n  i n c i d e n t  on a  v e r t i c a l  
s o u t h  s u r f a c e ,  b o t h  Hay's model and t h a t  of O r g i l l  
and Hollands provided t h e  b e s t  p r e d i c t i o n  ( t h a t  
is, t h e  l e a s t  a b s o l u t e  e r r o r  and t h e  h i g h e s t  
percentage  of t ime w i t h  a  s m a l l  e r r o r ) ;  t h e  L i u  
and J o r d a n  model p r o v i d e d  t h e  wors t .  For 
p r e d i c t i n g  r a d i a t i o n  on a  v e r t i c a l  n o r t h  s u r f a c e .  
h w e v e r ,  t h e  o r d e r  was r e v e r s e d  and t h e  L i u  and 
J o r d a n  model was b e s t .  The d i f f e r e n c e  i n  t h e  
p r e d i c t i o n s  f o r  t h e  n o r t h - f a c i n g  s u r f a c e ,  however, 
is l e s s  t h a n  t h a t  f o r  t h e  v e r t i c a l  s o u t h  s u r f a c e .  

To examine t h e  e f f e c t  of assuming a n  
a n i s o t r o p i c  s k y  d i f f u s e  r a d i a t i o n  d i s t r i b u t i o n ,  
v a l u e s  of s o l a r  r a d i a t i o n  i n c i d e n t  on t h e  s o u t h  
and n o r t h  s u r f a c e s  were  c a l c u l a t e d  u s i n g  e a c h  of 
t h e  f o u r  models i n  combination w i t h  t h e  two 
a n i s o t r o p i c  sky  d i f f u s e  d i s t r i t u t i o n s  r e p r e s e n t e d  
by e q u a t i o n s  (10)  and (11).  The a b s o l u t e  e r r o r  
v a l u e s  averaged  o v e r  t h e  seven-week p e r i o d  f o r  
every  combination a r e  g iven  i n  T a b l e s  IV(a and b )  
f o r  v e r t i c a l  s o u t h  and n o r t h  s u r f a c e s .  
r e s p e c t i v e l y .  It may be s e e n  t h a t  n e i t h e r  of t h e  
a n i s o t r o p i c  assumpt ions  improved t h e  v e r t i c a l  
s o u t h  p r e d i c t i o n s ;  on t h e  c o n t r a r y ,  t h e  e r r o r  
I n c r e a s e d  i n  a l l  c a s e s ,  w i t h  t h e  minimm e f f e c t  
o c c u r r i n g  w i t h  Hay's  two models. S i m i l a r l y ,  f o r  
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t h e  v e r t i c a l  n o r t h  s u r f a c e  t h e  e r r o r  i n c i e a s e d  f o r  
a l l  c a s e s  exct?pt when both Hay's  models were used. 
I n  this c a s c  t h e  e r r o r  d e c r e a s e d  t o  a  v a l u e  1. 
aproxlmat ly  t h a t  of t h e  o t h e r  t h r e e  models, u s i n g  
t h e  i s o t r o p i c  assumption.  

Weekly S o l a r  R a d i a t i o n  Values 
2. 

The c a l c u l a t e d  and measured weekly v a l u e s  o f  
s o l a r  r a d i a t i o n  i n c i d e n t  on v e r t i c a l  s o u t h - f a c i n g  
and nor th- fac ing  s u r f a c e s  a r e  compared i n  
Figures 1  and 2 ,  and t h e  percentage  d i f f e r e n c e s  
between them a r e  g iven  i n  T a b l e  V(a and b) .  For 
Lhcse comparisons c a l c u l a t i o n s  were p e r f o r n e d  3. 
u s i n g  t h e  i s o l t o p i c  sky d i f f u s e  assumption w i t h  
a l l  f o u r  d i f f r ~ s e  models. I n  a d d i t i o n ,  t h e  Hay 
a n i s o t r o p i c  assumption was used w i t h  t h e  Hay 
d i f f u s e  model because  i t  was t h e  on ly  combination 
t h a t  provided a n  improvement over  t h e  i s o t r o p i c  
assumption.  4 .  

