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. . 
ABSTRACT OF THESIS . . 

DATA FROM THE WANGARA EXPERIMENT 

H o u r l y  Wangara boundary 1 ayer  d a t a  ( C l a r k  e t  a l .  , 1971) i s  used t o  

s u b s t a n t i a t e  p r e v i o u s l y  d e r i v e d  e m p i r i c a l  equa t ions  o f  t h e  s u r f a c e  

r a d i a t i o n  budget.  These equa t ions  o n l y  r e q u i r e  measurements t aken  by a  

s u r f a c e  observer  i n  o r d e r  t o  be eva lua ted .  A p a r a m e t e r i z a t i o n  was made 

f o r  i n f r a r e d  ( I R )  r a d i a t i o n .  From t h i s  procedure,  'a r e s i d u a l  r a d i a t i o n  

was o b t a i n e d  f rom t h e  measured dayt ime n e t  r a d i a t i ' o n  d a t a  i n  o r d e r  t o  

approx imate s h o r t  wave (SGI) r a d i a t i o n .  . D i u r n a l  t r e n d s  i n  r a d i a t i o n  and 

o t h e r  r e 1  a t e d  meteor01 o g i c a l  parameters  were a1 so eva lua ted .  

Fo r  I R  r a d i a t i o n ,  t h e  B r u n t  e q u a t i o n  was found t o  adequa te ly  r e p r e -  

s e n t  e f f e c t i v e  r a d i a t i o n  w i t h o u t  c l o u d s .  I R  a t t e n u a t i o n  (K-va lues)  o f  

0.89, 0.64, and 0 . 5 1  were c a l c u l a t e d  f o r  low,  m idd le ,  and h i g h  c l ouds ,  

r e s p e c t i v e l y .  Wh i l e  t h e  va lue  f o r  h i g h  c l ouds  was h i gh ,  t h e  va lues  f o r  

m idd le  and l ow  c l ouds  were found t o  be s i m i l a r  t o  p r e v i o u s  s t u d i e s .  A 

mean K-va lue o f  0.80 f o r  a l l  c l o u d  c o n d i t i o n s  was a l s o  determined.  ' Fo r  

any t y p e  o f  c l o u d i n e s s  s i t u a t i o n ,  an i n c r e a s e  i n  c l o u d  coverage a t t e n u -  

a.ted I R  r a d i a t i o n  b e t t e r  q u a d r a t i c a l l y  t h a n  1  i n e a r l y .  The e m p i r i c a l  

equa t ions  used i n  t h i s  r esea rch  were a b l e  t o  p r e d i c t  Vangara I R  d a t a  t o  

w i t h i n  20-24 i .  

A n i o d i f i c a t i o n  o f  B e e r ' s  Law was d e r i v e d  t o  e v a l u a t e  t h e  r e s i d u a l  

r a d i a t i o n  under c l e a r  sk i es  as suggested by  F lowers e t  a i .  (1969) f o r  SW 

r a d i a t i o n .  W i t h  t h e  su r f ace  a lbedo assumed a t  0 .15,  a  mean t u r b i d i t y  

c o e f f i c i e n t  o f  0 .16 was determined. A lso ,  t h e  square r o o t  o f  t h e  o p t i -  

c a l  a i r  mass was found t o  b e s t  r e p r e s e n t  t h e  da ta  i n  t h i s  equa t ion .  
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An a n a l y s i s  o f  S1J c l o u d  a t t e n u a t i o n  c o e f f i c i e n t s  ( c - va l  ues) . f rom . . 

. . 
t h e  r e s i d u a l  r a d i a t i o n  p roved  i n c o n c l u s i v e .  A C-value o f  0 .74 f o r  low . . . . 

c l ouds  a t  h i g h  s o l a r  ang les  was found t o  be i n  t h e  range o f  p r e v i o u s l y  

p u b l i s h e d  va lues  (Kondratyev,  1965);  C-values a t  l ow  sun ang les  and f o r  

a  comb ina t i on  o f  m idd le  and h i g h  c l ouds  were un rea l  i s t i c a l  l y  h i gh .  .. . 

. . 
O f .  c o n s i d e r a b l e  impor tance i s  t h e  f i n d i n g  t h a t  c l o u d  a t t e n u a t i o n  o f  

t h e  r e s i d u a l  r a d i a t i o n  .behaved n o n l i n e a r l y .  Whereas s o l u t i o n s  as 

h i g h  as t h e  f o u r t h  o r d e r  f i t  t h e  d a t a  a t  noon, q u a d r a t i c  s o l u t i o n s  f i t  

w e l l  near  sunset  and sun r i se .  O v e r a l l ,  r e l a t i v e  d e v i a t i o n s  d u r i n g  t h e  

day o f  t h e  combined p a r a m e t e r i z a t i o n  were app rox ima te l y  20% a t  noon and 

j u s t  l e s s  t h a n  30% f o r  p e r i o d s  up t o  one hour  b e f o r e  sunse t  o r  sun r i se .  

P r e d i c t i o n s  w i t h i n  these  one-hour p e r i o d s ,  however, con ta i ned  cons ide r -  

a b l e  e r r o r ,  p a r t i a l l y  due' t o  t h e  s c a t t e r  and sma l l  magnitude o f  t h e  

measurements. 

D i u r n a l  t r e n d s  i n  s u r f a c e  r a d i a t i o n  and o t h e r  meteoro. log ica1 para -  

meters  were e s t a b l  i shed. Comparisons between su r f ace  r a d i a t i o n  and t h e  

o t h e r  t h r e e  su r f ace  energy f 1  uxes ( s e n s i b l e ,  1  a t e n t  , and ground hea t  

f l u x e s )  were completed f o r  a  mean d i u r n a l  t r e n d  and under . v a r i a t i o n s  o f  

c l ouds  and w ind  speeds. A  good c o r r e l a t i o n  was i l l u s t r a t e d  f o r  r a d i a -  

t i o n  and ground f l u x .  

It i s  b e l i e v e d  t h a t  f rom t h i s  work  a  b e t t e r  gnders tand ing  has Seen 

ach ieved  f o r  t h e  c h a r a c t e r i s t i c s  o f  t h e  su r f ace  r a d i a t i o n  budget  under 

s m a l l - s c a l e  changes i n  t h e  weather.  

Roger T. Edson 
Atmospher ic '  Sc ience Department 
Colorado S t a t e  U n i v e r s i t y  
F o r t  C o l l i n s ,  Colorado 
Summer, 1980 
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1. INTRODUCTION 

I n  r e c e n t  years '  t h e o r e t i c a l  advances i n  t h e  f i e l d  o f  meteoro logy  

have become i n c r e a s i n g l y  dependent upon a  r e l i a b l e  p a r a m e t e r i z a t i o n  o f  

t h e  p l a n e t a r y  boundary  1  ayer .  The r e 1  a t i  onsh ips  and feedback mechanisms . 

between even ts  i n  t h e  boundary l a y e r  and upper atmosphere a r e  i m p o r t a n t  

; t o  i n v e s t i g a t i o n s  i n  such f i e l d s  as c l i m a t i c  m o d e l l i n g  and numer ica l  

weather  p r e d i c t i o n .  I t  i s  there/ fore  an e s s e n t i a l  t a s k  f o r  meteor01 o g i s t  

t o  develop methods t h a t  can e a s i l y  and a c c u r a t e l y  p r e d i c t  some o f  t h e  

more i m p o r t a n t  meteor01 o g i c a l  c h a r a c t e r i s t i c s  o f  t h e  e a r t h ' s  1  ower 

atmosphere. . 

An accu ra te  d e s c r i p t i o n  o f  t h e  v a r i a b i l i t y  o f  t h e  s u r f a c e  r a d i a t i o n  

.budge t  i s  one such t ask .  A l though  numerous e m p i r i c a l  f o r n ~ u l a s  have been 

develop'ed t o  d e s c r i b e  t h e  r a d i a t i o n  budget  on a  seasonal  b a s i s  

(Houghton, 1954; Budyko, 1958; London and Sasamori, 1971; Vonder Haar 

and Suomi , 1971) and on a  d a i l y  b a s i s  (Hal s t ead  e t  a1 . , 1957; Ge iger ,  

1959; Kondratyev, 1965 and Ber l yand ,  1970), a  conven ien t  method t o  

p r e d i c t  r a d i a t i v e  f l u x  ove r  a  p a r t i c u l a r  obsel -vat ion s i t e  on a  much 

s m a l l e r  t i m e  frame such as one hour  o.r l e s s  i s  s t i .11  sought.  Ab rup t  

changes i n  weather c o n d i t i o n s  a t  t h i s  s c a l e  (such as an i n c r e a s e  i n  

c l oud iness  o r  a  f r o n t a l  passage) a r e  d i f f i c u l t  t o  model. These changes, 

however, can s i g n i f i c a n t l y  a l t e r  t h e  ba lance  o f  energy a t  t h e  ea , r t h l s  

su r f ace .  Th i s  i n  t u r n  can i n f l u e n c e  o t h e r  m e t e o r o l o g i c a l  c h a r a c t e r i s -  

t i c s  o f  t h e  boundary l a y e r  such as t h e  s e n s i b l e  hea t  f l u x  a t  t h e  ground 

and t h e  d i s t r i b u t i o n  o f  temperat.ures i n  t h e  s o i l  and l owe r  atmosphere, 

as w e l l  as t h e  i n t e r a c t i o n  between t h e  boundary l a y e r  and t h e  upper 

atmosphere. 



2 
. . 

I n  o r d e r  t o  make such a d e t a i l e d  r a d i a t i o n  s tudy ,  a  r e l i a b l e  d a t a  

s e t  i s  needed: one w i t h  h i g h  enough r e s o l u t i o n  i n  b o t h  t i m e  and space 

. . t o  d i  s t i  ngu i  sh m i  c r o s c a l  e  changes; a1 so, one 1  ong enough t o  r e p r e s e n t  

'. s y n o p t i c  sca le  changes. The 44-day Wangara Exper iment  ( C l a r k  e t  a l .  , 

,1971) o f f e r s  t h i s  un ique o p p o r t u n i t y .  Recen t l y ,  Wangara d a t a  . have 

served  as r e fe rences  f o r  a  number o f  numer ica l  models o f  t h e  p l a n e t a r y  . 

boundary l a y e r  (e.g. ; C l a r k  and .Hess, 1973; D e a r d o r f f ,  1974; P ie1  ke and 

Mahrer,  1975 and Yamada and Me1 l o r ,  1975). Severa l  o f  these  models 

i n c l u d e d  s imp le  p a r a m e t e r i z a t i o n s  o f  t h e  s u r f a c e  r a d i a t i o n  and energy 

budgets under " i d e a l "  c o n d i t i o n s  ( c l e a r  s k i e s  and 1  i t t l e  tempera tu re  

advec t i on ) .  However, 1  i t t l e  has been ach ieved  i n  t h i s  aspec t  under 

non i  dea l  c o n d i t i o n s . .  

I t  i s  t h e  i n t e n t  o f  t h i s  r esea rch  t o  use t h e  Wangara d a t a  s e t  t o  

pa rame te r i ze  t h e  su r f ace  r a d i a t i o n  budget  under t h e  i n f  1 uence o f  chang- 

i n g  weather  c o n d i t i o n s .  P r e v i o u s l y  d e r i v e d  equa t ions  and t h e i r  s o l  u- 

t i o n s  w i l l  be examined and adapted f o r  use f o r  t h e  Wangara data.  I n  

p a r t i c u l a r ,  those  equa t ions  wh ich  can be eas i  l y  eva l  ua ted  from. measure- 

ments t aken  by  s. su r f ace  observer  w i l l  be s t ud ied .  I n  t h i s  manner, i t  

i s  hoped t h a t  c e r t a i n  c h a r a c t e r i s t i c s  o f  t h e  boundary l a y e r  can  he 

p r e d i c t e d  o r  ana lyzed  near  t o  " r e a l  t ime "  w i t h o u t  ' t h e  use o f  comp l i ca ted  

i n s t r u m e n t a t i o n  o r  c o s t l y  i n v e s t i g a t i o n s .  I n  a d d i t i o n ,  r e l a t i o n s h i p s  

between su r f ace  r a d i a t i o n  and seve ra l  o t h e r  meteor01 o g i  c a l  parameters  i n  

t h c  su r f ace  on@rgy budget w i l l  he examined. 

Af t .~r a d e t a i l e d  d i s c u s s i o n  o f  t h e  idangara da ta  s e t  i n  Chap tc r  2, 

Chapter 3 w i l l  p r e s e n t  t h e  procedures and equa t ions  t o  be used. Equa- 

t i o n s  t h a t  a re  i n v e s t i g a t e d  i n c l u d e  t h e  B r u n t  e q u a t i o n  f o r  i n f r a r e d  ( I R )  



r a d i a t i o n  and . a  m o d i f i c a t i o n  o f  ' ~ e e r l s  Law f o r  s h o r t  wave1 (SM) 

r a d i a t i o n  under c l e a r  sk ies .  C loud a t t e n u a t i o n  equa t i ons  f o r  b o t h  I R  
' 

and SW r a d i a t i o n  used by  Kondratyev (1965) and. o t h e r s  a r e  a l s o  p resen t -  

! ed. 

' ' D i u r n a l  p r o f i l e s  o f  b o t h  n e t  r a d i a t i o n  and o t h e r  s u r f a c e  r e l a t e d  

m e t e o r o l o g i c a l  parameters  a r e  i 11 u s t r a t e d  i n  Chapter  4. C o r r e l a t i o n s  

a r e  determined under  d i f f e r e n t  c l o u d  and w ind  c o n d i t i o n s  f o r  seve ra l  o f  

these  p r o f i l e s .  

F i n a l l y  i n  Chapter 5 ,  t h e  r e s u l t s  o f  t h e  p a r a m e t e r i z a t i o n  a r e  

presented.  A . spec ia l  emphasi s  i s  pl 'aced b o t h  q u a n t i t a t i v e l y  and qua1 i- 

t a t i v e l y  on t h e  e f f e c t  c louds  have on n e t  s u r f a c e  r a d i a t i o n .  

It i s  b e l i e v e d  t h a t  f rom '  t h i s  work a  b e t t e r  unders tand ing  has been 

ach ieved f o r  t h e  c h a r a c t e r i s t i c s  o f  t h e  s u r f a c e  r a d i a t i o n  budget  under 

sma l l - s ca le  changes. . 

l ~ l t h o u c j h  SW r a d i a t i o n  was n o t  measured d i r e c t l y  i n  t h i s  da ta  s e t ,  t h e  
r e s i d u a l  o f  t h e  I R  r a d i a t i o n  p a r a m e t e r i z a t i o n  s u b t r a c t e d  f rom t h e  -ne t  
r a d i a t i o n  measurements wi  11 be s tud ied .  T h i s  r e s i d u a l  r a d i a t i o n  wi  11 ' 

be assumed t o  approx imate n e t  SW r a d i a t i o n  t o  w i t h i n  t h e  accuracy o f  
. t h e  dayt ime - I R  p a r a m e t e r i z a t i o n .  



2; THE WANGARA DATA 

' T h e .  d a t a  s e t  u s e d .  i n  t h i s  r e s e a r c h .  i s  desc r i bed  b y  C l a r k  e t  a l .  

(1971) and i s  known as t h e  Wangara Exper iment .  . H o u r l y  d a t a  were c o l -  
/ 

l e c t e d  i n  s o u t h e a i t  A u s t r a l i a  near  t h e  town o f  Hay (34'301S, 144'56'E) 

d u r i n g  t h e  A u s t r a l i a n  w i n t e r  f rom 15 J u l y  t o  27 August 1967. 

One o f  t h e  purposes o f  t h e  Wangara Exper iment  was t o  e s t a b l i s h  an 

e x t e n s i v e  s e t  o f  s y n o p t i c  and m~ i c rome teo ro l og i ca l  da ta  t o  a i d  i n  t h e  

unde rs tand i  ng o f  t h e  many compl ex c h a r a c t e r i  s t i  cs  o f  t h e  e a r t h '  s bound- 
. . 

a r y  l a y e r  ( t h e  l owe r  two k i l o m e t e r s ) .  The voluminous c o l  l e c t i o n  o f  

r a d i a t i o n  d a t a  makes t h i s  work p a - r t i c u l  a r l y  a t t r a c t i v e  f o r  t h e  p r e s e n t  

research .  The Wangara Exper iment and t h e  . G rea t  P l a i n s  e x p e d i t i o n  o f  

1953 ( O I N e i l l  Exper iment)  by L e t t a u  and Davidson (1957) c o n t a i n  t h e  b e s t  

known s e t  o f  r e l i a b l e  boundary l a y e r  da ta  t h a t  e x i s t  today.  

The s i t e  f o r  t h e  exper iment  was chosen because o f  t h e  r e l a t i v e l y  

l a r g e  a rea  o f  f l a t  . l and  w i t h  low v e g e t a t i v e  cover .  Save f o r  a  1  i n e  o f  
. . 

e uca l yp tus  a1 ong a  pass ing  r i v e r ,  t h e  predomir iant  g rowth  c o n s i s t e d  o f  

v e r y  sparse grass and legumes. The dominant s o i l s  i n  t h e  a rea  were 

brown loams, 5-20 cm t h i c k , .  o v e r l y i n g  red-brown c l a y  subsoi  I s. Except  

f o r  b r i e f  p e r i o d s  a f t e r  r a i n  storms, t h e  s o i  1s g e n e r a l l y  were v e r y  d r y .  

To o b t a i n  an accu ra te  account  o f  the '  l owe r  w ind  f i e l d ,  h o u r l y  p i l o t  

b a l l o o n s  were r e l e a s e d  f rom each o f  f i v e  s t a t i o n s .  Four o f  these  s t a -  

t i o n s  were l o c a t e d  a t  t h e  co rne rs  o f  a  square app rox ima te l y  60 km on a  

s i d e  w i t h  one s t a t i o n  i n  t h e  midd le .  T h e i r  r e l a t i v e  l o c a t i o n  and t h e i r  

e l e v a t i o n  i s  shown i n  F i g .  2.1.  Hay ' s  l o c a t i o n  i n  sou theas t  A s u t r a l i a  

i s  shown i n  t h e  i n s e t .  
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Fig. 2.1  The geography o f  the Wangara Experiment. 



An average wind prof i le  was determined for  the f ive  s t a t ions  a t  

SO-meter intervals  up to  one kilometer, and a t  100-meter intervals  up t o  

two kilometers: Vector deviations of 5-10 cm sec-I were computed fo r  

moderate winds (10-20 m sec-l)  up' t o  one kilometer i n  height. When 

observations from more than three s ta t ions  were reported, ver t ical  

veloci t ies  were computed from the continuity equation. Probable e r ror  

was determined to  be approximately 2 cm sec'l a t  the height of one 

kilometer i n  moderate winds. In addition t o  the wind measurements, 

hourly surface measurements of pressure, wet and dry bulb temperature, 

"weather", cloud type and amount, and surface wind direction were made 

a t  each of the s tat ions.  These measurements were averaged and were 

recorded as s ingle  quant i t ies  w i t h  "weather" determined in a pr ior i ty  

system from the International Weather Code. 

A sample of the data format i s  shown i n  Fig. 2.2. The data are  

stored in a s imilar  form on magnetic tape.' Data a re  organized i n  

three-hour blocks. Days are  numbered consecutively during the extent of 

the experiment and times are local standard times. Winds are  measured 

i n  centimeters per second, temperature i n  degrees centigrade, cloud 

amounts in oktas, and radiation and heat flux i n  mill iwatts per square 

centimeter. 

Radiosondes 1 aunched from the center s ta t ion  measured temperatures 

and humidity a t  three-hour interval s .  These data were interpolated a t  

the same heights as were the wind profi les .  Field measurements from the 

radiosondes could account for  e r rors  up t o  0.4OC. Humidity measurements 

Magnetic tape was obtained from Dr. J.W. Deardorff a t  NCAR,  Boulder, 
CO . 
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Fig. 2 . 2  The Wangara data display. [From Clark e t  a l .  , 1971.1 
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were accu ra te  w i t h i n  5%) and l a r g e  d i s c r e p a n c i  e i  , between s u r f a c e  and 
. . . . .. 

r ad iosonde  meas'urements were so no ted  i n  t h e  r e p o r t .  

I n  o r d e r  t o  e s t i m a t e  hea t  and momentum f l u x e s  near  t h e  ground, an 

e x t e n s i v e  mi .crometeoro log ica l  program was ma in ta i ned  a t  two o f  t h e  

' . s t a t i o n s  ( S t a t i o n  5 was p r i m a r i l y  used and S t a t i o n  4 was used as a  . . 
. . . . 
. . .  . .  . . .  . . :  . 

backup). V i  nd speeds were measured a t  0 .5 ,  1, 2, 4, 8 and 16 m. The 
. . 
: : .  

t empera tu re  d i f f e r e n c e s  between 1 and 2, and 2  and 4  m were a l s o  o b t a i n -  . : .  
. . 

ed. A ~ u n k '  r ad i ome te r  ( ~ t l n k ,  1959; o r  see S e l l e r s ,  1974, p.  79) was 

used t o  measure n e t  r a d i a t i o n  near  t h e  ground and t h r e e  f l u x  p l a t e s  

p l a c e d  j u s t  below t h e  su r f ace  were u t i l i z e d  t o  o b t a i n  va lues  o f  ground 

hea t  f l u x .  I n  a d d i t i o n ,  f o r  f i v e  days, a  f l u x a t r o n  (Dyer e t  a l . ,  1967) 

d i r e c t l y  measured dayt ime hea t  f l u x .  A1 1  m ic rometeoro l  o g i  c a l  measure- 

ments were recorded  .hour ly  and were based on h a l f - h o u r  averages, cen- 

t e r e d  on t h e  hour.  

F i n a l l y ,  geos t roph i c  and therma l  . w i n d s  were e s t i m a t e d  f rom s i x  

s t a t i o n s  i n  eas te rn  A u s t r a l i a  as w e l l  as f r om  t h e  Wangara network (see 

F i g .  2.1). 

The t i m e  o f  y e a r  and l o c a t i o n  o f  t h e  Wangara Exper iment  were chosen 

t o  st.llrly t h e  boundary l a y e r  under a  v a r i e t y  o f  s y n o p t i c  c o n d i t i o n s .  

Du r i ng  t h i s  p e r i o d ,  m i d l e v e l  wester1 i e s  were p r e v a l e n t ,  and c o l d  f r o n t s  

c rossed  ove r  t h e  s i t e  every  t h r e e  o r  f o u r  days. R a i n f a l l  was g e n e r a l l y  

q u i t e  1  i g h t  over  t h e  e n t i r e  p e r i o d  w i t h  a  t o t a l  accumula t ion  o f  a p p r o x i -  

ma te l y  26 mm spread over  seven days ('one day repur-Led 14 mnl) .  

I n  conc lus i on ,  t h e  Wangara da ta  s e t  p r o v l d e s  a w e a l t h  o f  i n f o rma-  

t i o n  t o  a i d  i n  t h e  s tudy  o f  t h e  e a r t h ' s  s u r f a c e  r a d i a t i ~ n  budget.. I t s  

h o u r l y  r e s o l u t i o n  and da ta  c o l l e c t i o n  network i s  s u f f i c i e n t  t o  cover  



most small-scale e f f ec t s  w h i l e  i t s  length i s  long enough t o  l a s t  through 
. . .. . . 

several synoptic sca le  changes in the  weather. 



E m p i r i c a l  equa t ions  a r e  c i t e d  i n  t h e  ii t e r a t u r e  t h a t  p r e d i c t  

s u r f a c e  r a d i a t i v e  f 1 ux over  a  season as we1 1  as. on a  d a i l y  b a s i s .  I t  i s  

t h e  purpose o f  , t h i s  chap te r  t o  p r e s e n t  seve ra l  o f  t hese  equa t i ons  and 

t h e i r  assoc ia ted  . c o e f f i c i e n t s  i n  a  fo rm s u i t a b l e  f o r  p a r a m e t e r i z a t i o n .  . . 
. . . . 
. : .. 

. .  . . .  . 
apd compari s o n  t o  t h e  h i g h e r  r e s o l u t i o n  ~ a n ~ a r a '  da ta .  . . 

. .  . 
. . 

, Ne t  r a d i a t i v e  f l u x  i s  no rma l l y  determined by  equa t ions  d e s c r i b i n g  . . .  

I R  and SW r a d i a t i o n  i n d i v i d u a l l y .  S ince  t ie t  I R  r a d i a t i o n  can be t aken  . . 

d i r e c t l y  f rom t h e  n o c t u r n a l  Wangara r a d i a t i o n  da ta ,  i t  w i l l  be i n v e s t i -  

ga ted  i n i t i a l  ly. Once :an adequate,  p rocedure  t o  s i m u l a t e  t h e  I R  f l  ux i s  

found, a  r e s i d u a l  can be determined f rom t h e  net' r a d i a t i o n  measurements 

d u r i n g  t h e  dayt ime i n ,  o r d e r  t o  approx imate n e t  SW r a d i a t i o n .  A p roce-  

dure can t h e n  be found, t o  approx imate t h i s  r e s i d u a l  r a d i a t i o n .  

3 . 1  I R  R a d i a t i o n  

A. I R  R a d i a t i o n  Leav ing t h e  Ground 

The laws o f  thermodynamics s t a t e .  t h a t  a  body t h a t  absorbs energy 

w i l l  t h e n  r a d i a t e  energy a t  an 'un i fo rm tempera tu re  p a r t i c u l a r  t o  t h e  

p h y s i c a l  p r o p e r t i e s  o f  t h a t  body. The e a r t h  absorbs SW r a d i a t i o n  f rom 

t h e  sun and r a d i a t e s  I R  r a d i a t i o n  a t  an e q u i l i b r i u m  tempera tu re  wh ich  i s  

usual  l y  c l o s e  t o  t h a t  o f  t h e  su r f ace  temperature.  The S te fan-Bo l  tznian 

Law desc r i bes  t h i s  process: 

where e i s  t h e  e m i s s i v i t y ,  o t h e  Stefan-Bol tzman constant,, and TS t h e  

su r f ace  temperature.  I f  t h e  I R  f l u x  i s  g i v e n  i n  l a n g l e y s  p e r  m inu te  ( l y  

m i n - I ) ,  t h e n  temperature i s  g i v e n  i n  K e l v i n  (K) and o equa ls  8.14 x  . 

10"~ l y  s i n - '  K - ~ .  Fo r  a  p e r f e c t  r a d i a t o r ,  a  b l a c k  body, c i s  1 .0 ,  b u t  



. . f o r  o t h e r  t h a n  a  p e r f e c t  r a d i a t o r ,  such as t h e  e a r t h ' s  su r f ace ,  E i .s 

. l e s s  t h a n  1 . 0 .  Tab le  3 .1 .1  comp i led  b y  S e l l e r s  (1974) shows I R  emis- 
' 

s i v i t y  f o r  v a r i o u s  ground c o n d i t i o n s  found on the e a r t h .  O the r  works by  

I< 'Geiger (1959), B u e t t n e r  and Kern (1965), Gr iggs  (1968) and Fuchs and 

Tanner (1968) f u r t h e r  suppo r t  t h i s  data.  W i t h  t h e  a i d  o f  Tab le  3.1.1,  

i t  'has been approx imated f o r  t h i s  r esea rch  t h a t  t h e  d r y ,  sandy, grass-  

l a n d  c o n d i t i o n s  a t  Hay, A u s t r a l i a  r a d i a t e s  w i t h  an e m i s s i v i t y  o f  0.9. 

6. O b t a i n i n g  Net  I R  R a d i a t i o n  Under C loud less  Sk'ies. . 

The e a r t h ' s  atmosphere and i t s  c o n s t i t u e n t s  behave r a d i a t i v e l y  i n  a  
' 

manner s i m i l a r  t o  t h a t  o f  i t s  su r f ace .  R a d i a t i o n  emanat ing f rom b o t h  

t h e  sun and t h e  e a r t h  i s  absorbed i n  t h e  atmosphere. Energy i s  i n  t u r n  

r a d i a t e d  i n  a1 1  d i r e c t i o n s ,  i n c l u d i n g  back t o  t h e  e a r t h  ( c o u n t e r - r a d i a -  

t i o n ) .  The d i f f e r e n c e  o f  t h e  f l u x  o f  I R  r a d i a t i o n  l e a v i n g  t h e  s u r f a c e  

(Eq. 3.1.1) and t h e  f l u x  o f  c o u n t e r - r a d i a t i o n  r e t u r n i n g  t o  t h e  s u r f a c e  

i s  d e f i n e d  as n e t  I R  r a d i a t i o n .  

One o b j e c t i v e  o f  t h i s  r esea rch  i s  t o  e s t a b l i s h  an e q u a t i o n  t o  

de te rmine  I R  r a d i a t i o n  t h a t  can be e a s i l y  eva lua ted  f rom s u r f a c e  obser-  

v a t i o n s  u s i n g  s tanda rd  m e t e o r o l o g i c a l  i n s t r u m e n t a t i o n .  Severa l  s t u d i e s  

have s u b s t a n t i a t e d  t h e  p o s s i b i l i t y  o f  such an equa t ion .  B r u n t  (1932) 

and Ge iger  (1959) desc r i bed  exper iments  showing a  h i g h  c o r r e l a t i o n  

between n e t  I R  r a d i a t i o n  and near  s u r f a c e  (1-2 m) a i r  tempera tu re  and 

m o i s t u r e  measurements. These s t u d i e s  were f u r t h e r  v e r i f i e d  b y  S e l l e r s  

(1974, p. 46). He found t h a t  most o f  t h e  c o u n t e r r a d i a t i o n  r e a c h i n g  t h e  

ground d u r i n g  t h e  O ' N e i l l  exper iment  came f rom t h e  e a r t h ' s  l o w e s t  100- 

meters  (58.9% o f  t h e  t o t a l  c o u n t e r r a d i a t i o n  o r i g i n a t e d  f rom below 100- 

n1ete.r~ h e i g h t  and 25.8% f rom beiow 2-meters h e i g h t ) .  



Table 3.1.1  . . 

INFRIU~ED E J ~ S I V I T I E S  
(Percent) 

. . . 
I I 

A . W a l e r  a d  S o i l  Sztrfaces 
Water . . . . . . . . . . . . . . . . . .  

. . . . . .  Snow, fresh fallen 
. .  Sno\v, ice granules . . . . . .  

. . . . . . . . . . . . . . . . . . .  Ice 
. . . . . . . . . . . .  Soil; frozen 

. . . . . . . .  Sand, d ry  playa 
. . . . . . . . .  Sand, d ry  light 

. . . : . . . . . . .  . Sand, wet : 
. . . . . . . . .  Gravel, coarse 

. Limestone, light gray .... 
. . . . . . . . . .  Concrete, dry  

Grountl, moist, bare . . . .  
Ground, d r y  plo\ved . . . .  

B . Xal.ztra1 S ~ r i j o c e s  
. . . . . . . . . . . . . . . .  Desert 

. . . . . . . .  Grass, high d ry  
. . . . . . .  Fields and  shrubs 

. . . . . . . . . .  Oak \vooclland 
Pine forest . . . . . . . . . . . . .  

C . Vcgebalio?~ 
. . . . . .  Alfalfa. dark green 

. . . . . . . . . . . . .  Oak leaves 
. . . . . .  Leaves and  plants 

0.8p . . . . . . . . . . . . . . .  
1.0 ,. ' ............... 
2 . 4 p  . . . . . . . . . . . . . . .  

10.0 , . ' . . . . . . . . . . . . . . .  

D . illiscellaneozts 
. . . . . . . . . . . .  Paper,  white 

Glass pane . . . . . . . . . . . .  
Bricks, red . . . . . . . . . . . . .  

. . . . . . . . . .  . Plaster, ivhite 
. . . . . .  IVood, planed oak 

. . . . . . . . . . .  Paint ,  white 
. . . . . . . . . . . .  Paint ,  black 

. . . . . . .  Pain t ,  alu~riinum 
. . . . . . . . .  Aluminum foil 

. . . . . . . .  Iron,  galvanized 
. . .  Silver, highly polished 

. . . . . . . . . . .  Skin, human 

[From Sellers. 19741 . . 



. . Two .equat ions t h a t  d e s c r i b e  n e t  I R  r a d i a t i o n  under c l e a r  s k i e s  and 

r e q u i r e  o n l y  t h e  s p e c i f i c a t i o n  o f  su r face  parameters  t o  be eva lua ted  a r e  

AngstrGmls Equa t i on  and d e r i v e d  f rom i t  t h e  B r u n t  Equa t i on  (B run t ,  

I 1932). The more w i d e l y  used B r u n t  Equa t ion  i s  examined i n  t h i s  r esea rch  ., 

and can be w r i t t e n :  

where F; i s  t h e  n e t  I R  r a d i a t i o n  w i t h  no c l ouds  and a  and b  a r e  e m p i r i -  

c a l  cons tan ts .  The a i r  temperature,  T, and vapor  p ressu re ,  e, (measured - 

i n .  m i  11 ime te r s  o f  mercury [mmH I )  a r e  observed a t  screen h e i g h t  (which 
g ,  

f o r  t h e  Wangara da ta  i s  1 . 2  m).' Values o f  t h e  c o n s t a n t s  a  and b  a r e  

r e a d i l y  a v a i l a b l e  i n  t h e  1  i t e r a t u r e  and have been compi l e d  i n  surveys by  

Ge iger  (1959), Kondratyev (1965))  Ber l yand  (1970) and S e l l  e r s  (1974). 

Tab le  3.1.2 c o n t a i n s  a  l i s t  o f  these  va lues.  These va lues  can be com- 

pared  t o  t hose  es t ima ted  f rom t h e  Wangara da ta .  

W i t h  a  and b  eva lua ted ,  Eq. 3.1.2 can be t h e n  used under any sky 

c o n d i t i o n  i n  c o n j u n c t i o n  w i t h  t h e  p r o p e r  m o d i f i c a t i o n  f o r  c l o u d  cover .  

The use o f  t h e  screen h e i g h t  temperature,  T, i s  adequate i n  t h i s  equa- 
t i o n  i f  t h e r e  i s  n o t  a  l a r g e  d i f f e r e n c e  between T and t h e  a c t u a l  su r -  
f a c e  temperature,  TS. However, a  s i g n i f i c a n t  g r a d i e n t  between t h e  

two h e i g h t s  c o u l d  r e s u l t  i n  an unreasonable  r e p r e s e n t a t i o n  o f  t h e  
t r u e  upward f l u x .  Budyko (1958) and o t h e r s  have suggested a  co r rec -  
t i o n  t o  t h e  above equa t i on  as f o l l o w s :  

2 
FA = F + 4 ~ ( r l - ~ ( T ~  - T). 

0 .  

T h i s  m o d i f i c a t i o n  i s  n o t  used i n  t h i s  r esea rch  because o f  t h e  d i f -  
f i c u l  t y  - i t1  ub ta . i n i ng  a  t r u e  su r f ace  tempe,rature. A l s o ,  a  g r a d i e n t  
as l a r g e  as 5OC a t  a  screen h e i g h t  tempera tu re  o f  O°C would  o n l y  

-1 amount t o  an I R  c o r r e c t i o n  o f  .03 l y  min . T h i s  i s  p r o b a b l y  w i t h i n  
t h e  accuracy o f  t h e  B run t  Equat ion.  



I . .  

Tab le  3.1'. 2 Values of Constants  i n  B r u n t  Equat ion.  

. . a b Year Author  
! 

.75, .45 .065, .056 1932, 1940 B r u n t  

.42 .051 1933 Angstrom 

.53 .061 1935 Ramanthan and Desai 

.448 .064 1946 Lyu te rsh teyn  and Chudnovskiy 

v . .' .376 .043 1947 Chumakova 

.39 ' .058 1952 M. Ye. Be r l yand  and 
T. G. Be r l yand  

.39. .050 1956 Budy ko 

.355 .055 1957 DeCoster and Shuepp 

.34 . .039 1957 Goss and Brooks 

.305-. 395 .040-. 078. 1961 Marshunova 

.47 .065 1961 Monte i  t h  



. . 

C .  ' Net I R  R a d i a t i o n  w i t h  Clouds. 

It i s  g e n e r a l l y  recogn ized  t h a t  c l o u d  cover  i n f l u e n c e s  n e t  I R  

r a d i a t i o n .  For  example, i t  i s  observed t h a t  c l oudy  n i g h t s  a r e  much 

I warmer t h a n  n i g h t s  w i t h  c l e a r  sk i es ;  t h i s  i s  because t h e  c l ouds  r a d i a t e  

downward a t  a  tempera tu re  c l o s e  t o  t h a t  o f  t h e i r  base and t h e r e f o r e  

. i n c r e a s e  t h e  c o u n t e r r a d i a t i o n  o f  t h e  sky. 

T h i s  phenomenon i s  desc r i bed  b y  a  f o rmu la  t h a t  has been used f r e -  

q u e n t l y  b y  r esea rche rs  (Ha ls tead  e t  a l . ,  1957; P h i l i p ,  1957; Ge iger ,  

1959; Kondratyev,  1965; Adem, 1967; Ber l yand ,  1970 and Kumor, 1978): 

where F i s  t h e  n e t  I R  r a d i a t i o n  w i t h  c l ouds ,  K  and m a r e  e m p i r i c a l  
o ,n  

cons tan t s ,  and n  i s  t h e  amount o f  c l o u d i n e s s  i n  t e n t h s .  Values o f  m 

have ranged between .I. 0 and 2.7 w i t h  1 .0  and 2.0 b e i n g  t h e  most common 

va lues  used (Kondratyev, 1965). (It fol !ows t h a t  t h e  h i g h e r  t h e  va lue  

o f  m,  t h e  l e s s  s c a t t e r e d  (< - f i v e - t e n t h s )  c l o u d  c o n d i t i o n s  w i l l  a t t e n u a t e  

r a d i a t i o n . )  Values o f  K  a r e  determined by  measur ing t h e  e f f e c t  wh ich  an 

ove rcas t  sky o f  a  p a r t i c u l a r  c l o u d  t y p e  has on t h e  a t t e n u a t i o n  o f  n e t  I R  

r a d i a t i o n .  Once Fo i s  es t ima ted  (Eq. 3 .1 .2 ) )  t h e  o n l y  r ema in i ng  obser-  

v a t i o n s  needed t o  eva lua te  Eq. 3 .1 .3  a r e  t h e  c l o u d  t y p e  and amount. 

As a  v a r i a t i o n  o f  t h e  above equa t ion ,  t h e  c o e f f i c i e n t ,  K, can 

r e p r e s e n t  c l o u d  a t t e n u a t i o n  f o r  i n d i v i d u a l  c l o u d  t ypes  (e.  g. , s t r a t ~ s ' ,  

cumulus, a1 tocumul us,  c i r r u s ,  e t c .  ) o r  f o r  a  c l o u d  group (i. e. , ' h i g h ,  

medium o r  low).  P rev ious  i n v e s t i g a t i o n s  have c a l c u l a t e d  K  f o r  t h e  above 

c l o u d  group,  and a  summary o f  t h e  f i n d i n g s  found  i n  Kondratyev (1965) ' i s  

p resen ted  i n  Tab le  3.1,3. The range found f o r  each K i n  t h e  i n d i v i d u a l  

s t u d i e s  i s  p r o b a b l y  due t o  t h e  uniqueness o f  each c l o u d  cover  observed 



Tab le  3.1.3 . E m p i r i c a l  C o e f f i c i e n t s  C h a r a c t e r i z i n g  t h e  I n f l u e n c e  o f  Cloud. Cover on Net. I R  R a d i a t i o n .  ' . 