A s  shown i n  F i g u r e  1, a l l  t h e  models over-  
p r e d i c t  t h e  t o t a l  amount of r a d i a t i o n  on a  
v e r t i c a l  s o u t l ~  s u r f a c e ,  but t o  vary ing  degrees .  
The Hdy model w i t h  t h e  i s o t r o p i c  assumpt ion  g i v e s  
t h e  s m a l l e s t  e r r o r ,  w h i l e  t h e  Liu  and J o r d a n  model 5. 
s h c u s  t h e  l a r g e s t  e r r o r .  A l l  models e x c e p t  t h e  
Hay i s o t r o p i c  combination p r e d i c t  t h e  t o t a l  
r a d i a t i o n  or1 t h e  v e r t i c a l  n o r t h  s u r f a c e  q u i t e  
w e l l .  Although t h e  O r g i l l  and Hol lands  model 
produced low a b s o l u t e  e r r o r s  on a n . h o u r l y  b a s i s ,  6. 
i t  seems t o  o v e r - p r e d i c t  t h e  hour ly  r a d i a t i o n  
v a l u e s ,  q u i t e  c o n s i s t e n t l y ,  l e a d i n g  t o  e r r o r  i n  
t h e  i n t e g r a t e d  v a l u e ,  which is  t h e r e f o r e  
s i g n i f i c a n t l y  l a r g e r  t h a n  t h a t  r e s u l t i n g  from t h e  
models of Boes e t  a l .  and Liu  and Jordan.  7. 

S o l a r  r a d i a t i o n  va lues  measured on v e r t i c a l  
south-f  a c i n g  and v e r t i c a l  n o r t h - f a c i n g  s u r f a c e s  
have been compared w i t h  va lues  c a l c u l a t e d  f o r  t h e  
same s u r f a c e s  u s i n g  measured t o t a l  h o r i z o n t a l  
r a d i a t i o n  and f o u r  d i f f e r e n t  d iEfuse  r a d i a t i o n  
c o r r e l a t i o n s  i n  combLnation w i t h  t h r e e  models f o r  
sky d i f f u s e  r a d i a t i o n  d i s t r i b u t i o n .  The d i f f u s e  
r a d i a t i o ~ ~  c o r r e l a t i o n s  of Hay (6) .  O r g i l l  and 
l lo l lands  ( 5 ) ,  and of Rocs e t  a l .  l e d  t o  good 
p r e d i c t i o n s  of bo th  hour ly  and weekly t o t a l  v a l u e s  
of s o l a r  r a d i a t i o n  on v e r t i c a l  s o u t h  and v e r t i c a l  
n o r t h  s u r f a c e s .  The L i u  and J o r d a n  model, on  t h e  
o t h e r  hand, produced l a r g e  e r r o r s  i n  t h e  
p r e d i c t i o n  of r a d i a t i o n  i n c i d e n t  o n  a  v e r t i c a l  
s o u t h  s u r f a c e .  The u s e  of an a n i s o t r o p i c  
assumpt ion  f o r  d i f f u s e  s k y  r a d i a t i o n  r e s u l t e d  i n  
g r e a t e r  e r r o r s  i n  almost  a11 cases .  Owing t o  t h e  
l i m i t e d  d a t a  on which t h e  c o n c l u s i o n s  a r e  based. 
f u r t h e r  s tudy  of  t h e  a n i s o t r o p i c  assumpt ions  is  
recommended. 

T h i s  paper is  n c o n t r i b u t i o n  from t h e  
D i v i s i o n  of B u i l d i n g  Research,  N a t i o n a l  Research  
Counci l  Ca~lnda,  and is published w i t h  t h e  approva l  
of  t h e  D i r e c t o r  of  t h e  Div is ion .  
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T a b l e  I - D e t a i l s  of Weekly P e r i o d s  

Week Daytime Sunshine  Ground 
Hours Hours R e f l e c t .  - 

24 Nov 69 11.6 0.5 
22 Dec 69 17.1 0.7 
5 J a n  67 37.5 0.7 
1 Feb 65 18.1 0.7 
9 Mar 9  1  27.3 0.3 

13 Apr 100 47.5 0.2 
27 Apr 105 62.2 0.2 - 



Table  T l ( a )  - Comparison of Hourly R a d i a t i o n  on 
V e r t i c a l  South S u r f a c e  