(From Kondratyev,  1965) 

Author 

De fan t  

Angs trijm 

A k s l e f  

Dorno 

Yefimov 

Yef imov 

Yef imov 

Yef imov 

L y u t e r s h k y n  

. . 

. , S t a t i o n  

Stock.holm 

Stockholm 

Uppsal a 

Davos 

Bukhta T i  khaya 

Mys Shmidta 

Pavl  ovs k 

Tashkent 

Tashkent 

K ir! i 

, . .  
. 

. . . . .  ' 0.77 

0.63 

0.59 . . 

0.57 

0.52 

0.50 

0.4;  'Ac and 
Ac t r a n s .  

0.6; Ac and 
Ac op. 

K h i  

. . .  
. . .  

0 .20 . 

0.31 

0.20 

0.20 

0.22 

0.16 

0.1;  C i  
0.2-0.3 

Cs and Cc 

K l o  . . . . . . .  . . .  . . . .  
... . . ..... . . . . .  . . . .  . . . . . .  . . . . .  . . . . . . . . . . . .  . . .  0.186 ... ';. " . . . . . .  . . . . . .  . . . . . .  . . .  . . . . . . . . . . . .  . . . . . . .  . . . . . . .  . . . .  

. . . . . .  
. . . .  . O .  90 

0.83 

0.85 

0.84 

. 0.81 

0.76 

. 0.67 

0 .8 ;  S t  and Ns 
0.75-0.85; 

.Cu .,.. . 

0 .95-1.0;  C b '  . . . : .  . . .  ... 

. . .  



. . . .  . : . . .  . . 
. . 

: . .  

and t o  o b s e r v a t i o n a l  t echn ique  and l o c a t i o n  c h a r a c t e r i s t i c s .  I n  t h i s  
. . . . 

research, '  these  v a l u e s  a r e  compared t o  those  c a l c u l a t e d  w i t h  t h e  Wangara 

. . .  . da ta .  

Under l a y e r e d  c o n d i t i o n s ,  t hen ,  K  can be g i v e n  as e i t h e r  a  s i n g l e  

v,alue e f f e c t  fo'r a l l  c louds  p resen t ,  KTot, (Eq. 3 .1 .3 )  o r  as a  combina- 

t i o n  o f  p a r t s ' : f o r  each d i f f e r e n t  c l o u d  t y p e  o r  group: 

where l o ,  m i ,  and h i  r e p r e s e n t  low, m idd le ,  and h i g h  c l o u d  bases, r e -  

s p e c t i v e l y .  . . 

T h i s  r e l a t i o n s h i p  has had 1 i m i  t e d  v e r i f i c a t i o n .  One p o s s i b l e  

prob lem i s  t h e  f a c t  t h a t  t h e  equa t i on  can n o t  d i s t i n g u i s h  t h e  t y p e  o f  

c l oud (s )  d i r e c t l y  overhead. From geome t r i ca l  c o n s i d e r a t i o n s ,  c l ouds  

d i r e c t l y  overhead p robab l y  have more o f  an e f f e c t  on '  t h e  r a d i a t i o n  

2 budget  t h a n  c l ouds  t h a t  a re  o f f  t o  one s i de .  

Never the less ,  Eq. 3 .1 .3  and Eq. 3 .1 .4  a r e  used i n  t h i s  r esea rch  

t o  determine t h e  c l o u d  e f f e c t  on I R  r a d i a t i o n .  The r e l a t i v e  accuracy o f  

b o t h  t hese  equa t ions  can be t e s t e d .  I n  t h i s  way t h e  impor tance o f  

d i s t i n g u i s h i n g  i n d i v i d u a l  c l o u d  types ,  r a t h e r  t h a n  t r e a t i n g  t h e  sky 

cover  as  a whole,  i s  i n v e s t i g a t e d .  

W i t h  I R  r a d i a t i o n  parameter ized,  a  r e s i d u a l  can be de te rmined  f rom 

t h e  dayt ime n e t  r a d i a t i o n  measurements wh ich  can be t h e n  approx imated b y  

e m p i r i c a l  equa t ions  f o r  n e t  SW r a d i a t i o n .  I 

The method by wh ich  c l oud iness  was measured i n  t h e  Wangara da ta  can 
f u r t h e r  enhance t h i s  problem, s i n c e  c l oud iness  was recorded  as an 
average o f  seve ra l  s t a t i o n s  r a t h e r  t han  as a  s i n g l e  obse rva t i on .  ' How- 
eve r ,  i t  i s  assumed t h a t  t h e  c l o u d  c o n d i t i o n s  were more s y n o p t i c a l l y  
t h a n  l o c a l  l y  a f f e c t e d ;  t h e r e f o r e ,  on t h e  average, d i f f e r e n c e s  f rom 
one s t a t i o n  t o  t h e  n e x t  shou ld  have been min ima l .  



3.2 SW R a d i a t i o n  

Net SW r a d i a t i o n  can be expressed by: 

where a  i s  t h e  sur face a lbedo,  Qs i s  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 a  

h o r i z o n t a l  su r f ace  a t  t h e  t o p  o f  t h e  atmosphere, and Q i s  t h e  amount 
g,n 

o f  r a d i a t i o n  b o t h  d i r e c t  and s c a t t e r e d ,  b e i n g  absorbed by t h e  e a r t h ' s  

su r f ace .  A,,, i s  a  f u n c t i o n  o f  t u r b i d i t y  and c loud-  a t t e n u a t i o n : ,  s o l a r  

r a d i a t i o n  can be s c a t t e r e d  back t o  space o r  absorbed by  c louds  as w e l l  

as be s c a t t e r e d  back o r  absorbed by d r y  a i r  molecules,  d u s t ,  ozone and 

wa te r  vapor  ( S e l l e r s ,  1974). The f a c t  t h a t  . r a p i d  changes i n  c l ouds ,  

d u s t  and wate r  vapor can g r e a t l y  i n f l u e n c e  Skl r a d i a t i o n  reach ing  t h e  

ground makes p a r a m e t e r i z a t i o n  v e r y  d i f f i c u l t ,  espec ia l  l y  s i n c e  t h e  

amount o f  d u s t  and wate r  vapor p resen t  a t  any one t ime  can n o t  be r e a d i -  

l y  de te rmi  ned f rom su r face  measurements. A1 so, exper iments  have shown 

t h a t  t h e  su r f ace  a lbedo,  a ,  changes w i t h  su r f ace  cover ,  shape and pos- 

s i b l y  w i t h  c l o u d  cover  and s o l a r  angle.  

The Wangara da ta  d i d  n o t  r e c o r d  d i r e c t  s o l a r  r a d i a t i o n  sepa ra te l y .  

Thus, o n l y  a  r e s i d u a l  can be deduced f rom t h e  measurements. I t i s  

assumed t h a t  w i t h i n  t h e  l i m i t a t i o n s  o f  t h i s  r e s e a r c h ' s  c a p a b i l i t y  t o  

p r e d i c t  I R  r a d i a t i o n  d u r i n g  t h e  dayt ime,  t h i s  r e s i d u a l  r a d i a t i o n  w i  11 

adequate ly  approx imate n e t  SW r a d i a t i o n .  Be fo re  equa t ions  d e s c r i b i n g  

c l o u d  i n f l u e n c e  on n e t  SW r a d i a t i o n  can be s t u d i e d ,  a  rough es t ima te  o f  

t h e  e f f e c t  o f  t u r b i d i t y  and su r f ace  a lbedo must be made. 

A. T u r b i d i t y  

I f  t h e r e  a re  no c louds  between t h e  observer  and t h e  sun, t h e  i n -  

t e n s i t y  o f  d i r e c t  s o l a r  r a d i a t i o n  f o r  a  g i v e n  s o l a r  angle depends on t h e  



. . 

. . v a r i a b l e  'amount o f  dus t ,  ozone, haze and wa te r  vapor  i n  t h e  atmosphere; 

. . t h e  e x t i n c t i o n  produced b y  these  c o n s t i t u e n t s  i s  c a l l  ed a tmospher ic  

t u r b i d i t y .  
. . 

! I n  o r d e r  t o  s t udy  t u r b i d i t y ,  one must f i r s t  be a b l e  t o  s p e c i f y  t h e  

s o l a r  r a d i a t i o n  r e a c h i n g  t h e  t o p  o f  t h e  atmosphere. T h i s  i s  e a s i l y  

desc r i bed  by: 

Q s  = s(a/d12 cos Z 3 .2 .2  

where S  i s  t h e  s o l a r  c o n s t a n t  (21 - 2.0  l y  m i n - l ) ,  ( d / d j 2  r ep resen t s  t h e  

square o f  t h e  r a t i o  o f  t h e  mean and ins tan taneous  d i s t a n c e  o f  t h e  e a r t h  

from t h e  sun (0.95 d u r i n g  t h e  Wangara ~ x ~ e r i m e n t )  and Z i s  t h e  z e n i t h  

ang le  o f  t h e  sun. 

Measurements o f  t u r b i d i t y  have been reco rded  by  many resea rche rs  

(e.g. ; K imba l l ,  1919; Wexler ,  1934; dobinson, 1962 and F lowers e t  a l . ,  

1.969). S ince  most o f  these  measurements were made f o r  i n d i v i d u a l  s t a -  

t i o n s  and techn iques  and i n s t r u m e n t a t i o n  have v a r i e d  w i t h  t h e  e x p e r i -  

ments, comparisons a re  d i f f i c u l t  t o  make. F l owe rs  e t  a l .  ana lyzed  a  

ne twork  o f  s t a t i o n s  t h roughou t  t h e  U n i t e d  s t a t e s '  f o r  f i v e  yea rs .  I n  

t h e i  r r e p o r t ,  seasonal  and geograph ica l  v a r i a t i o n s  i n  t u r b i d i t y  a r e  

descr ibed .  They no ted  t h a t  t h e  wa te r  c o n t e n t  o f  t h e  atmosphere i s  a  

s i g n i f i c a n t  f a c t o r  i n  de te rm in i ng  t u r b i d i t y ,  and weather  c o n d i t i o n s  t h a t  

suppo r t  m o i s t  a i r  have h i g h e r  t u r b i d i  t i e s .  

A m o d i f i c a t i o n  o f  B e e r ' s  Law has been used by  F lowers e t  a l .  and 

o t h e r s  t o  determine t u r b i d i t y :  

where Q i s  t h e  s o l a r  r a d i a t i o n  r each ing  t h e  ground, r r  and r z  a r e  t h e  
go 

s c a t t e r i n g  c o e f f i c i e n t  f o r  a i r  molecu les and t h e  a b s o r p t i o n  c o e f f i c i e n t  



. . f o r  ozone, r e s p e c t i v e l y .  The t u r b i d i t y  c o e f f i c i e n t ,  B, i n c l u d e s  b o t h  

d u s t  and m o i s t u r e  abso rp t i on .  Under t y p i c a l  c o n d i t i o n s  i n  t h e  U n i t e d  
. . 3  

S t a t e s  (any season) f o r  o p t i c a l  a i r  mass, M, equal  t o  one , and a t  sea 

! ' l e v e l ,  F lowers e t  a l .  approx imated rr = 0.0634 and rz  = 0.0040. B was 

found  t o  range between 0.03 and 0.35. 

The a d a p t i b i l i t y  o f  t h i s  e q u a t i o n  f o r  genera l  use i s  apparent .  I f  

t h e  va lues  .o f  t h e  e x t i n c t i o n  c o e f f i c i e n t s  a re  i ndependen t l y  asce r t a i ned ,  

knowledge o f  t h e  s o l a r  a l t i t u d e  i s  a l l  t h a t  i s  r e q u i r e d  t o  e s t i m a t e  Q 
go' 

I n  t h i s  r esea rch  va lues  o f  t h e  t u r b i d i t y  c o e f f i c i e n t  can be r o u g h l y  

determined f rom t h e  r e s i d u a l  r a d i a t i o n  dnder c l e a r  s k i e s .  . From these  

es t ima tes  t h e  p r a c t i c a l  i t y  o f  u s i n g  a  mean s i ng1  e  c o e f f i c i e n t  i s  i nves- 

t i g a t e d .  4 

. . 

B. Sur face  ~ l b e d o  

When o n l y  d i r e c t  SW r a d i a t i o n  i s  a v a i l a b l e  (and n o t  n e t  r a d i a t i o n  

as i n  t h e  Wangara da ta ) ,  t h e  c h a r a c t e r  o f  t h e  s u r f a c e  a lbedo must be 

known i n  o r d e r  t o  c a l c u l a t e  t h e  amount o f  r a d i a t i o n  b e i n g  absorbed b y  

t h e  ground. Sur face  a lbedo has been s t u d i e d  w i t h  measurements t aken  

f rom t h e  ground, i n  a i r p l a n e s  and s a t e l l i t e s  (e.g. ; F r i t z ,  1948; 

Houghton, 1954; Kuhn and Suomi, 1958; Bauer and Dut ton ,  1962 and Vonder 

Haar and Suomi , 1969). Tab le  3 .2 .1  comp i led  by  S e l l e r s  (1974) il l u s -  

t r a t e s  t h e  v a r i a b i l i t i e s  found  i n  t h e  s u r f a c e  a lbedo f rom one t y p e  o f  

s u r f a c e  t o  ano ther .  As e v i d e n t  f rom t h i s  f i g u r e ,  su r f aces  such as snow 

M - sec z f o r  z  < 80' 

'. I t  shou ld  be no ted  t h a t  t h e  above procedure assumes a  c o n s t a n t  su r -  
face  a lbedo w i t h  s o l a r  a l t i t u d e  ( t o  be d iscussed  n e x t )  and t h a t  any . 
change i n  t u r b i d i t y  w i t h  c l o u d  cover  w i l l  be paramete r i zed  as a  c l o u d  
e f f e c t .  



Table 3.2.1 

(IVaveleng ths < 4.0,~) 

[From Sellers . 19741 

5-15 
15-20 
15-25 

70.. 90 
59-S1 
39-59 
44-50 

34-42 
6 . 7  

73 
16 
5 . 6  

8 1  
14 
76 
93 
76 

43-15 
35 
16-22 

C . lVafzlral Sltrjuces (conl . )  
. . . . . . .  Forest. conifcrous 

. . . . . . . . . . . . . . .  Tundra  
Crops . . . . . . . . . . . . . . . . .  

D . C l o l ~ d  O x r c a s l  
. . . . . . . . . . . .  Cuniuliform 

Stratus(500-1, OOO1thick) 
Altostratus . . . . . . . . . . . .  
Cirrostratus . . . . . . . . . . .  

E . 'Planets  
E a r t h  . . . . . . . . . . . . . . . . .  
Moon . . . . . . . . . . . . . . . . .  
Jupiter . . . . . . . . . . . . . . . . .  
Mars  . . . . . . . . . . . . . . . . .  

. 3.Iercury . . . . . . . . . . . . . .  
Neptune . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  Pluto 
. . . . . . . . . . . . . . . .  Saturn 

'Jranus . . . . . . . . . . . . . . . .  
Venus . . . . . . . . . . . . . . . . .  

F . H ~ r ? ~ l a n  Slti~a 
Blond . . . . . . . . . . . . . . . . .  
Brunette . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  Dark 

A . TYaler Sztrjcces 
. . .  \Vinter- 0" latitude 

30" latitude . . .  
. . .  60" latitude 
. . .  Summer- 0" latitude 
. . .  30" latitude 
. . .  60" latitude 

B . Bare Areas a)rd Soi ls  
. . . . . .  Snow, fresh fallen 

Snow, several days old . . 
. . . . . . . . . . . . . . .  Ice, sea 

. . . . . . . . .  Sand dune, dry  
. . . . . . . .  Sand dune, wet 

Soil, dark . . . . . . . . . . . . . .  
. . . . . . . .  Soil, moist gray 

. . .  Soil, dry  clay or gray 
. . . . .  Soil, dry light sand 

. . . . . . . . . .  Concrete, dry  
. . . . . . . .  Road, black top 

C . Naflcral S.ztrjaces 
Desert . . . . . . . . . . . . . . . .  
Savanna, dry  season . . . .  
Savanna, wet season . . . .  
Chaparral . . . . . . . . . . . . . .  
Meadows, green . . . . . . . .  
Forest, deciduous . . . . . . .  

6 
9 

21 
6 
6 
7 

75-95 
40-70 
30-40 
35-45 

. 20-30 
5-15 

10-20 
20-35 , 
25-45 
17-27 
5-10 

25-30 
.25 -30 
15-20 
15-20 
10-20 
10-20 



. .  . . .  . 

and sand have a cons ide rab le  e f f e c t  upon t h e  su r f ace  r a d i a t i o n  budget.  
. . 
. .  . .. . . . 

A l so  i t  can be seen how wet  su r f aces  cause t h e  a lbedo t o  decrease. . . . . 

F o r t u n a t e l y  t h e  s o i  1  c o n d i t i o n s  f o r  t h e  Wangara Exper iment  remained d r y  

d u r i n g  most o f  t h e  p e r i o d .  

Another  p o s s i b l e  cause f o r  t h e  a lbedo t o  change i s  t h e  d a i l y  m o t i o n  .. . 

o f  t h e  sun. Ge iger  (1959) and Budyko (1958) p resen ted  r e s u l t s  t h a t  

demonst ra ted g r e a t e r  t h a n  100% changes, i n  a lbedo between noon and near  

sunset  or sun r i se .  On t h e  o t h e r  hand, works by  ~ a u e r  and ~ u t t q n ( 1 9 6 2 )  

and Kuhn and Suomi (1958) p resen ted  c o n t r a r y  ev idence.  I n  f a c t ,  Kuhn 

and Suomi a t t r i b u t e d  t h e  a lbedo changes found  i n  t h e  O I N e i l l  d a t a  t o  

i n c o r r e c t  i n t e r p r e t a t i o n s  o f  t h e  i ns t r umen t  (F i g .  3.2.1).  T h e i r  r e s u l t s  

show su r f ace  a lbedo rema in i ng  f a i r l y  c o n s t a n t  ove r  a  d i u r n a l  p e r i o d .  I n  

any case, most s t u d i e s  agreed t h a t  an i nc rease  i n  s c a t t e r e d  r a d i a t i o n  

ove r  d i r e c t  r a d i a t i o n  due t o  i nc reased  c l o u d  cover  he lped  a1 l e v i a t e  any 

s o l a r  ang le  e f f e c t .  

Based on t h e  above ev idence and Tab le  3.2.1,  t h e  s u r f a c e  a lbedo  f o r  

t h e  Wangara d a t a  has been accepted as 0.15. The e f f e c t  o f  c l ouds  on SW 

r a d i a t i o n  can now be examined. 

C. C loud E f f e c t  Upon Net  SW Rad ia t i on .  

Cloud e f f e c t s  on SW r a d i a t i o n  a r e  comp l i ca ted  and d i f f i c u l t  t o  

p r e d i c t .  one must e x p l a i n  how much d i r e c t  and s c a t t e r e d  r a d i a t i o n  

reaches t h e  s u r f a c e  a t  any p a r t i c u l a r  t i m e  under a  v a r i e t y  o f  weather  

c o n d i t i o n s .  Clouds a r e  h i g h l y  v a r i a b l e  i n  t h e i r  movements, shapes, and 

s i z e s ;  t hus ,  i t  i s  ha rd  t o  make a  genera l  p r e d i c t i o n  o f  t h e i r  a b i l i t y  t o  

t r a n s m i t  r a d i a t i o n .  Fur thermore,  a  smal l  change i n  s o l a r  ang le  can 

s t r o n g l y  enhance o r  m i  nimi.ze s o l a r  a t t e n u a t i o n  depending upon t h e  l oca -  

t i o n  and t y ~ e s  o f  c l ouds  p resen t .  



BEAM REFLECTOR vs INVERTED EPPLEY 
ALBEDO MEASUREMENTS 

HOUR LCT 

Beam reflector versus inverted Eppley 
albedo measurements. 

Fia. 3.2.1 Kuhn and Sumoi , 1958, show in their 1956 measurements that 
'diurnal variations in albedo demonstrated in the 1953 
0' Nei l 1 Experiment were due to incorrect interpretations 
o f  the instrument. [From Kuhn and Suomi, 1958.1 



D e s p i t e  these  comp l i ca t i ons ,  genera l  conc lus i ons  can be made . . ,;. 
' .  .,. . . .  . 

. .. 
concern i  ng c l o u d  a t t e n u a t i o n .  Obv ious l y  , an i n c r e a s e  i n  c l  oud i  ness. de- . .  . . . 

c reases t h e  t o t a l  s o l a r  t r a n s m i s s i o n  t o  t h e  ground. L ikewise;  a  t h i c k e r  

c l o u d  deck r e f l e c t s  and absorbs more r a d i a t i o n .  , (More r a d i a t i o n  i s  

t r a n s m i t t e d  t h rough  t h i n  c i r r u s  t h a n  t h rough  a  cumulonimbus c loud .  ) .. . 

F i g u r e  3 .2 .2  f rom Hewson (1943) i 11 u s t r a t e s  some o f  t hese  c h a r a c t e r i  s- 

t i c s .  

Tab1 e  3 .2 .2  f rom Kondratyev (1965) exempl i f i.es how s o l  a r "  ang l  e  

a f f e c t s  SW a t t e n u a t i o n  under c loudy  s k i e s  f o r  d i f f e r e n t  c l o u d  t ypes  as 

compared t o  c l o u d l e s s  sk i es .  S i m i l a r  r e s u l t s  a r e  found  i n  works by  

Geiger  (1959), Haurwi t z  (1948), Budyko (1958) and Be r l yand  (1970). I n  

Budyko' s work,  c l o u d  a t t e n u a t i o n  (no c l o u d  t y p e  d i s t i n c t i o n )  changed 

f rom 50% a t  a  s o l a r  a l t i t u d e  o f  50' t o  78% a t  an a l t i t u d e  o f  5'. Tab le  

3 .2 .2  i n d i c a t e s  t h a t  t h i s  e f f e c t  i s  perhaps most i m p o r t a n t  i n  c i r r u s  

t y p e  c louds .  I n  some cases, however, t h e  i n c r e a s e  i n  s c a t t e r e d  r a d i a -  

t i o n  w i t h  lower  s o l a r  a l t i t u d e  i s  a c t u a l l y  g r e a t e r  t h a n  t h e  decrease i n  

d i r e c t  r a d i a t i o n  r e s u l t i n g  i n  an i nc rease  i n  t o t a l  f l u x .  

T h i s  research  r e q u i r e s  an equa t i on  t h a t  can d e s c r i b e  SW r a d i a t i o n  

w i t h  r e s p e c t  t o  t h e  s u n ' s  p o s i t i o n  under v a r i a b l e  c l o u d  c o n d i t i o n s .  

I d e a l l y ,  i t  i s  d e s i r a b l e  t o  use a  method s i m i l a r  t o  t h a t .  o f  Eq. 3 .1 .3  

f o r  I R  r a d i a t i o n .  I n  a d d i t i o n  t o  t h e  advantage o f  b e i n g  a b l e  t o  compare 

t h e  two r e s u l t s ,  t h i s  t y p e  o f  equa t i on  can be e a s i l y  p u t  i n t o  genera l  

app l  i c a t y i u n .  

Equat ion  3.2.4,  below, meets t h i s  c r i t e r i o n  and a  fo rm o f  i t  has 

been used i n  surveys b y  Budyko (1958), Ge iger  (1959) and Kondratyev 

(1965) : 



Depeiide~rce of the reflecfion ( I ) ,  imnsn~issioir (2)  am? absorpfiolr (3) of solar 
racliafio~l ~(potl c / o ~ d  U I H O I ~ ~ I ~ .  
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Tab le  3.2.2 R e l a t i v e  Decrease ( i n '  Percen t )  o f  t h e  F l u x  o f  T o t a l  
R a d i a t i o n  f o r  t h e  Case o f  a Cont inuous Cloud Cover 
o f  D i f f e r e n t  Types and D i f f e r e n t  S o l a r  A l t i t u d e s  i n  
Comparison W i th  t h e  Corresponding Values f o r  a Cloud- 
l e s s  Sky.' 

.. . 

(From Kondratyev,  1965) 

Cloud 
Type 

C i 
C s 

Ac 

S t  'fr, 

S c 

S t  

S o l a r  A1 ti tude  , Deg. 

5 

4 4 

33 

33 

78 

8 9 

78 

20 

3 4 

5 1 

4 6 

80 

6 8 

8 0 

10 

50 

39 

39 

8 3 

7 8 

78 

30 

22 

3 5 

55 

77 

7 1 

81 

'.: 40 

' 10 

20 

4 6 

77 

72 

8 3 

50..  

2 

10 

3 8 

76 

73 

84 



where ni i s  u s u a l l y  equal t o  1, Q '  i s  t h e  n e t '  SW r a d i a t i o n  absorbed by  
go 

t h e  ground w i t h o u t  c louds ,  and C i s  a  c l o u d  a t t e n u a t i o n  c o e f f i c i e n t .  

Assuming t h a t  s u r f a c e  a lbedo does n o t  change w i t h  an i n c r e a s e  i n  
.. . 

c l o u d  cover ,  va lues  of C shou ld  be t h e  same f o r  b o t h  absorbed SW r a d i a -  . : .  

' t i o n  (as approx imated by t h e  r e s i d u a l  r a d i a t i o n  i n  t h i s  p r e s e n t  s tudy)  

and SW r a d i a t i o n  r e a c h i  ng t h e  ground (usua l  l y  measured). Under 1  ayered 

c o n d i t i o n s ,  C can be t r e a t e d  (as has been p r e v i o u s l y  done f o r  t h e  I R  

p a r a m e t e r i z a t i o n )  as e i t h e r  a  s i n g l e  v a l u e  e f f e c t  f o r  a l l  c l ouds  p r e s e n t  

(CTot)  o r  as a  comb ina t ion  o f  p a r t s  f o r  each d i f f e r e n t  c l o u d  t y p e  (Clo,  

Cmi and Chi). Values o f  t h e  c o e f f i c i e n t  C can t hen  be compared w i t h  

a t t e n u a t i o n s  g i v e n  i n   able 3.2 .2 .  F i n a l l y ,  i t  i s  o f  p a r t i c u l a r  i n t e r -  

e s t  t o  see whether  t h e r e  i s  any v a r i a t i o n  under  d i f f e r e n t  s o l a r  ang les  

i n  t h e  exponent,  m,  s i n c e  t h i s  i n d i c a t e s  t h e  r e l a t i v e  impor tance wh ich  

an i n c r e a s e  i n  c l oud iness  can have on t h e  r a d i a t i o n  budget.  

T h i s  chap te r  has p r e s e n t e d . t h e  equa t ions  needed t o  pa rame te r i ze  t h e  

r a d i a t i o n  f l u x  a t  t h e  e a r t h ' s  su r f ace .  W i t h  t h e  a i d  o f  t h e  h o u r l y  

Wangara da ta ,  t h e  a d a p t a b i l i t y  o f  these  equa t ions  f o r  b e t t e r  t i m e  reso-  

l u t i o n s  can now be determined.  



4. DIURNAL CHARACTERISTICS OF METEOROLOGICAL CONDITIONS AND ENERGY 

PARAMETERS FOR THE WANGARA EXPERIMENT. 

I t  i s  necessarjr '  t o  a s c e r t a i n  t h e  mean. d i u r n a l  i n f l u e n c e s  on t h e  

r a d i a t i o n  budget  b e f o r e  procedures can be t aken  t o  p r e d i c t  i t s  changes. 

I n  t h i s  chap te r ,  d i u r n a l  p r o p e r t i e s  o f  t h e  Wangara d a t a  a r e  examined. 

I n  p a r t i c u l a r ,  h o u r l y  composi tes a r e  made o f  t h e  parameters  needed t o  

e v a l u a t e  t h e  equa t ions  i n  Chapter 3. Once t h i s  i s  done, t h e  f o u r  com- 

ponents  o f  t h e  su r f ace  energy budget  ( n e t  s u r f a c e  r a d i a t i o n ,  s e n s i b l e ,  

l a t e n t  and ground hea t  f l u x )  can be ana lyzed  f o r  t h e i r  d i u r n a l '  t r e n d s  

and f o r  t h e i r  r e l a t i o n s h i p s  t o  each o t h e r  under d i f f e r e n t  meteor01 o g i c a l  

c o n d i t i o n s .  

4 . 1  M e t e o r o l o a i c a l  C h a r a c t e r i s t i c s  o f  t h e  Data 

Perhaps t h e  most impo r tan t  i n f l u e n c e  i n  t h e  d i u r n a l  t r e n d  o f  su r -  

f a c e  r a d i a t i o n ,  as w e l l  as i n  most o t h e r  m e t e o r o l o g i c a l  parameters  i n  

t h e  lower  atmosphere, i s  t h e  t imes  o f  s u n r i s e  and sunset .  Tab le  4 . 1 . 1  

g i v e s  va lues  f o r  t h r e e  s e l e c t e d  days c o v e r i n g  t h e  e x t e n t ,  o f  t h e  Wangara 

Exper iment.  S ince t h e r e  i s  a  h a l f - h o u r  d i f f e r e n c e  between Day 1 and Day 

44, t h e  t imes  o f  s u n r i s e  and sunset  a r e  h e n c e f o r t h  g i v e n  i n  t h i s  r e -  

search fo'r t h e  m idd le  day, Day 21. 

Tab le  4 .1 .1  -Sunr i se  and Sunset a t  Hay, Aus t , ra l ia .  

Day 1 Day 2 1  Day 44 

15 J u l y  5 Aug. 27 Aug. 

Sunset 1 1 7 ~ 2 6 '  17 h40 ' 1 7 ~ 5 8 '  



. . .  . .  . . . 

I n  t h e  m a j o r i t y  o f  f i g u r e s  t o  f o l l o w ,  t h e  graphs a r e  c o n s t r u c t e d  so 
. .  . . . . . 

' t h a t  t h e  absc i ssa  e x h i b i t s  n i g h t t i m e  hours  i n  t h e  c e n t e r .  T h i s  enables .' . ' .  

t h e  e f f e c t  o f  s u n r i s e  and sunse t  t o  be more e a s i l y  demonstrated. 

A. , Data and Cloud Frequency 
. '  . 

F i g u r e  4 . 1 . 1  p resen t s  h o u r l y  r a d i a t i o n  d a t a  and c l  oud f requency  

s t a t i s t i c s .  The t o p  curve  i l l u s t r a t e s  t h e  number o f  days f o r  each hour  

on wh ich  r a d i a t i o n  da ta  e x i s t e d .  ' Du r i ng  t hese  p e r i o d s ,  averages and 

' p r o f i  1  es were made f o r  t h e .  meteor01 o g i c a l  parameters  p resen ted  i 'n  t h i s  

paper .  As i n d i c a t e d  by t h e  graph, most h o u r l y  averages c a l c u l a t e d  were 

based on over  36 sample measurements. 1 

I n  o r d e r  t o  t e s t  t h e  e f f e c t  which c l ouds  o f  d ' i f f e r e n t  h e i g h t s  had 

on t h e  r a d i a t i o n  budget ,  t h e  da ta  were d i v i d e d  i n t o  t h r e e  c l o u d ~ c a t e g o r -  

i e s :  T o t a l  Clouds, Only Low Clouds, and No Low Clouds. The t h r e e  l owe r  

curves i n  F i g .  4 . 1 . 1  i n d i c a t e  t h e  d i u r n a l  f requency  o f  each ca tegory .  

When c l ouds  o f  any t ype  o r  amount were r e p o r t e d ,  d a t a  were i n c l u d e d  i n  

t h e  T o t a l  Clouds ca tegory .  Data were i n c l u d e d  i n  t h e  Only Low Clouds 

ca tego ry  when l ow  c l ouds  (Cb, Cu, Ns, S t  and Sc) made up a t  l e a s t  85% o f  

t h e  r e p o r t e d  coverage. Data were i n c l u d e d  i n  t h e  No Low Clouds ca tego ry  

(As, Ac, C i ,  Cs and Cc) when no more t h a n  15% o f  t h e  sky  i n c l u d e d  l ow  

c louds .  Separate c a t e g o r i e s  were n o t  made f o r  m idd le  and h i g h  c louds  

because t h e  -wangara da ta  d i d  n o t  q u a n t i f y  t hese  two c l o u d  t ypes  separ-  

a t e  1  y . 

D i u r n a l  c l o u d  coverage i s  f u r t h e r  i l l u s t r a t e d  i n  F i gs .  4.1.2 and 

4.1.3. I n  these  f i g u r e s ,  mean c l oud iness  and t h e  f requency  of. b roken  

c l o u d  coverage f o r  bo th  low c l ouds  and t o t a l  sky coverage a r e  g i v e n  

A m a j o r i t y  o f  t h e  m i s s i n g  d a t a  a re  accounted f o r  by  a  four -day r e s t  
b reak  i n  t h e  m idd le  o f  t h e  exper iment .  



DATA SIZE AND CLOUD FREQUENCY 

TOTAL DAYS 
WlTH DATA 

TOTAL DAYS 
W l T H  CLOUDS 

TOTAL DAYS 
W l T H  ONLY 
LOW CLOUDS 

T O T A L  DAYS 
WlTH NO LOW 
CLOUDS 

I ~ ~ I ~ I I I I I I I I ,  

14 18 22 2 6 10 14 

TIME ( L S T )  
Fig. 4 . 1 . 1  Diurnal c h a r a c t e r i s t i c s  of cloud coverage (any amount) f o r  

the  ' Wangara Experiment. Top curve rep resen t s  number of days 
t h a t  r a d i a t i o n  data was received. 



M:EAN ClLOUD COVERAGE DURING WANGARA EXPERIMENT 

- TOTAL CLOUDS 
A- A - r !  LOW CLOUDS 

t SUNSET SUN.RISE.: 

F i g .  4 .1 .2  Mean c l o u d i n e s s  for t o t a l  c louds  and l o w  c louds  d u r i n g  the:Wangara Exper iment.  



BROKEN CLOUD COVERAGE DURING 
WANGARA EXPERIMENT - TOTAL- CLOUDS 

&*a LOW CLOUDS 

TIME ( L S T )  

F ig .  4 .1 .3  Th2 f requency t h a t  broken c l o u d  coverage (>  5 t e n t h s )  e x i s t e d  d u r i n g  t h e  Wangara Exper iment i s  
s h ~ y n  'or b o t h  a l l  c l oud iness  c o n d i t i o n s  and f o r  o n l y  low c louds.  



. . . , . .  . . . . .  . . 
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.. From ti$. 4.1 .2  and 4.1 .3  l o c a l  weather  c h a r a c t e r i s t i c s  can be 

deduced. Hay h a s  some degree o f  c l oud iness  a lmos t  every  a f t e r n o o n  w i t h  

t h e  b u l k  o f  . these  c l ouds  hav ing  low bases. The c l ouds  b reak  up i n  t h e  

e a r l y  even ing  a1 though s c a t t e r e d  t o n d i  t i o n s  a r e  . r epo r t ed  d u r i n g  most 

n i g h t s .  Low. cl 'oud a c t i v i t y  beg ins  a g a i n  an hour  d r  two a f t e r  s u n r i s e  

w i t h  b roken  s k i e s  p r e v a i l i n g  by noon. The sma l l  amount o f  p r e c i p i t a t i o n  

d u r i n g  t h e  p e r i o d ,  i n s p i t e  o f  t h e ,  f r e q u e n t  c l oud iness ,  i s  a  p o s s i b l e  

i n d i c a t o r  o f  d r y  c o n d i t i o n s  i n  t h e  l owe r  t roposphere .  (Analyses o f  

tb io -k i lomete rs  h e i g h t  r evea led  r e l a t i v e  h u m i d i t i e s  g e n e r a l l y  be low 30%.) 

B. Sur face  C h a r a c t e r i s t i c s  

The f o l l o w i n g  parameters a r e  examined f o r  t h e i r  mean d i u r n a l  p ro -  

f i 1 es: s u r f a c e  temperature,  n o c t u r n a l  su r f ace  i n v e r s i o n ,  w ind  speed and 

w a t e r  vapor m i x i n g  r a t i o .  

The c h a r a c t e r i s t i c s  o f  t h e  d a i  l y  s u r f a c e  tempera tu re  t r e n d  and t h e  

e x i s t e n c e  . o f  t h e  su r f ace  i n v e r s i o n  a r e  i l l u s t r a t e d  i n  F i g .  4 .1 .4 .  

Surface temperatures were ob ta i ned  a t  a screen h e i g h t  o f  1 .2  meters .  

T r a i t s  i n c l u d e  a  maximum tempera tu re  a t  app rox ima te l y  two hours  a f t e r  

l o c a l  noon and a  minimum s h o r t l y  b e f o r e  sun r i se .  Rapid c o o l i n g  i s  seen 

d i r e c t l y  a f t e r  sunset  w i t h  s low n o c t u r n a l  coo l  i n g  f o l l o w i n g  t h i s  p e r i o d .  

Rapid  warming occurs  d u r i n g  t h e  morn ing hours.  T h i s  p r o f i l e  i s  t y p i c a l  

o f  what one woi l ld  expec t  f o r  Hay, A u s t r a l i a  i n  t h e  w i n t e r  (Trewar tha,  

1968). 

Sur face  i n v e r s i o n s  were determined f rom t h r e e - h o u r l y  rad iosonde  

da ta  w i t h  50-meter h e i g h t  r e s o l u t i o n .  C r i t e r i a  t o  de te rmine  t h e  e x i s -  

tence  o f  a  su r f ace  i n v e r s i o n  were: 

1. An i n v e r s i o n  base was sought up t o  300 nl above t h e  sur face .  



. . 
. . .  . 

. " "  SURFACE TEMPERATURE AND 
': INVERSION CHARACTERISTICS 

F ig .  4 .1 .4  Composi t e d  su r t ace  tempera tu re  and i n v e r s i o n  c h a r a c t e r i s t i c s  
f o r  t h e  Wangara Exper iment.  



. . 

, ,  
2. : A$ i n v e r s i o n  occu r red  i f  a t  any l e v e l  ; t h e  n e x t  l e v e l  above 
. . 

: had a ' temperature g r e a t e r  t han  o r  equal  t o  t h a t  .o f  t h e  p a r t i c -  

u l a r  : l e ve l  . . , 

3. The . i n v e r s i o n  t o p  was de te rmined  f o r  a  p a r t i c u l a r  h e i g h t  

where; i n  t h e  n e x t  two consecu t i ve  l e v e l s  (100 m) ,  t h e r e  . . . . 
. .  . 

- e x i s t e d  . . two consecu t i ve  drops i n  temperature.  
. . 

I n  s p i t e '  o f  t h e  t h ree -hou r  r e s o l u t i o n  wh ich  p reven ted  a more p re -  . . 
. .. . 
. . 

< i s e  d e t e r m i n a t i o n  o f  when and how t h e  i n v e r s i o n  was a c t u a l l y  c r e a t e d  . . 

and des t royed ,  t h e  b a s i c  c h a r a c t e r  o f  t h e  i n v e r s i o n  can be deduced. The 

i n v e r s i o n  forms near  sunset  and b u i l d s  t o  a  dep th  o f  100 m w i t h i n  a  h a l f  
- 

hour  a f t e r  t h i s  t ime .  The t h i c k n e s s  con t i nues  t o  grow d u r i n g  t h e  n i g h t  
, . 

up t o  300 m h e i g h t  w h i l e  t h e  base remains o.n, o r  v e r y  c l o s e  t o ,  t h e  

ground. Near sunr i se .  t h e  i n v e r s i o n  base beg ins  t o  d i s s i p a t e  and r i s e s  

50 m . w i t h i n  an hour  a f t e r  s u n r i s e ;  i t  i s  comp le te l y  des t royed  i n  an hour  

. o r  two a f t e r  t h i s  t ime .  