Average Absolu te  E r r o r ,  M.J/m2 

O r g i l l  6 Liu  and 
Week Hay Hol lands  J o r d o n  Boes 

24 Nov 0.1 0.08 0.14 Q. 1 
22 Dec 0.12 0.14 0.24 0.17 

5 J a n  0.22 0.32 0.36 0.29 
4 Feb 0.13 0.18 0.28 0.24 
9 Mar 0.15 0.12 0.17 0.16 

13 Apr 0.06 0.06 0.07 0.07 
27 Apr 0.07 0.08 0.08 0.08 

.- - 
Av . 0.12 0.13 0.18 0.15 

.-- . - - -- 

Table  l I I ( a )  - Comparison of Hourly R a d i a t i o n  on  
V e r t i c a l  South  S u r f a c e  

Percentage  Time when E r r o r  
L e s s  t h a n  Threshold  

O r g i l l  6 L i u  and 
Hay Hol lands  Jordan  3oes 

Week 0.1* 0.2 0.1 0.2 0.1 0.2 0.1 0.2 ---- 
24 Nov 71.0 85.5 82.6 89.9 56.5 75.4 71.0 81.2 
22 Dec 63.8 78.3 63.8 72.5 36.2 44.9 47.8 66.7 

5 J a n  35.8 56.7 35.8 49.2 26.9 41.8 35.8 53.7 
1 Feb 55.4 70.8 49.2 58.5 33.8 43.1 44.6 52.3 
9 Mar 47.2 68.1 52.7 76.9 45.1 62.6 45.1 70.3 

13 Apr 78.0 96.0 75.0 100.0 69.0 95.0 68.0 96.0 
27 Apr 67.6 96.2 65.7 95.2 63.8 95.2 63.8 95.2 
- - -- - - - - - --- 

Av. 61.080.6 61.7 80.0 49 .769 .155 .076 .3  
.- 

* Thrc.el~old v n l u c s ,  M J / ~ ?  

Table  IV(a) - Comparison of Sky D i f f u s e  
D i s t r i b u t i o n  Models f o r  V e r t i c a l  South  S u r f a c e  

7-Week Average Absolu te  E r r o r .  
bi.llm2 

O r g i l l  6 Liu  and 
Model Hay Hol lands  Boes Jordan  

I s o t r o p i c  
model 0.LZ 0.13 0.15 0.18 

Hay 
a n i s o t r o p i c  
model 0.14 0.18 0.28 0.34 

Klucher 
a n i s o t r o p i c  
mode 1 0.15 0.18 0.25 0.31 

-- - - -- -- ----- 

T a b l e  I I ( b )  - Comparison of Hourly R a d i a t i o n  on  
V e r t i c a l  NorLh S u r f a c e  

Week 

24 Nov 
22 Dec 

5 J a n  
1 Feb 
9 Mar 

13 Apr 
27 Apr 

Average Absolu te  E r r o r ,  bi.l/m2 
-- 

Hay 

0.027 
0.046 
0.071 
0.078 
0.052 
0.075 
0.11 

O r g i l l  6 
Ho 1 lands  

0.02 
0.029 
0.045 
0.032 
0.081 
0.065 
0.086 

Liu  and 
J o r d a n  

0.019 
0.041 
0.048 
0.034 
0.06 
0.054 
0.078 

Boes 

0.021 
0.030 
0.048 
0.04 
0.064 
0.059 
0.072 

T a b l e  I I I ( b )  - Comparison of Hourly R a d i a t i o n  on 
V e r t i c a l  Nor th  Surf  a c e  

P e r c e n t a g e  Time when E r r o r  
Less t h a n  Threshold  

O r g i l l  6 Liu  and  
Hay Hol lands  J o r d a n  Boe R 

Week 0.05* 0.1 0.05 0.1 0.05 0.1 0.05 0.1 

24 Nov 86.9 91.3 88.4 95.7 89.9 98.6 89.9 97.1 
2 2 D e c  72.5 85.5 82.6 91.3 65.2 94.2 71.0 89.9 

5 J a n  50.7 68.7 64.2 82.1 68.7 85.1 65.7 79.1 
1 Feb 64.6 70.8 76.9 93.8 73.8 92.3 72.3 86.2 
9 Mar 64.8 83.5 47.2 67.0 60.4 84.6 51.6 78.0 