O f  p a r t i c u l a r  impor tance  i s  t h e  d a i l y  cons i s t ency  o f  t h e  s u r f a c e  

i n v e r s i o n  t h roughou t  t h e  Wangara Exper iment.  O f  t h e  t h i r t y - n i n e  days 

w i t h  tempera tu re  p r o f i l e  da ta ,  o n l y  d u r i n g  one day d i d  t h e  i n v e r s i o n  n o t  

occur  a t  a l l  ( t h i s  was i n  c o n j u n c t i o n  w i t h  a  v e r y  s t r o n g  w ind  occur-  

rence) .  The i n v e r s i o n  formed by 1800 l o c a l  s t anda rd  t i m e  (LST)  and 

l a s t e d  t h rough  0900 LST f o r  a l l  b u t  seven days. It s t a r t e d  as e a r l y  as 

1500 LST one day and l a s t e d  as l a t e  as 1200 L S T  t w i c e .  F i n a l l y ,  t h e  

base formed and s tayed  c o n s i s t e n t l y  a t  t h e  s u r f a c e  (measured f rom one 

mete r  above t h e  ground) and i t.s t op  d i d  n o t  v a r y  by  more t h a n  50 m from 

i t s  average p r o f i l e  f o r  most o f  t h e  cases. ? i t h  such p e r s i s t e n c e ,  i t  

would be i n t e r e s t i , n g  i n  f u t u r e  r esea rch  e f f o r t s  t o  a s s o c i a t e  t h e  d i u r n a l  
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occur rence  o f .  t h e  su r f ace  i n v e r s i o n  w i t h  t h a t  o f  t h e  o t h e r  s u r f a c e  
. .  . ,  

. . . . 
parameters  ment ioned i n  t h i s  chap te r .  . .  . . . 

Average s u r f a c e  w ind  speeds' and wa te r  vap0.r m i x i n g  r a t i o s  a r e  g i v e n  

i n  F i g .  4 .1 .5 .  ) S u r f a c e  w ind  was determined as . a n  average o f  f o u r  

measurements between 2 and 16  meters ,  i n c l u s i v e .  These h e i g h t s  were 

used t o  o b t a i n  a  good r e p r e s e n t a t i o n  o f  t h e  nea r - su r f ace  w ind  e f f e c t  

w i t h  a  minimum o f  va r i ance  f rom su r f ace  f r i c t i o n .  The average w ind  

speed f o r  t h e  e n t i r e  p e r i o d  i s  a  b reezy  4.3 m/sec.. D i u r n a l  dependence 

i s  e v i d e n t  f rom t h e  graph. A t  n i g h t ,  w ind  speeds. a r e  on t h e  average 

s l i g h t l y  g r e a t e r  t h a n  3.5 m/sec. T h i s  p i c k s  up q u i c k l y  a t  s u n r i s e  t o  

5.5 m/sec. The w i n d  t h e n  calms down app rox ima te l y  two hours  b e f o r e  

sunset  t o  i t s  n o c t u r n a l  va lues.  

' The wa te r  vapor  p r o f i l e  a l s o  shows a  d i u r n a l  v a r i a t i o n ,  a l t hough  i t  

i s  n o t  as pronounced as f o r  t h e  w ind  speeds. I t  i s  i n t e r e s t i n g  t o  ob- 

se rve  t h e  s teady r i s e  i n  su r f ace  wa te r  c o n t e n t  a f t e r  s u n r i s e  w h i l e  t h e  

a rea  i s  s t i l l  p r o b a b l y  under t h e  n o c t u r n a l  i n v e r s i o n  i n f l u e n c e .  T h i s  

can be an i n d i c a t i o n  o f  morn ing evapo ra t i on  f r om  t h e  s u r f a c e  and i s  

f u r t h e r  i n v e s t i g a t e d  i n  t h e  n e x t  s e c t i o n  (Sasamori, 1970). Once t h e  

i n v e r s i o n  breaks (around 1000 LST) and t h e  l owe r  atmosphere i s  mixed 

t h rough  a  deeper l a y e r ,  t h e  a b s o l u t e  h u m i d i t y  l e v e l s  o f f  and t h e n  de- 

c l i n e s  f o r  t h e  r e s t  o f  t h e  day. An average wa te r  vapor  m i x i n g  r a t i o  f o r  

t h e  e n t i r e  p e r i o d  i s  a  r e l a t i v e l y  l ow  5.36 gm/kg. R e l a t i v e  h u m i d i t i e s  

a t  t h e  su r f ace  ( c a l c u l a t e d  f rom average s u r f a c e  tempera tu res )  range f rom 

a  l o w  o f  50% i n  t h e  a f te rnoon ,  60% i n  t h e  e a r l y  evening,  and a  h i g h  o f  

87% j u s t  b e f o r e  sun r i se .  



WIND SPEED AND MIXING RATIO 
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F ig .  4.1.5 Composited s u r f a c e  w ind  speed and m i x i n g  r a t i o  f o r  t h e  
Wangara Exper iment.  
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4 .2  Sur face  E n e r g y  Parameters . 

. . .. 

A. ~i u r n a l ~ h a r a c t e r i  s t i c s  
. . .  

The d i u r n a l  p r o f i l e s  o f  t h e  f o u r  components t h a t  make up t h e  

s u r f a c e  energy :  budget  a r e  p resen ted  i n  F i g s .  4.2. l a ,  b. P o s i t i v e  f l u x  

i.5 measured towards t h e  ground f o r  t h e  r a d i a t i o n  t e rm  and away f rom t h e  

ground f o r  th'e o t h e r  t h r e e  terms. The f i g u r e s  i l l u s t r a t e  how s e n s i b l e ,  

l a t e n t  ,and ground h e a t  f l u x  j o i n t l y  remove energy f rom t h e  s u r f a c e  

d u r i n g  t h e  day i n  o r d e r  t o  ba lance t h e  incoming r a d i a t i o n  and behave i n  

t h e  o p p o s i t e  d i r e c t i o n  a t  n i g h t .  T h i s  r e s u l t  compares f a v o r a b l y  t o  

s t u d i e s  b y  P h i l i p  (1957)) E l l i o t  (1964), Sasomari (1970) and S e l l e r s  

O f  t h e  f o u r  ene,rgy f l u x e s ,  t h e  ground hea t  f l u x  a ~ d  t h e  n e t  r a d i a -  
. . 

t i o n  p r o f i l e s  were t aken  d i r e c t l y  f rom t h e  measured da ta .  A l t h w g h  t h e  

n e t  r a d i a t i o n  i s  c o n s i d e r a b l y  l a r g e r  i n  magnitude t han  t h e  ground hea t  

f l u x ,  b o t h  f l u x e s  appear t o  behave i n  a  l i k e  manner. Ground hea t  f l u x  

i s  app rox ima te l y  one h a l f  as l a r g e  as n e t  r a d i a t i o n  a t  n i g h t  and one 

f o u r t h  as l a r g e  d u r i n g  t h e  day. Bo th  f l u x e s  have t h e i r  g r e a t e s t  nega- 

t i v e  va lues  s h o r t l y  a f t e r  sunset .  D u r i n g  t h e  d a y l i g h t  hours  t h e r e  seems 

t o  be a p r o p o r t i o n a l  r i s e  and f a l l  i n  magni'tude w i t h  t h a t  o f  t h e  s o l a r  

a l t i t u d e .  G r e a t e s t  va lues.  occur  near  l o c a l  noon. 

I n  F ig .  4.2.  l b ,  b o t h  s e n s i b l e  hea t  f l u x  and l a t e n t  hea t  f l u x  were 

c a l c u l a t e d  i n d i r e c t l y  f rom t h e  da ta .  Sens ib l e  h e a t  f 1  ux was c a l  c u l  a'ted 

f rom h o u r l y  nea r - su r f ace  tempera tu re  and w ind  g r a d i e n t s .  The equa t ions  

used i n ' t h i s  c a l c u l a t i o n  come f rom Bus inger  e t  a l .  (1971) and t h e  p roce-  

dure i s  demonst ra ted i n  t h e  Appendix. These equa t ions  were used i n  a  

s i m i l a r  form f o r  t h e  Wangara Exper iment  b y  P le lgare jo  and Deardor f f  
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(1974) arid Yamada and M e l l o r  (1975). A comparison w i t h  t h e i r  r e s e a r c h  

showed dayt ime va lues  i n  f a i r l y  good agreement, b u t  Me lga re j o  and 

. .  . ~ e a r d o r f f ' s  n i g h t t i m e  c a l c u l a t i o n s  were app rox ima te l y  1/2 t o  2/3 as 

I l a r g e  i n  magnitude (which t h e y  a l s o  s t a t e  t h e y  were t o  C l a r k ' s  unpub- 

1 i s h e d  measurements). I f  i t  i s  assumed (as suggested b y  C l a r k ,  - 1970) 

. ; t h a t  i n  a  d r y  s t a b l e  env i ronment  n o c t u r n a l  l a t e n t  hea t  f l u x  can be equal  

t o  ze ro ,  t h e n  a  l a r g e r  n e g a t i v e  v a l u e  o f  hea t  f l u x ,  as found  here ,  ' i s  

r e q u i r e d  t o  ba lance  t h e  measured va lues  o f  n e t  r a d i a t i o n  and ground h e a t  

f l u x .  (Th i s  assumes t h a t  t h e r e  i s  n o t  a  s u b s t a n t i a l  ' s t o rage  o r  advec- 

. t i v e  te rm. )  

I n  t h i s  research ,  l a t e n t  hea t  f l u x  was c a l c u l a t e d '  as a  r e s i d u e  o f  

t h e  h o u r l y  averages o f  t h e  t h r e e  o t h e r  components i n  t h e  s u r f a c e  energy 

budget.  As expected,  t h e  va lues  a r e  v e r y  sma l l ,  o r  zero,  d u r i n g  t h e  

n i g h t .  The p o s i t i v e  va lues  i n  t h e  morn ing hours  a re  suppor ted  b y  t h e  

i nc rease  i n  s u r f a c e  m o i s t u r e  s'hown i n  F i g .  4.1.4.  Except  f o r  t h e  p e r i o d  

s h o r t l y  a f t e r  s u n r i s e ,  va lues  o f  l a t e n t  h e a t  f l u x  remain s i g n i f i c a n t l y  

s m a l l e r  i n  magnitude t han  those  o f  s e n s i b l e  hea t  f l u x ,  a  'consequence o f  

t h e  d r y  s o i l  c o n d i t i o n s .  ,Sasamori (1970) has demonst ra ted t h a t  once t h e  

excess s o i l  m o i s t u r e  i s  evaporated,  an i nc rease  i n  s e n s i b l e  hea t  f l u x  

w i t h  an accompanying d e c l i n e  i n  l a t e n t  hea t  f l u x  i s  u s u a l l y  observed. 

B. F l u c t u a t i o n s  i n  t h e  Energy Parameters 

Net  r a d i a t i o n ,  ground f l u x ,  s e n s i b l e  hea t  f l u x  and s u r f a c e  tempera- 

t u r e  were  exarni ned f o r  r e  i a t i  ve d e v i a t i o n s  t rom t h e i  r normal d i u r n a l  

Lr-s~ld under e i g h t  d i f f e r e n t  weather  c a t e g o r i e s .  S ince  l a t e n t  h e a t  t l u x  

These c a t e g o r i e s  were chosen because o f  t h e i r  s i m i l a r i t y  t o  t hose  used 
by  a i r  p o l l u t i o n  modelers t o  p r e d i c t  l ow l e v e l  s t a b i l i t y  ( H o s l e r ,  
1961; Turner ,  1964 and Slade, 1968). 



. . 

was c a l c u l a t e d  as a r e s i d u e  o f  t h e  o t h e r  t h r e e  energy parameters ,  i t  was 

. n o t  s t u d i e d  here. The r e s u l t s  a r e  shown i n  F i gs .  4.2.2a-d. 

i 
I n  a l l  cases a  p o s i t i v e  d e v i a t i o n  means t h e  measured v a l u e  i s  more 

l. ' p o s i t i v e  i n  d i r e c t i o n .  Temperatures a re  warmer and c o o l e r  f o r  p o s i t i v e  . 

and n e g a t i v e  d e v i a t i o n s ,  r e s p e c t i v e l y .  A1 so, f o r  t h e  t h r e e  energy 

paramete rs ,  an enhancement i n  a b s o l u t e  f l u x  would  r e q u i r e  a  n e g a t i v e  

d e v i a t i o n  d u r i n g  t h e  n i g h t  and a  p o s i t i v e  d e v i a t i o n  d u r i n g  t h e  day. 

~ e s t  i n t e r p r e t a t i o n s  o f  these  graphs a r e  made b y  l o o k i n g  a t  con- 

t r a s t i n g  c a t e g o r i e s  ( i . e . ,  1 and 2, 3 and 4,  5 and 8  and 6  and 7).  

S ince  t h e  f l u x e s  a r e  a l l  l e s s  a t  n i g h t  t h a n  d u r i n g  t h e  day, r e l a t i v e  

d e v i a t i o n s  a r e  g e n e r a l l y  l a r g e r  f o r  t h e  n i g h t  da ta .  A lso ,  peaks near  

s u n r i s e  and sunse t  a r e  caused by  s i g n  change; i n  t h e  d i u r n a l  t r e n d .  A 

b r i e f  summary o f  t h e  r e s u l t s  i s  p resen ted  below. 

Sur face  tempera tu re  behaves i n  accordance w i t h  o u r  normal e x p e r i -  

ence (Trewar tha,  1968). A1 though 1  i t t l e  v a r i a t i o n  i s  no ted  f o r  a f t e r -  

noon terrlper.aLures, t h e r e  i s  l e s s  coo l  i n g  a t  n i g h t  under c l oudy  and windy 

c o n d i t i o n s  and more c o o l i n g  d u r i n g  calm, c l e a r  n i g h t s .  G r e a t e s t  dev ia -  

t i o n s  occur  j u s t  b e f o r e  sun r i se .  The con t inuous  n e g a t i v e  d e v i a t i o n  i n  

Category  8  c o u l d  a l s o  be t h e  r e s u l t  o f  a  d r y  a i r  mass beh ind  a  c o l d  

f r o n t .  

As expected,  n e t  r a d i a t i o n  shows a  d e f i n i t e  c l o u d  dependence w h i l e  

w ind  speed appears t o  have l i t t l e  o r  no e f f e c t  on r a d i a t i o n .  T h i s  c l o u d  

e f f e c t  w i l l  be i n v e s t i g a t e d  f u r t h e r  i n  t h e  n e x t  chap te r .  

As i n  i t s  d i u r n a l  c y c l e ,  r e l a t i v e  d e v i a t i o n  i n  ground f l u x  behaves 

v e r y  s i m i l a r l y  t o  t h a t  o f  t h e  n e t  r a d i a t i o n ;  a l t hough ,  w ind  c o n d i t i o n s  ' 

seem t o  have a  s l i g h t  e f f e c t .  The w ind  e f f e c t  (Category  3)  m igh t  

a c t u a l l y  be r e l a t e d  t o  t h e  su r f ace  tempera tu re  d e v i a t i o n .  S ince  ground 
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f l u x  i s  s e n s i t i v e  t o  t h e  tempera tu re  g r a d i e n t  j u s t  be low t h e  su r f ace ,  a  

n o c t u r n a l  warming t r e n d  as i n  Category 3,  F i g .  4 .2 .2a,  c o u l d  a l s o  cause 

l e s s  r e s u l t a n t  ground f 1  ux towards t h e  su r f ace .  (Phi  1  i p ,  1957). La rges t  

' d e v i a t i o n s  a r e  i n  Ca tegor ies  5  and 8. These c o u l d  be r e l a t e d  t o  e i t h e r  

n e t  r a d i a t i o n  o r  s u r f a c e  temperature.  

S ince  t h e  s e n s i b l e  hea t  f l u x  e q u a t i o n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  

t h e  s u r f a c e  w ind  speed (see Appendix), i t  i s  n o t  unexpected t o  no te  t h a t  

t h e  w ind  c a t e g o r i e s  dominate t h e  hea t  f l u x  d e v i a t i o n s .  I n  s p i t e  o f  

l a r g e  n o c t u r n a l  warming t r e n d s  i n  Ca tegor ies  3  and 5, t h e  l a r g e  .nega t i ve  

d e v i a t i o n s  i n  hea t  f l u x  show t h a t  t h e  l owe r  tempera tu re  g r a d i e n t  d i d  n o t  

reverse .  (Th i s  i s  f u r t h e r  suppor ted by  t h e  p e r s i s t e n c e  o f  t h e  su r f ace  

i n v e r s i o n  ment ioned p r e v i o u s l y . )  Cloud changes - and t h e  r e s u l t i n g  

i n f l u e n c e  on t h e  tempera tu re  lapse  r a t e  - d i d  have an e f f e c t  on a f t e r -  

noon hea t  f l u x  va lues  i n  Ca tegor ies  1 and 2. La rges t  d e v i a t i o n s  i n  

s e n s i b l e  hea t  f l u x  a r e  i n  Ca tegor ies  6 a d  7 where b o t h  w ind  speed and 

t h e  change . i n  tempera tu re  g r a d i e n t  c o u l d  be a f f e c t e d  t h e  most. 

4 .3  Chapter Summary 

I n  t h i s  chap te r ,  mean me teo ro l og i ca l  p r o p e r t i e s  o f  t h e  Wangara d a t a  

were examined and t h e  s i g n i f i c a n c e  o f  t h e  d i u r n a l  c y c l e  was emphasized. 

S p e c i f i c  d i u r n a l  c h a r a c t e r i s t i c s  o f  t h e  f o u r  components o f  t h e  s u r f a c e  

energy budget,  n e t  su r f ace  r a d i a t i o n ,  s e n s i b l e ,  l a t e n t  and ground hea t  

f l u x  were a1 so ill u s t r a t e d .  Evidence shows t h a t  b road -sca le  c l o u d  o r  

w ind  changes c o u l d  p o s s i b l y  . i n f l u e n c e  t h e  d i u r n a l  t r e n d  o f  t hese  para -  

meters  i n  a  p r e d i c t a b l e  manner. Good c o r r e l a t i o n s  occu r red  between 

c l oud iness  and n e t  r a d i a t i o n  and w ind iness  ,and s e n s i b l e  hea t  f l u x .  A 

p o s s i b l e  r e l a t i o n s h i p  between su r f ace  tempera tu re  'and ground hea t  f 1  ux 



. . was a l s o  i nd i ca ted .  F i n a l l y ,  . a s t r o n g  r e l a t i o n s h i p  between n e t  

r a d i a t i o n  and ground heat  f l u x  was noted. 