13 Apr 55.0 72.0 49.0 69.0 54.0 82.0 52.0 77.0 
27 Apr 37.1 60.0 39.0 67.6 47.6 77.1 44.8 69.5 

Av. 59.9 75.1 60.8 78.8 63.6 86.6 61.5 81.1 ---- -- 
* Threshold v a l u e s .  M J / m 2  

T a b l e  IV(b) - Comparison of Sky D i f f u s e  
D i s t r i b u t i o n  Models f o r  V e r t i c a l  Nor th  S u r f a c e  

7-Week Average Absolu te  E r r o r ,  
MJ/n? 

O r g i l l  6 Liu and 
Model Hay Hol lands  Boes J o r d a n  

I s o t r o p i c  
model 0.068 0.055 . 0.051 0.050 

Hay 
a n i s o t r o p i c  
model 0.053 0.062 0.073 0.074 

Klucher 
a n i s o t r o p i c  
model 0.099 0.074 0.063 0.055 



Table V(a) - Comparison of Weekly T o t a l  Radia t ion  
on V e r t i c a l  South Surface  

Percent E r ro r  
-- - -  

O r g i l l  ti Boes Liu 6 Meas- 
Hay Hay Hollands e t  a l .  Jordan ured  

Aniso- Iso- Iso- Iso- Iso- Value 
Wcck t r o p i c  t r o p i c  t r o p i c  t r o p i c  t r o p i c  %J/rn2 
- - - -  .--- - -. ---- --- 

24 Nov 26 .8  9 . 9  13.0 15.7 31.4 31.3 
22 Ucc 17.7 1.1 13.6 18.7 28.9 56.1 

5 Jan 11.1  -6.5 9.7 7.9 17.5 99.3 
1 Yeb 15.2 0 . 2  18.3 23.8 28.2 62.2 
9 Mar 27 .6  17.5 13.1 19.9 22.6 64.3 

13 Apr 8 . 6  6 . 7  7 . 9  8.1 8.2 67.3 
27 Apr 5.3 6 . 3  7 . 3  6.5 6.4 86.2 

Table V(b) - Comparison of Weekly T o t a l  Radia t ion  
on V e r t i c a l  North Surface  

Percent  Error  
-- 

O r g i l l  6 Boes Liu ti Meas- 
Hay Hay Hollands e t  a l .  Jordan ured 

Aniso- Iso- Iso- 160- Iso- Value 
Week t r o p i c  t r o p i c  t r o p i c  t r o p i c  t r o p i c  MJ/& 

24 Nov 1.9 1.1 9.3 5.9 -0.7 12.0 
22 Dec -1.5 7.5 0.1 -3.5 -7.9 20.0 

5 J a n  0.6 15.5 0.5 0.5 -5.3 24.3 
1 Feb 9.3 21.5 6.1 1.4 -1.2 22.7 
9 Mar -11.4 4.4 11.1 0.2 -3.3 29.0 

13 Apr -10.0 13.8 12.6 3.9 2.3 28.4 
27 Apr -5.0 20.3 11.4 -1.2 4.0 40.0 



T h i s  paper ,  w h i l e  be ing  d i s t r i b u t e d  i n  
r e p r i n t  form by t h e  D i v i s i o n  of B u i l d i n g  
Research,  remains t h e  c o p y r i g h t  of t h e  
o r i g i n a l  p u b l i s h e r .  It shou ld  n o t  be 
reproduced i n  whole o r  i n  p a r t  w i t h o u t  t h e  
pe rmiss ion  of t h e  p u b l i s h e r .  

A l i s t  of a l l  p u b l i c a t i o n s  a v a i l a b l e  from 
t h e  D i v i s i o n  may be o b t a i n e d  by w r i t i n g  t o  
t h e  P u b l i c a t i o n s  S e c t i o n ,  D i v i s i o n  of 
B u i l d i n g  R e s e a r c h ,  N a t i o n a l  R e s e a r c h  
C o u n c i l  of C a n a d a ,  O t t a w a ,  O n t a r i o ,  
KIA OR6. 