The f a c t  t h a t  t he  r a d i a t i v e  f l u x  i s  cons iderab ly  l a r g e r  i n  magni- 

tude than the  o t h e r  f l u x e s  supports the  importance o f  t he  r a d i a t i o n  term 

i n  t h e  energy -budget; hence, dev ia t i ons  i n  t h e  normal. t r e n d  cou ld  a f -  

f e c t ,  as shown above, the  o the r  terms as w e l l .  These dev ia t i ons  w i l l  be 
. . 

more c l o s e l y  s t u d i e d  i n  t he  nex t  chapter .  
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5. ' RESULTS: ANALYSIS OF NET RADIATION FOR THE WANGARA EXPERIMENT 

Chapter  3 desc r i bed  t h e o r e t i c a l  aspec ts  o f  n e t  r a d i a t i v e  f l u x  and 

" . suggested methods t o  i n d i r e c t l y  c a l c u l a t e  t h i s  . f l u x  f rom s u r f a c e - o b t a i n -  

, I  .ed m ~ t e . o r o l o g i c a l  parameters.  I t  i s  t h e  i n t e n t  o f  t h i s  c h a p t e r  t o  

de te rmine  how' a c c u r a t e l y  t h e  Wangara d a t a  can be pa rame te r i zed  by  t hese  

5 . 1  General Cloud E f f e c t s  on Net  R a d i a t i o n  

. ' Chapter 4 p resen ted  t h e  mean d i u r n a l  t r e n d  o f  t h e  n e t  s u r f a c e  

r a d i a t i o n  and demonstrated r e l a t i v e  d e v i a t i o n s  f r o ~ n  t h i s  p r o f i  l e  due t o  

c l oud iness  and winds. F i g u r e  5 . 1  f u r t h e r  i 11 u s t r a t e s  n e t  r a d i a t i o n  

1 changes under t h r e e  sky c o n d i t i o n s :  p e r i o d s  o f  c l o u d  f r e e  s k i e s  , 

p e r i o d s  t h a t  r e p o r t  s k i e s  a t  l e a s t  h a l f  c l o u d y  and p e r i o d s  w i t h  l e s s  

t h a n  h a l f  t h e  sky c loudy .  From t h i s  f i g u r e  i t  i s  no ted  t h a t  c l o u d  

i n f l u e n c e  i nc reases  more r a p i d l y  as c l o u d  cove r  inc reases .  T h i s  . i s  

d i scussed  f u r t h e r  i n  a  l a t e r  s e c t i o n .  

5 .2  I R  R a d i a t i o n  

Net  r a d i a t i o n  was examined, between t h e  n i g h t t i m e  .hours ,  1800 and 

0700 LST, i n c l u s i v e .  Th i s  enabled I R  r a d i a t i o n  t o  be s t u d i e d  indepen- 

d e n t l y .  

A. Net  I R  R a d i a t i o n  Under C lea r  Sk ies.  2 

The B r u n t  Equa t ion  d iscussed p r e v i o u s l y :  

A c r i t e r i o n  o f  c l o u d  cover  l e s s  t han  0 .5  t e n t h s  was used i n  o r d e r  
t o  o b t a i n  a  s u f f i c i e n t l y  l a r g e  da ta  sample. I t  i s  shown i n  a  f o l l o w -  

. . i n g  s e c t i o n  t h a t  t h i s  sma l l  c l o u d  cover  has v e r y  l i t t l e  e f f e c t  on 
. I R  r a d i a t i o n .  

Sec p r c v i o u s  f o o t n o t e .  



DIURNAL CHANGE IN NET RADIATION . -  

TIME (L  S T )  

Fig. 5 . 1  Influence of clouds.  upon Wangara r ad ia t ion  da ta .  Open c i r c l e s  
a r e  f o r  c l e a r  sk ies , ,  t r i a n g l e s  f o r  sk ies  < 5 t en ths  cloudy, 
and closed c i r c l e s  f o r  s k l e s  2 5 t en ths  cloudy. 



r e q u i r e s  o n l y  dry and wet  b u l b  temperatures f r om  t h e  i*langara d a t a  i n  

o r d e r  t o  eva lua te  n e t  I R  r a d i a t i o n  under c l e a r  s k i e s .  A method , o f  l e a s t  

squares was used t o  determine t h e  cons tan t s  f rom a  d a t a  sample o f  122 

measurements d u r i n g  t h e  n i g h t :  

b  = .050 5 ;010 

The.se va lues  c o i n c i d e  v e r y  w e l l  w i t h  t h e  post -1950 r e s u l t s  shown i n  

Tab le  3.1.2. The r e l a t i v e l y  smal l  s tandard  d e v i a t i o n s  can account  f o r  

e r r o r s  o f  .02 l y  m i n - I  (19%) i n  n e t  I R  r a d i a t i o n .  The f i t  t o  t h e  

Wangara d a t a  u s i n g  mean tempera tu re  and m o i s t u r e  measurements i s  shown 

i n  F i g .  5.2.1. 

A l though  t h e r e  i s  no easy way t o  judge t h e  accuracy o f  t h e  dayt ime 

p r e d i c t i o n s ,  t h e  n i g h t  r e s u l t s  appear accep tab le .  The I R  c o r r e c t i o n  

suggested i n  Chapter 3.1B t o  account  f o r  s u b s t a n t i a l l y  non -neu t ra l  

c o n d i t i o n s  , e s p e c i a l  l y  f o r  s t r o n g  dayt ime u n s t a b l e  c o n d i t i o n s  d u r i n g  t h e  

day, m i g h t  have improved t h e  r e s u l t s ;  b u t  w i t h o u t  p r o p e r  feedback con- 

c e r n i n g  t h e  accuracy o f  t h i s  approach, it. was deemed i m p r a c t i c a l  ' f o r  

t h i s  research .  

F o r  genera l  a p p l i c a t i o n ,  i t  i s  p o s s i b l e  t h a t  va lues  o f  t h e  con- ,  

s t a n t s  a  and b  a re  s u b j e c t  t o  seasonal changes i n  tempera tu re ,  mo i s tu re ,  

d u s t  and e s p e c i a l l y  s u r f a c e . c o n d i t i o n s  (B run t ,  1952). These e f f e c t s  may 

need t o  be i n v e s t i g a t e d  on a  s i t e - s p e c i f i c  b a s i s ,  a l t h o u g h  t h e  s i m i l a r i -  

t y  o f  t h e  Wangara r e s u l t s  t o  those  o f  t h e  more m o i s t  European c l i m a t e s ,  

suggest  t h a t  t h e y  do n o t  v a r y  g r e a t l y .  



NET. IR' RADIATION . .' 

UNDER CLEAR SKIES 

TIME (L S T )  

F i g .  5 . 2 . 1  S o l u t i o n s  t o  t h e  B r u n t  Equa t ion  f o r  t h e  Wangara Exper iment .  
The s o l  i d  cu rve  i 11 u s t r a t e s  t h e  p r e d i c t e d *  p r o ' f i  l e  o f  n e t  I R  
r a d i a t i o n .  under c l e a r  s k i e s ;  t h e  dashed cu rve  rep resen t s  
mean Wanqara measurements. 



B. C loud E f f e c t s  on I R  R a d i a t i o n  

Equa t i on  3.1.3: 
, . 

1 

and t h e  c a l c u l a t e d  va lues  o f  n e t  I R  r a d i a t i o n  under c l e a r  s k i e s  were 

used t o . s t u d y  t h e  c l o u d  e f f e c t  on I R  r a d i a t i o n .  The f o l l o w i n g  ques t i ons  

a r e  examined i n  t h i s  s e c t i o n :  

(1) How a c c u r a t e l y  does Eq. 3.1.3 r e p r e s e n t  t h e  Wangara da ta ,  and 

i s  ' I R  a t t e n u a t i o n  b y  c louds  a  1  i n e a r  o r  q u a d r a t i c  e f f e c t  (m = 1 o r  m = 

2)? 

(2) What a r e  t h e  c o e f f i c i e n t s ,  K, (K-va lues)  f o r  t h e  d i f f e r e n t  

c l o u d  t ypes  and how do t hey  compare t o  p r e v i o u s l y  o b t a i n e d  measurements? 

(3) Do K-va lues have a  n o c t u r n a l  v a r i a t i o n ?  

(4) Under l a y e r e d  c l o u d  c o n d i t i o n s ,  i s  i t  more accu ra te  t o  d i s -  

t i n g u i s h  each c l o u d  t y p e  (Eq. 3.1.4) o r  t o  e v a l u a t e  t h e  t o t a l  sky  cover  

as  a whole? 

Four teen  hours  o f  n i g h t t i m e  d a t a  were ana lyzed  b o t h  s e p a r a t e l y  b y  

hour  and f o r .  an average o f  t h e  e n t i r e  n i g h t . .  The da ta  were d i v i d e d ,  as 

p r e v i o u s l y  desc r i bed ,  i n t o  t h r e e  c a t e g o r i e s :  T o t a l  C louds , .  Only  Low 

Clouds and No Low Clouds. The number o f  samples a v a i  l ab1  e .  f o r  any 

p a r t i c u l a r  hour  and c l o u d  t y p e  have been p resen ted  i n  F i g .  4.1.1.  A 

computer -der ived l e a s t  squares f i t  was made f o r  b o t h  m = 1 and m = 2 t o  

de te rmine  t h e  K-va lues f o r  t h e  data.  I n  t h i s  computat ion,  r a d i a t i o n  

measurements' were g i v e n  more we igh t  when c l o u d  cover  was l e s s  t han  

two - t en ths  o r  g r e a t e r  t han  e i g h t - t e n t h s .  T h i s  was done. t o  a l l e v i a t e  



un rea l  i s t i c  r e s u l t s  caused b y  s c a t t e r  i n  t h e  m id - c l oud iness  r e g i o n .  
3 

S o l u t i o n s  f o r  average n i g h t t i m e  K-va lues a r e  p resen ted  i n  T a b l e .  5.2.1.  

Tab1 e  5 . 2 . 1  Average N i g h t t i m e  K-Val ues f o r  Wangara Data: 
i*, 

Cloud Category m K-Val ue 

. . 
T o t a l  Clouds 

On ly  Low Clouds 

-No Low Clouds 

One no tes  t h a t  t h e  s tandard  d e v i a t i o n s  o f  t h e  K-va lues a r e  a lmos t  

i d e n t i c a l  f o r  b o t h  .values o f  m. ( Th i s  i s  a l s o  t h e  case f o r  t h e  i n d i v i d -  

ua l  hours .  ) I n  b o t h  cases t h e  s o l u t i o n s  p r e d i c t e d  e f f e c t i v e  r a d i a t i o n  

t o  w i t h i n  a  15% accuracy under f i v e - t e n t h s  c l oud iness  and t o  o n l y  a  45% 

accuracy . under t o t a l  1  ow c l o u d  coverage. However, when f a d i  a t i  on mea- 

surements were p l o t t e d  on a  graph versus  c l o u d  cove r ,  i t  was found  t h a t  

qua1 i t a t i v e l y  t h e  q u a d r a t i c  s o l u t i o n s  f i t t e d  t h e  da ta  b e t t e r  t h a n  t h e  

1 i n e a r  r e s u l t s .  A s u b j e c t i v e  a n a l y s i s  showed t h a t  t h e  1  i n e a r  s o l u t i o n s  

c o n s i s t e n t l y  ' o ve res t ima ted  t h e  a t t e n u a t i o n  o f  n e t  I R  r a d i a t i o n  under  

s c a t t e r e d  c l o u d  c o n d i t i o n s :  t h i s  f avo red  a  h i g h e r  o r d e r  s o l u t i o n .  

These r e s u l t s  a r e  i l l u s t r a t e d  i n  F i gs .  5.2.2a-d f o r  f o u r  s e l e c t e d  t imes  

d u r i n g  t h e  n i g h t  ( l i n e a r  s o l u t i o n s  arc not. shown). 

Data p o i n t s  i n  t h e  m id -c loud iness  r e g i o n  were more s c a t t e r e d  and tend-  
ed towards l e s s  n e t  I R  r a d i a t i o n  t h a n  t h e  genera l  t r e n d .  A p o s s i b l e  
cause o f  t h i s  c h a r a c t e r i s t i c  i s  t h e  chance o f  an i s o l a t e d  i n c i d e n t  o f  
c l o u d s  d i r e c t l y  over  t h e  Funk rad iomete r  a t  S t a t i o n  5. As t h e  s k i e s  
become more c l oudy ,  t h e  s c a t t e r  reduces as t h e  l i k e l i h o o d  o f  c l ouds  
overhead f o r  a l l  t h e  s la t ' i o r i s  incrseases. 



CLOUD AMOUNT VS. IR RADIATION 

HOUR 19 HOUR 22 

TOTAL CLOUD 

-.2 -.I 0 .I .2 .3 -.2 -.I 0 .I .2 .3 

ONLY LOW CLOUD 

-.2 -.I 0 .I .2 .3 -.2 -.I 0 . I  .2 .3 

NO LOW CLOUD 

IR RADIATION (LY MINI)  IR RADIATION (LY MIN-'1 
a. b. 

Fig. 5.2.2a-d Solutions to Eq. 3.1.3. Curves are f o r  m = 2 and a K as 
ind icated i n  each graph. The dots represent measured 
data. 



CLOUD AMOUNT VS. IR RADIATION 

HOUR 4 HOUR 7 

TOTAL CLOUD ' 

-.2 -.I 0 . I  -2 -3 -.2 -..I 0 .I .2 .3 

ONLY LOW CLOUD 

-.2 - 1 0 -1 .2 .3 -.2 -.I 0 . I  .2 .3 

NO LOW CLOUD 

F ig .  5.2.2 (Continued) 



Four time periods are  presented i n  the  above f igures  t o  demonstrate 

the s imi l a r i t i e s  in the r e su l t s  for  each cloud category. The remaining 

night calcuf at ions were s imilar  t o  these solutions. A1 though K-val ues 

were obtained f o r  each hour, deviations between each hourly value were 

within the accuracy of the l e a s t  squares f i t  f o r  any par t icu lar  hourly 

calculation; hence, only the average K-values fo r  m = 2 found in Table 

5.2.1 will  be used i n  t h i s  report. 

As previously mentioned, a No Low Clouds category i s  used because 

t h e  Wangara data did not quantify middle and high clouds separately. 

However, the K-value obtained f o r  the No Low Clouds category i n  Table 

5.2.1 appears close t o  values one would expect fo r  middle clouds (see 

Table 3.1.3). In order t o  make a d is t inc t ion  between middle and high 
F 'a 
'!y!:.r?~ clouds, the en t i r e  fourteen-hour nighttime period was scanned for  hourly .. : % 

t,-.7, J 

. ,c%r~reports t h a t  recorded e i the r  only middle clouds or  only high clouds. 

Because of the limited data sample, a curve t o  represent the data was 

f i t t e d  subjectively. Figures 5.2.3a and b show the findings. The 
3 

- 3  ,Lc 6:;;- nonlinear e f fec t  ( m  = 2) is  again demonstrated. K-values obtained are: IJ T-+$ 

Middl e Cl ouds K = .64 1t .06 

High Clouds K = .51 + .09 

The K-values can now be compared t o  the previously obtained values 

i n  Table 3 .1 .3 .  The K-value for  Only Low Clouds, -89, i s  within the 

range given for  K l 0  i n  the table.  From the range in  values presented in  

the tab le ,  i t  can be assumed tha t  the thickness and type of cloud prob- 

ably i s  an important factor  when determining cloud attenuation. In the 

Wangara data,  low cloud overcast was often associated with the thicker  

C u  and Cb type clouds. This would require a higher attenuation coef- 

f i c i e n t  than for  a less  massive S t  or Sc t.ype cloud. For more precision 



MIDDLE CLOUDS VS. IR RADIATION 

Fig. 5 .2 .3a ,b  Same as Fig. 5.2.2, except f o r  middle and h igh clouds. 



HIGH CLOUDS VS. IR RADIATION 

Fig. 5.2.3 (Continued) 
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i n  d e t e r m i n i n g  K-va l  ues , more measurements o f  p a r t i c u l a r  t y p e  c l ouds  

under ove rcas t  s k i e s  need t o  be recorded.  

As suggested p r e v i o u s l y ,  t h e  K-va lue o b t a i n e d  f o r  t h e  No Low Clouds 

ca tego ry  a c t u a l l y  i s  an i n d i c a t i o n  o f  I R  a t t e n u a t i o n  b y  m i d d l e  c louds .  . 

I n  f a c t ,  t h i s  v a l u e  i s  i n  t h e  range o f  some o f  t h e  h i g h e r  m idd le  c l o u d  

(Kmi) f i g u r e s  g i v e n  i n  Tab le  3.1.3. As was suggested f o r  l ow  c l ouds ,  , 

t h e  p a r t i c u l a r  c h a r a c t e r i s t i c s  o f  t h e  m idd le  c l o u d  ( t ype ,  t h i c k n e s s ,  and 

base) m i g h t  be an i m p o r t a n t  c o n s i d e r a t i o n  when s t u d y i n g  t h e  e f f e c t  on 

e f f e c t i v e  r a d i a t i o n .  

The computa t ion  f o r  h i g h  c l ouds  i n  t h i s  r e p o r t  i s  h i g h e r  t h a n  t h e  

va lues  f rom Kond ra t yev ' s  r ev i ew  ( i n  Tab le  3.1.3).  Because o f  t h e  

s p a r c i t y  o f  h i g h  c l o u d  c e i l i n g s  g r e a t e r  t h a n  s i x - t e n t h s  (see F i g .  

5 .2 .3b) ,  i t  i s  p robab le  t h a t  t h e  K-va.lue was overes t imated .  A1 though a  

cu rve  was drawn t h a t  b e s t  r e f l e c t e d  t h e  da ta ,  i t  i s  p o s s i b l e  t h a t  an 

extreme K-value c o u l d  be es t ima ted  as l o w  as 0.25 (average f o r  

Kondratyev '  s  f i g u r e s )  f rom these  data.  

F i n a l l y ,  t h e  K-value f o r  t h e  ~ o t a l '  Clouds ca tego ry ,  0.80, appears 

t o  be a  mean between t h e  va lues  f o r  m idd le  and h i g h  c l ouds ,  0.64, and 

low c l ouds ,  0.89. (F i gu re  4.1.3 showed t h a t  a t  n i g h t ,  l ow  c l ouds  oc- 

c u r r e d  60% o f  t h e  t i n e  t h a t  broken c l o u d  c o n d i t i o n s  occu r red . )  T h i s  

de te rmi  n a t i o n  o f  a  mean K-va l  ue i s  s i m i l a r  t o  1  ong-term r a d i a t i o n  

s t u d i e s  t h a t  use mean a t t e n u a t i o n  c o e f f i c i e n t s  ove r  an a rea  (e .g . ;  

Kondratyev, 1965; Ber l yand ,  1970 and Kumor, 1978). H,owever, a  method t o  

determine a  mean K-value i s  suggested here  wh ich  would r e q u i r e  o n l y  

knowledge of  t h e  i n d i v i d u a l  c l o u d  t y p e  K-va lues and t h e  approx imate 

f requency of  occurrence o f  each t y p e  of  c loud .  . T h i s  p rocedure  can 



r e a d i l y  b.e p u t  t o  use i n  a  r e g i o n  where r a d i a t i o n  measurements have n o t  

been made, b u t  know1 edge of i n d i v i d u a l  c l o u d  f requency  e x i s t s .  

C. Accuracy o f  t h e  I R  Pa rame te r i za t i on  

! The f i n a l  i n v e s t i g a t i o n  i n  t h i s  s e c t i o n  i s  concerned w i t h  t h e  . 

a b i  1  i t y  o f  t h e  combined B r u n t  and c l o u d  a t t e n u a t i o n  equa t i on  t o  p r e d i c t  

. t h e  Wangara r a d i a t i o n  da ta .  The q u a d r a t i c  s o l u t i o n  (m = 2) was used and 

K-va l  ues were t r e a t e d  b o t h  s e p a r a t e l y  (Klo and Kno lo ) and as a  compos- 

i t e  va l ue  (KTot). I n  t h e  f i r s t  case, m idd le  and h i g h  c l ouds  were a g a i n  

t r e a t e d  as a  s i n g l e  ca tegory .  Standard d e v i a t i o n s  o f  e f f e c t i v e  r a d i  a- 

t i o n  a r e  p resen ted  i n  Tab le  5.2.2.  K-values o r  a '  comb ina t ion  o f  K- 

va lues  i n  t h e  t a b l e .  heading i n d i c a t e  t h e  fo rm o f  t h e  e q u a t i o n  used f o r  

t h e  t h r e e  c l o u d  cove r  s i t u a t i o n s  l i s t e d .  

Tab le  5 .2 .2  Accuracy Standard D e v i a t i o n  o f  t h e  I R  R a d i a t i o n  Equa t ions  

( I y  m i n - I ) .  

K-Val ues 

KTot = .80 Kno l o  = .64 

Cloud Type Presen t  Klo = .89 

Low Clouds .018 

M idd le  and H igh  
Clouds .018 

A l l  Clouds 

Fo r  a  n i g h t l y  mean n e t  I R  r a d i a t i o n  o f  .082 ( a l l  c o n d i t i o n s ) ,  t h e  

above p a r a m e t e r i z a t  iuri 'is dcc l i . ra te  t o  w i t h i n  20-2476. Iiowever as  n e t  IR 

r a d i a t i o n  ge t s  smal l e r  under more c l o i ~ d y  s k i e s ,  t h e  r e l a t i v e  accuracy 

decreases. Cons ider ing  t h e  s c a t t e r  i n  t h e  da ta  and t h e  r e l a t i v e l y  sma i l  

magnitude of  n e t  I R  r a d i a t i o n  measured under c l oudy  s k i e s ,  t h i s  e r r o r  i s  
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accep tab le .  Q u a l i t a t i v e l y ,  t h e  curves i n  F i gs .  5 .2 .2  and 5 .2 .3  f i t  t h e  

d a t a  v e r y  w e l l .  

Because o f  th,e s c a t t e r  i n  t h e  da ta ,  l i t t l e ,  can be conc luded con- 

\. c e r n i n g  t h e  advantage o f  u s i n g  an average K-va lue o r  a  comb ina t i on  o f  

K-values under l a y e r e d  c l o u d  c o n d i t i o n s .  S l  i g h t l y  more accuracy i s  

a c h i e v e d  w i t h  Kno lo ove r  KTOt when o n l y  m idd le  and h i g h  c l ouds  a re  

, p resen t ;  b u t  when severa l  c l o u d  types  a r e  p r e s e n t ,  a  composi te  va l ue  o f  

K ( K ~ ~ ~ )  produced b e t t e r  r e s u l t s  t han  an a d d i t i v e  e f f e c t  f rom t h e  i n -  

- d i v i d u a l  c l o u d  c a t e g o r i e s .  There can be seve ra l  reasons f o r  t h i s :  one 

p o s s i b i l i t y  i s  t h a t  t h e  u n c e r t a i n t y  i n  t h e  K-va lue f o r  b o t h  c l o u d  ca te -  

g o r i e s  c r e a t e d  an cumu la t i ve  e r r o r  i n  t h e  r e s u l t .  I t  i s  a l s o  p o s s i b l e  

t h a t  a  comb ina t ion  o f  c l ouds  p r e s e n t  must be t r e a t e d  as a  s i n g l e  e n t i t y  

and t h e r e f o r e  can n o t  be separated i n t o  i n d i v i d u a l  e f f e c t s .  In o r d e r  t o  

r e s o l v e  t h i s  prob lem,  more research  needs t o  be done t o  s t udy  t h e  e f f e c t  

o f '  c louds'  i n  comb ina t ion  w i t h  each o t h e r .  
- 

D. Summary 

T h i s  s e c t i o n  has shown t h a t  IR r a d i a t i o n  can be paramete r i zed  

h o u r l y  t h rough  r e l a t i v e l y  s imp le  equa t ions  r e q u i r i n g  o n l y  know1 edge o f  

su r f ace  tempera tu re  and mo i s tu re  and c l o u d  c o n d i t i o n s .  A1 though c l o u d  

a t t e n u a t i o n  c o e f f i c i e n t s  were de te rmined  f o r  low, m i d d l e  and h i g h  

c louds ,  t h e r e  appears t o  be enough d i v e r s i t y  i n  c l o u d  c h a r a c t e r i s t i c s  t o  

r e q u i r e  more, i n v e s t i g a t i o n s  on t h e  e f f e c t s  o f  s p e c i f i c  t y p e  c l ouds .  

O v e r a l l ,  t h e  use o f  a  mean K-va lue f o r  a  p a r t i c u l a r  a rea  w i l l  g i v e  a  

r.easunable est ' i r r~ate of n e t  IR r a d i a t i o n .  T h i s  r e i n f o r c e s  p r e v i o u s  

i n v e s t i g a t i o n s  concerned w i t h  r a d i a t i o n  s t u d i e s  ove r  1  onger p e r i o d s  o f  

t ime .  F o r  e i t h e r  l o n g  o r  s h o r t '  p e r i o d s ,  t h e  q u a b r a t i c  e f f e c t  o f  c l o u d  
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a t t e n u a t i o n ; ' i s  an i m p o r t a n t  c o n s i d e r a t i o n  when e s t i m a t i n g  t h e  r a d i a t i o n  
, .  . 

. . budget .  ' ' . : ' . 

5. 3  ~ e s i  dua3'. ~ ' a d i ' a t i o n  

, The I R .  pa rame te r i za ' t i on  d iscussed  i n  S e c t i o n  5 .2  was s u b t r a c t e d  
. . 

f r om  t h e  dayt ime n e t  r a d i a t i o n  measurements i n  o r d e r  t o  o b t a i n  a  r e s i d -  
. . 

u a l  r ad i a t i on . . '  T h i s  c a l c u l a t e d  r e s i d u a l  r a d i a t i o n  i s  assumed t o  c o n t a i n  

m o s t l y  SW r a d i a t i o n  p l u s  an a d d i t i o n a l  e r r o r  t e rm  f rom t h e  I R  parameter -  

i z a t i o n  d u r i n g  ' t h e  dayt ime. Fur thermore,  t h i s  r e s i d u a l .  r a d i a t i o n  i s  

examined w i t h  n e t  SW r a d i a t i o n  equa t ions  because o f  t h e  i n a b i l i t y  t o  

e s t i m a t e  su r f ace  a lbedo  f r om t h e  data.  

A .  Res idual  ~ a d i  a t i o h  Under C l e a r  Sk ies  

Be fo re  one c a n  d e s c r i b e  t h e  t u r b i d i t y  d u r i n g  t h e  Nangara e x p e r i -  
. . 

ment, i t  i s  f i r s t  necessary  t o  determine SW r a d i a t i o n  a t  t h e  t o p  and t h e  

bo t tom o f  t h e  atmosphere. The t o p  t h r e e  curves  shown i n  F i g .  5 .3 .1  were 

e v a l u a t e d  f rom Eq. .3.2.2 f o r  SW i n f l u x  t h rough  a  h o r i z o n t a l  s u r f a c e  a t  

t h e  t o p  o f  t h e  atmosphere. The curves  r e f l e c t  t h e  i nc rease  o f  s o l a r  

i n f l u x  d u r i n g  t h e  month o f  t h e  exper iment .  

W i t h  a  c o n s t a n t  s u r f a c e  a lbedo ,  a ,  o f  0.15 assumed, 
Qg , n  

( s o l a r  

r a d i a t i o n  absorbed hy t h e  ground) c o u l d  be conve r t ed  i n t o  Q ( s o l a r  
90 

r a d i a t i o n  r each ing  t h e  ground) and Eq. 3.2.3 c o u l d  t h e n  be used t o  

approx imate t u r b i d i t y  f rom t h e  r e s i d u a l  data.  A p r e l  i m i  na r y  a n a l y s i s  

u s i n g  t h i s  e q u a t i o n  r e s u l t e d  i n  t h e  o p t i c a l  a i r  mass, M, o v e r c o r r e t t i n g  
. , 

f o r  l ow  s o l a r  a1 t i  tude  ( t h e  t u r b i d i t y  c o e f f i c i e n t  decreased w i t h  s o l a r  

ang le ) .  I f  t h e  t u r b i d i t y  c o e f f i c i e n t  i s  assumed t o  be d i u r n a l l y  con- 

s t a n t ,  a m o d i f i c a t i o n  o f  M needs t o  be made. Houghton (1974) and 

Robinson (1962) have suggested such a  m o d i f i c a t i o n  f o r  M: 



DAYTIME RADIATION 
AT HAY, AUSTRALIA 

TIME ( L S T )  

Fig. 5.3.1 The change i n  SW influx a t  the top of the atmosphere i s  
shown i n  the t o p  three curves. The lower so l id  curve repre- 
sents the cornposited cycle of residual radiation a t  the 
surface fo r  the Wangara data with the e r ror  brackets as 
indicated for  each hourly average, the dash-dotted curve i s  
the solution of Eq. 5.3.1 for  Day 22. 



where x is  a combination of r r ,  r, and B i n  .Eq. 3.2.3, and l / s  i s  an 

empirical constant. Robinson f0und.a value of 1.25 for  s. 

A l eas t  squares evaluation of Eq. 5.3.1 for  a data sample of 62 
4 radiation .measurements under c lear  skies between the hours of 0800 and 

1700 LST, inclusive gives: 

x = 0.16 + .03 

s = 2.0 rt . 8  

The findings of t h i s  evaluation are i l lu s t r a t ed  i n  the bottom two 

curves of Fig. 5.3-1. The dash-dotted curve represents the predicted 

values fo r  Day 22 while the sol id curve shows the diurnal trend of the 

actual data w i t h  e r ror  brackets t o  indicate the standard deviation for  

each hour. These deviations are largely due t o  the monthly increase i n  

solar  influx. Both curves are assumed t o  go t o  zero a t  sunrise and 

sunset fo r  Day 22. 

A1 though the standard deviation of the coeff icients  could account 

for  up t o  a 35% error  in the radiation estimate under low sun angles, 

the a b i l i t y  of Eq. 5.3.1 t o  predict the Wangara measurements on an 

hourly basis i s  c lear ly seen in the graph. I t  would be interest ing t o  

t e s t  Eq. 5.3.1 with d i rec t  SW radiation measurements. I f  the solutions 

were s imilar ,  seasonal values of x need only be obtained t o  approximate 

the diurnal SW absorption by the ground. 

4 A cr i te r ion  of cloud cover less  than 1.5 tenths was used in t h i s  
section t o  obtain an adequate data sample. As a jus t i f ica t ion  for  
t h i s  c r i t e r ion ,  a comparsion was made between surface temperature, . 
moisture and net radiation for  to t a l ly  c lear  skies  and skies with 
cloud cover less  than 1.5 tenths which resulted in l i t t l e  or no change 
i n  values. 



Assuming t h e  residual radiation represents net SW radiation f a i r l y  

close under clear  skies ,  the magnitude of x, 0.16, indicates a medium 

turbid atmosphere fo r  Hay, Australia as  compared w i t h  values given by 

Flowers e t  a l .  (1969) in  Chapter 3.2A. This value would decrease 

s l igh t ly  i f  i t  ' i s  necessary t o  reeval'uate the magnitude of the surface . . .  . ..  
. 

t .  . 
a1 bedo upwards. 

. .  . 

In t h i s  section, no attempt i s  made t o  compare turbidi ty variations 

with moisture and dust. I t  i s  assumed tha t  generally with more clouds 

i'n the sky, there i s  more moisture in the atmosphere and the turbidi ty 

increases. This i s  parameterized i n  the next section as a cloud e f fec t  

rather than a change i n  turbidity.  

B. Cloud Effects on. the Residual Radiation. 

The primary goals of ' this section are: 

(1) To determine the practical l i  t y  of Eq. 3.2.4 t o  make a reason- 

able residual radiation prediction with clouds and t o  determine the 

degree of accuracy for  using the equation: 

QW 
= Qg0(1  - cnm) 3.2.4 

(2) To determine the coeff icient ,  C ,  (C-values) for  different  

cloud types and t o  see how they vary under a change i n  solar angle. 

(3) To determine values of m t ha t  best describe the data. 

Data were again separated into three cloud categories ; times w i t h  

approximately common solar  angles were combined into f ive  groups so tha t  

hours 12 and 13 were treated together, 11 and 14, 10 and 15, 9 and 16, 

and 8 and 17. The advantage of these combinations i s  tha t  cloud dis- 

t r ibut ions i n  the morning and afternoon could be t te r  complement each 

other. 



C-values for each cloud category were obtained from estimates of 

residual radiation under clear  and cloudy skies. Radiation values under 

clear  skies were calculated from Eq. 5.3.1 as an average of the two 

hours that  made up each group. Radiation values under cloudy skies were 
.7r 

determined from graphical extrapolation of the data w i t h  cloud cover T, -:;$ 
'. .A - a 

greater than eight-tenths. These resul ts  are displayed i n  Fig. 5.3.2 > - 

and Table 5.3.1. As a precaution for  possible errors  i n  the above 

analysis, a range of C-values was calculated from the data and are also 

presented i n  Table 5.3.1. 

The large range i n  calculated C-values could account for errors 

greater than 50% in the prediction of residual radiation under cloudy 

skies. For less  than cloudy skies, the accuracy of Eq. 3.2.4 i s  bet ter  

( t h i s  will be demonstrated shortly). The small magnitude of the radia- 

t ion and the individual characteristics of each cloud could be part ial  

reason for these wide ranges in values. Furthermore, the sample size 

for  overcast middle and high clouds was limited since the majority of 

afternoon overcast skies du r ing  the Wangara experiment consisted of low 

cumuliform clouds. More precise resul ts  could be obtained i f  only one 

cloud type i s  studied a t  a time rather than a cloud group; 'however, the 

relat ive location of the sun with respect tp the individual clouds will 

probably l imit  the ab i l i ty  to  predict solar attenuation by Eq. 3.2.4 on 

a short term basis. 

In sp i t e  of these limitations, some general observations can be 

made. In a l l  cloud categories attenuation changes l i t t l e  for  the three 

highest solar angles; hence, an average C-value for each category i s  

presented in Table 5.3.1. During these three periods, the observed 

attenuation for Total Clouds, 0.70, and Only Low Clouds, 0.74, compare 
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Fig. 5.3.2 A comparison between residual radiation measurements under 
clear sk ies  and under cloudy skies for three cloud catego- 
ries is presented. 



Table 5.3.1 C-Values f o r  Residual Radiat ion. 

Average 
Time Solar  A1 ti tude Tota l  Clouds Only Low Clouds No Low Clouds 
(LST) (Day 22) C-Val ue (Range) C-Val ue (Range) C-Val ue (Range) 

12&13 38' .70 (. 60-. 80) .73 (. 6 5 . 8 0 )  .67 ( .50-. 70) 

11&14 35O .72 (. 60-. 80) .74 (. 65-. 80) .68 (. 55-. 75) 

10&15 28' -69 ( .50-. 85) .74 (. 60-.85) .68 (.45-.75) 

Average OF t h e  Above .70 .74 .68 

9&16 1 9' .85 (. 55-. 90) .87 (. 60-. 90) .85 (.55-.90) ' 

8&17 7 O .95 (, 60-1.0) .95 (. 60-1.0) .95 (. 50-1.0) 



7 0 

favorably t o  those given for low clouds i n  Table 3.2.2. However, the 

figures given for No Low Clouds (probably containing Ac and As) were 

higher than. values for middle clouds previously suggested. Only the 

1 owest estimate (0.50) compared to  Kondratyev ' s values. For solar  

angles less  than 20°, the attenuation increases, but considerable un- . . 

certainty i n  C-values does not allow th i s  increase t o  be substantiated. . . 

C. Accuracy of the Net Radiation Parameterization During the Daytime 

In t h i s  section, solutions of the exponent, 'm, are chosen for  the 

f ive time combinations and comparisons are made between the two methods 

of using C-values in th i s  research. Since the previously derived para- 

meterization of IR radiation i s  included in these calculations, these 

resul ts  r e f l ec t  the ab i l i ty  for bo th  IR and residual radiation (approxi- 

mately equal t o  SW radiation) to  be parameterized. 

The exponential f i t  of Eq. 3.2.4 was calculated by using fixed 

radiation values from Fig. 5.3.2 for  clear  and cloudy skies. Standard . 

deviations were calculated for values of m between 1 ( l inear)  and 4 

(fourth ordered). This calculation i s  dependent upon the accuracy of 

the other procedures used i n  t h i s  parameterization. Therefore, a value 

of m was chosen for  each cloud category and time period because of i t s  

ab i l i t y  t o  substantially improve the f i t  of the next lowest value of m. 

Figures 5.3.3a-e i l l u s t r a t e  the resul ts  of t h i s  study. Solutions 

of m and C are  shown in each graph. The data points represent a resid- 

ual radiation as extrapolated from the net radiation measurements and a 

predicted value of IR radiation. 

In sp i t e  of the uncertainties i n  computing C-values, these graphs 

qualitatively indicate a good parameterization of the data. The best 

resul ts  appear to  exis t  for  the Total Clouds and Only Low Clouds 
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Fig.  5.3.3a-e Solutions t o  Eq. 3.2.4. Data points are determined from 
measured net radiation data arid E q .  3 . 1 . 3  for IR radia- 
t ion.  
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HOUR 10 81 15 HOUR 9 8 16 
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Fig. 5 . 3 . 3  (Continued) 



HOUR 8 & 17 
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Fig .  5.3.3 (Continued) 



, .  . c a t e g o r i e s  a t  t h e  h i g h e r  s o l a r  angles.  F o r  t h e  t i m e  p e r i o d ; c l o s e s t  t o  . . . . 

( .  .,. . . . 
. .  . s u n r i s e  and sunse t  t h e  r e l a t i v e  e r r o r  i s  l a r g e r  because t h e  magnitude o f  .' . ' . 

incoming r a d i a t i o n  i s  sma l l .  A l so  d u r i n g  t h i . s  t i m e ,  t h e  shape o f  i n -  

d i v i  dua l  c l ouds  p robab l y  becomes more i m p o r t a n t  t o  s o l a r  a t t e n u a t i o n  as 

a r e s u l t  o f  an i nc rease  i n  SW . s c a t t e r i n g  a t  l owe r  s o l a r  ang les .  . .  . 
. . 

Once a g a i n  an excess s c a t t e r  i n  t h e  d a t a  i s  n o t i c e d  i n  t h e  mid- 

c l oud iness  r e g i o n .  I t  i s  p o s s i b l e  t h a t  t h e  c l o u d  averag ing  techn ique  

used i n  t h i s  exper iment  c o u l d  d i s t o r t  'some o f  . t h e s e  measurements. 

S i g n i f i c a n t  d i f f e r e n c e s  i n  r ead ings  c o i l  d  r e s u l t  depending upon' whether  

o r  n o t  d i r e c t  s u n l i g h t  i s  r e a c h i n g  t h e  Funk rad iome te r  a t  'Stat ' i 'on 5. 

However, as t h e  d i s t r i b u t i o n  and c l o u d  cover  inc reased ,  t h i s  d i s t o r t i o n  

shou ld  be reduced. 

As p r e v i o u s l y  s t a t e d ,  t h e  r a t e  a t  wh ich  c l ouds  a t t e n u a t e  b o t h  I R  

and SW r a d i a t i o n  (as judged by  t h e  r e s i d u a l  r a d i a t i o n )  i s  l e s s  under 

s c a t t e r e d  c o n d i t i o n s  t h a n  f o r  b roken  sk i es :  a t t e n u a t i o n  i nc reases  . 

r a p i d l y  as t h e  sky becomes more ove rcas t .  T h i s  can e s p e c i a l l y  be seer1 

i n  F i g .  5.3.3 f o r  h i g h  sun ang les  and f o r  c l ouds  w i t h  h i g h e r .  bases. 

When t h e  sun i s  l owe r  i n  t h e  sky,  a t t e n u a t i o n  i nc reases  more f o r  l e s s  

c l o u d  cover .  Never the less ,  a  second o r d e r  s o l u t i o n  seems p l a u s i b l e  f o r  

t h e  t imes  j u s t  b e f o r e  s u n r i s e  and sunset .  

The accuracy o f  t h e  above curves  i s  summarized i n  Tab le  5.3.2.  

Standard d e v i a t i o n s  were c a l c u l a t e d  f o r  low c l ouds ,  no low c l ouds  and 

a l l  c l ouds  t o g e t h e r .  The s e l e c t e d  va lues  o f  m i s  p l a c e d  i n  parentheses 

n e x t  t o  each c a l c u l a t i o n .  F i n a l l y ,  a  mean r e s i d u a l  r a d i a t i v e  f l u x .  Qn, 

has been c a l c u l a t e d  f o r  each t i m e  p e r i o d  i n  o r d e r  f o r  r e l a t i v e  accura-  

c i e s  t o  be seen. 



Tab le  5.3 .2  Standard D e v i a t i o n  o f  Dayt ime Net  R a d i a t i o n  Equa t ions  

( l y  m i n - l )  and va lue  o f  (m). 

Time (LST) 

12  & 1 3  

on = .496 

11 & 14 

an = .427 

1 0  & 15  

qn = .332 

9  & 16 

on = .225 

8 & 17  

0, = .047 

I__ 

C-Val ues 

'no l o  = . 68  

and/or 
Clo = .74  

CTot = - 70 

'no 10 = . 6 8  
and/or 

Clo = .74  

CTot - .70  

'no 10 = . 6 8  

and/or 
Clo = . 74  

CTot = .70 

'no l o  = .85  

and/or 
Clo = .87 

CTot = .85  

'no l o  = .95  

and/or 
Clo = . 9 5  

Ctot  = . 95  

Cloud 

Low Clouds 

.098 (4)  
- - 

.085 (3 )  
- - 

.032 (2)  
- - 

.070 (2 )  
- - 

. 031  (2 )  
- - 

I 

Type Presen t  

M idd le  and 
H igh  c l ouds  

.074 (4)  
- - 

.077 (4)  
- - 

. O G G  ( 3 )  
- - 

.067 (2 )  
- - 

.031  (2)  
- - 

A1 1 
Clouds 

. I 1 8  (4 )  

.094 ( 4 )  

.098 ( 2 )  

.089 (3 )  

.087 (2 )  

. 0 9 1  (2 )  

.068 ( 2 )  

.070 (2 )  

.037 ( 2 )  

.037 ( 2 )  



. . 

On t h e  average, d e v i a t i o n s  o f  l e s s  t han  20% a r e  observed f o r  t h e  . 

. . 
p e r i o d s  near  noon. These amounts a r e  o f  t h e  same o r d e r  o f  magnitude as 

f o r  t h e  I R  pa rame te r i za t i on .  As be fo re ,  t h e  r e l a t i v e  e r r o r  i nc reases  as 

t h e  mean. r a d i a t . i o n  ge t s  s m a l l e r  e i t h e r  by  more c l o u d  a t t e n u a t i o n  o r  by  

l owe r  sun angle .  Standard d e v i a t i o n s  'are  app rox ima te l y  30% f o r  Hours 9 

. . and 16 and r i s e  s h a r p l y  up t o  80% f o r  Hours 8  and 17. A l though  t h e  No 

Low Clouds ca tego ry  does n o t  show any l a r g e r  e r r o r  t h a n  t h e  o t h e r  two 

c a t e g o r i e s ,  a  l a r g e r  da ta  sample, e s p e c i a l l y  under  near  c l oudy  s k i e s  

would p robab l y  g i v e  more c o n f i d e n t  r e s u l t s .  

I n  t h e  case where a l l  c louds  were examined t o g e t h e r ,  t h e  d i f f e r e n c e  

i n  accuracy between u s i n g  a  composi te C-value o r  a  comb ina t ion  o f  C -  

va lues  i s  app rox ima te l y  t h e  'same. As i n  t h e  d i s c u s s i o n  on c l o u d  a t t e n u -  

a t i o n  w i t h  I R  r a d i a t i o n ,  t h e  degree o f  s c a t t e r  i n  t h e  measurements and 

t h e  p o s s i b l e  cumu la t i ve  e r r o r  i n  t h e  C-values causes a  comparison t o  be 

u n r e l i a b l e .  I t  i s  hyp thes ized  t h a t  as Sn t h e  I R  s t udy ,  a  mean C-value 

f o r  t h e  month o r  season can be ob ta i ned  f r om t h e  c l i m a t o l o g i c a l  f r e -  

quency o f  t h e  c l o u d  types f o r  an area. 

D. Summary 

T h i s  s e c t i o n  has shown t h a t  t h e  Wangara d a t a  s e t  can be used t o  

paramete r i ze  n e t  r a d i a t i o n  t o  w i t h i n  20-30% d u r i n g  most t imes  o f  t h e  

day. A t u r b i d i t y  c o e f f i c i e n t  o f  0.16 was de te rmined  w i t h  t h e  assumpt ion 

t h a t  t h e  su r f ace  a lbedo remained d i u r n a l l y  c o n s t a n t  (.015). A l so ,  a  

f a c t o r  o f  was found t o  b e s t  r ep resen t  t h e  e x t i n c t i o n  o f  t h e  r e s i d u a l  

r a d i a t i o n  under c l e a r  sk i es .  Whereas an a t t e n u a t i o n  c o e f f i c i e n t  o f  0.74 

a t  h i g h  s o l a r  ang les  f o r  low c l ouds  was found t o  be comparable t o  o t h e r  

s t u d i e s ,  t h e  accuracy ob ta i ned  f o r  C-values a t  l ower  sun ang le  . o r  f o r  

h i g h e r  t ype  c l ouds  was l i m i t e d .  T h i s  degree of .  u n c e r t a i n t y  can p o s s i b l y  



. . . .  . . . 

be ' reduced i n  f u t u r e  s t u d i e s  i f ,  d i r e c t  SW r a d i a t i o n  i s  measured w i t h  . .  , . . 
. .  . 

. .  .: . .  . s p e c i f i c - t y p e  clouds. I t  i s  specu la ted  t h a t  i n  these  cases .a l a r g e r  .' 

d a t a  sample would p robab l y  reduce t h e  C-values .g iven  i n  t h i s  s tudy .  The 

v a l u e  o f  m m i g h t  . a l s o  be reduced s l  i g h t l y  a1 though t h e  nonl  i n e a r  e f f e c t  

o f  c l o u d  a t t e n u a t i o n  appears q u i t e  e v i d e n t .  . . .  . 
. . 

T h i s  n o n l i n e a r  e f f e c t  c o u l d  be o f  ma jo r  s i g n i f i c a n c e  t o  g l o b a l  

s u r f a c e  energy modelers.  I f  energy budgets  a r e  c a l c u l a t e d  under t h e  

assumpt ion t h a t  c l o u d  a t t e n u a t i o n  behaved i n  a  more l i n e a r  manner, an 

o v e r e s t i m a t i o n  o f  SW r a d i a t i o n  would occu r  under s c a t t e r e d  c l o u d  concii: 

t i o n s .  F i n a l l y ,  w i t h  more accu ra te  va lues  o f  m and C determined f o r  

d i f f e r e n t  c l  i m a t o l o g i c a l  r eg i ons ,  d i u r n a l  r a d i a t i o n  budgets  can t h e n  be 

c a l c u l a t e d  f o r  l a r g e  areas o f  t h e  g lobe  w i . t hou t ,  t h e  need f o r  d i r e c t  

measurements. 



. .  ( , .  . . .  . 
. .. . .  . T h i s  paper  has used t h e  h o u r l y  i langara boundary l a y e r  d a t a  t o  .'' . " 

s u b s t a n t i a t e  p r e v i o u s l y  d e r i v e d  e m p i r i c a l  equa t ions  o f  t h e  s u r f a c e  

r a d i a t i o n  , budget.8 These equa t ions  o n l y  r e q u i r e  measurements t aken  by  a  

s u r f a c e  observer  i n  o r d e r  t o  be eva lua ted .  A p a r a m e t e r i z a t i o n  was made 

f o r  IR , r a d i a t i o n .  Dayt ime r e s i d u a l s  were t h e n  determine'd f rom t h i s  

parameter; z a t i o n  s u b t r a c t e d  . f rom measured n e t  r a d i . a t i  on da ta .  T h i s  

r e s i d u a l  r a d i a t i o n  was assumed t o  r e p r e s e n t  n e t  SW: r a d i a t i o n  t o : a  h i g h  

degree. Res idual  was assumed t o  r e p r e s e n t  n e t  SW . r a d i a t i o n  t o  a  h i g h  

degree. Re;i dua l  r a d i a t i o n  was paramete r i zed  w i t h  equa t ions  d e r i v e d  f o r  

SW r a d i a t i o n .  D i u r n a l  t r e n d s  i n  r a d i a t i o n  and o t h e r  r e l a t e d  meteoro log-  

i c a l  parameters  were eva l  uated.  

For  IR r a d i a t i o n ,  t h e  B r u n t  Equa t ion  was found  t o  adequa te ly  r e p r e -  

sen t  e f f e c t i v e  r a d i a t i o n  w i t h o u t  c louds .  A t t e n u a t i o n s  (K-\val ues) o f  

0.89, 0 .64  and 0 . 5 1  were c a l c u l a t e d  f o r  low,  m idd le  and h i g h  c l o u d s ,  

r e s p e c t i v e l y .  Wh i l e  t h e  va lue  f o r  h i g h  c l ouds  was h i g h ,  t h e  va lues  f o r  

m idd le  and low c l ouds  were found  t o  be s i m i l a r  t o  p r e v i o u s  s t u d i e s .  A 

mean K-va lue o f  0.80 f o r  a l l  c l o u d  c o n d i t i o n s  was a l s o  de te rmined  and 

found t o  be w i t h i n  t h e  same degree o f  accuracy as t h e  i n d i v i d u a l  K- 

va lues.  I n  a l l  cases, c louds  were found  t o  i n f l u e n c e  IR r a d i a t i o n  

b e t t e r  q u a d r a t i c a l  l y  t h a n  1  i nea r l y . .  The e m p i r i c a l  equa t ions  used i n  

t h i s  r esea rch  were a b l e  t o  p r e d i c t  Wangara IR d a t a  t o  w i t h i n  20-24%. 

A m o d i f i c a t i o n  o f  B e e r ' s  Law was d e r i v e d  t o  e v a l u a t e  r e s i d u a l  

r a d i a t i o n  under c l e a r  s k i e s .  An average t u r b i d i t y  c o e f f i c i e n t  o f  0 .16 

was determined under t h e  assumption t h a t  t h e  sur' face a lbedo remained 

' d i u r n a l l y  c o n s t a n t  a t  0.15. T h i s  va l ue  i n d i c a t e d  a  .medium degree o f  

t u r b i d i t y  as  compared t o  v a l u e s  giver1 by F lowers e t  a l .  (1969).  A l so ,  



s i m i l a r  t o  r e s u l t s  b y  Robinson (1962), t h e  o p t i c a l  a i r  mass was found  t o  

cause an o v e r e s t i m a t i o n  o f  t h e  t u r b i d i t y  under l ow  sun ang les .  

The c l o u d  a t t e n u a t i o n  equa t i on  f o r  SW r a d i a t i o n  was found  t o  r e p r e -  

s e n t  t h e  r e s i d u a l  $ r a d i a t i o n  adequa te ly ,  a l t h o u g h  an a n a l y s i s  o f  a t t enua -  

t i o n  c o e f f i c i e n t s ,  C-values, p roved  i n c o n c l u s i v e .  A C-val  ue o f  0.74 f o r  

low c l ouds  a t  h i g h  s o l a r  angles was found t o  be i n  t h e  range o f  p r e -  

v i o u s l y  p u b l i s h e d  va lues ;  C-values a t  l ow s o l a r  ang les  and f o r  m idd le  

.. . and h i g h  c l ouds  were un rea l  i s t i c a l  l y  h i gh .  . . 

O f  c o n s i d e r a b l e  impor tance was t h e  f i n d i n g  t h a t  c l o u d  a t t e n u a t i o n  

o f  r e s i d u a l  r a d i a t i o n  behaved nonl  i n e a r l y .  Wh i le  s o l u t i o n s  as h i g h  as 

t h e  f o u r t h  o r d e r  f i t  t h e  da ta  a t  noon, q u a d r a t i c  s o l u t i o n s  f i t  we1 1  near  

sunset  and sun r i se .  O v e r a l l ,  r e l a t i v e  d e v i a t i o n s  d u r i n g  t h e  day. o f  t h e  

combi ned p a r a m e t e r i z a t i o n  were app rox ima te l y  20% a t  noon and j u s t  1  ess 

t han  30% f o r  p e r i o d s  up t o  one hour  b e f o r e  sunse t  o r  sun r i se .  P red i c -  

t i o n s  w i t l - i i n  these  one-hour p e r i o d s ,  however, con ta i ned  c o n s i d e r a b l e  

e r r o r ,  p a r t i a l l y  due t o  t h e  s c a t t e r  and smal l  magnitude o f  t h e  measure- 

ments. 
. . 

D i u r n a l  t r e n d s  i n  su r f ace  r a d i a t i o n  and o t h e r  meteor01 o g i  c a l  pa ra -  

meters  were e s t a b l i s h e d .  The impor tance o f  t h e  p e r i o d s  near  sunse t . and  

s u n r i s e  was c l e a r l y  e v i d e n t  s i n c e  many i m p o r t a n t  measurements changed 

s i g n  o r  p a t t e r n  a t  o r  near  these  t i m e  p e r i o d s  

A comparison between su r f ace  r a d i a t i o n  and t h e  o t h e r  t h r e e  s u r f a c e  

energy f luxes  ( s e n s i b l e ,  l a t e n t .  and ground hea t  f l u x e s )  was shown f o r  a  

mean d i u r n a l  t .rend and under v a r i a t i o n s .  o f  c l ouds  and w ind  speeds. A 

good c o r r e l a t i o n  was observed between r a d i a t i o n  and.ground f l u x .  

The Wangara d a t a  s e t  o f f e red  an o p p o r t u n i t y  t o  use r e l i a b l e ,  h i g h  

r e s o l u t i o n  da ta  t o  make, and v e r i f y ,  e m p i r i c a l  p r e d i c t i o n s  o f  t h e  



su r face  rad ia t ion  budget .  Many r e l a t i o n s h i p s  were es t ab l  i  shed, but  more . ' .  :' " 

. .  .,. . ... . ,  

. .  . .  
s t u d i e s  with da ta  of s i m i l a r  q u a l i t y  need t o  be completed before global . . 

parameter iza t ions  can be made with confidence. 

I 
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. . . . . .  . . . . 

.SENSIBLE HEAT FLUX CALCULATION 
. . . . . . .  

Methods' f o r  d e r i v i n g  s e n s i b l e  hea t  f l u x  f r om  near  s u r f a c e  
. . 

tempera tu re  . and. w ind  p r o f i l e s  have been developed b y  Bus i  nger  e t  a1 . 
, . 

. . 
(1971) and Paul son. (1970). These methods, wh ich  h a i e  t h e i r  f o u n d a t i o n  . . . . . , 

. . .  . . .  . . .  . . . .  

i n  :fvlonin-Obukhov S i m i l a r i t y  t h e o r y ,  r e q u i r e  h o r i z o n t a l l y  un i f o rm ,  f l a t  
. . . . 

. . . .  

t e r r a i n  and assume f l u x e s  t o  be cons tan t  w i t h  h e i g h t  i n  t h e  lower 'bound-  . . 

. . . . 
a r y  l a y e r  ( l owes t  50m). The procedure demonst ra ted i n  t h i s  s e c t i o n  has 

been used by  seve ra l  researchers  t o  s imul 'a te  s e n s i b l e  hea t  f l u x  f o r  
. . 

p a r t i c u l a r  days o f  . t h e  Wangara Exper iment  (e. g. ; D e a r d o r f f ,  1974; 

O r l a n s k i  e t  a1 . , 1974; P ie1  ke and Mahrer,  1975 and Yamada and Me1 l o r ,  

. . 
. . 

1. Equat ions 

S e n s i b l e  hea t  f l u x  for. p o s i t i v e  va lues  upwards can be w r i t t e ~ :  

where a i r  d e n s i t y  p = 1 . 3  x  g  ~ m - ~ ,  s p e c i f i c  hea t  o f  a i r  a t  con- 

s t a n t  p ressu re  Cp = .24 c a l  g  K - ~ )  u* (cm/sec) i s  t h e  f r i c t i o n  ve l oc -  

i t y  and 0* (K) i s  a  s c a l i n g  temperature.  (8* i s  n e g a t i v e ,  ze ro ,  and 

p o s i t i v e  f o r  uns tab le ,  n e u t r a l  and s t a b l e  l apse  r a t e s ,  r e s p e c t i v e l y .  ) 

Values o f  u* and 0* can be ob ta i ned  f rom t h e  i n t e g r a t i o n  o f  t h e  

nondimensional  temperature,  oh(z/L), and w ind ,  ( z L )  ) p r o f i  l e s  where: 

and 

and k ,  t h e  von Karman cons tan t ,  i s  equal  t o  0.4. 



. : . . .  . . 
. . 

~amad&:and  '. Me1 l o r  (1975) have adapted t h e  s o l u t i o n s  o f  t h e  above 

. . i n t e g r a t i o t i s ' ; f o r  t h e  Wangara da ta  as f o l l o w s :  

. . u x = k  ,u,/[I n(zm/zo) - ym] A- 4 

and e x  = . 1: . 35 k (€I2 - Bl)/[l n  z2/zl - lh] A- 5 
. . . . 

. . : : . . 

where i t  i s  suggeste'd t h a t  zo = 0.0012 m ( t h e  roughness h e i g h t ) .  'The . .  . :  . . .  . . 
. . 

s u b s c r i p t ,  ti, r e f l e c t s  e i t h e r  an average h e i g h t  o r  a  p a r t i c u l a r  h e i g h t  : .  . . 
. . .  
. . 

where s u r f a c e  w jnd  speed, : U, i s  measured (0 .5 ,  1, 2,  4, 8 ,  1 6  m). 
. . 

Values o f  62, el, z2,  and zl a r e  measured a t  t h e  h e i g h t s  where t h e  

su r f ace  tempera tu re  g r a d i e n t  was ob ta i ned  (2  and 1 m ) ;  

Ym and Yh a r e  'ob ta ined  f o r  b o t h  s t a b l e  ( f  > 0) and u n s t a b l e  (t 5 0) 

f l o w s  f r om t h e  i n t e g r a l s :  

f 2  
-1 . and h  

= 5 (1 - 1. 5 )  d[ 

f 1 

where h e i g h t s  a r e  t h e  same as those  used above and t h e  v a r i a b l e  [ i s  

de f i ned  as [ = z/L. The Monin-Obukhov l e n g t h ,  L, i s  expressed as: 

where g i s  g r a v i t a t i o n a l  a c c e l e r a t i o n  (9.8 m s - ~ )  and 0, i s  su r f ace  

tempera tu re  ca l c ' u l a t ed  f o r  t h e  h e i g h t ,  zo. The s o l u t i o n s  t o  Eqs. A-6 

and A - 1  a re :  

2 l n [ ( l +X ) / 2 ]  + l n [ ( l + x 2 ) / 2 ]  - 2 t a n - l ( ~ )  + n/2 [5O 
Vm = A-9. 

-4 .7  f,, f>O 



. . 
. . 

. . 
Bus inger  e t  $.. (1971) found t h e  va lues  X and Ytl ir 2) t o  be: 

. . I . .  . . . ... 5 
, .  :x! =. .(1-15,t) 4 A-11 

I I.. ~ r o c e d u r e  i .  : 
. . 

. . 
. . A l l  equa t ions  t h a t  a r e  needed t o  c a l c u l a t e  s e n s i b l e  hea t  f l u x  f o r  . . . . 

. . . 
r .  . . .  . . :  ' 

t h e  :\dangara . d a t a  a r e  now presented.  S ince t h e  v a r i a b l e  [ must be i n i -  
I. : 

t i a l  l y  ?s t imated ,  t h e  f o l  l ow ing  procedure i s  g i v e n  i n  t h r e e  i n t e r a t i v e  . .> . 
. . 

. . 
s teps  i n  o r d e r  t o  o b t a i n '  a  b e t t e r  es t ima te  o f  t h i s  va lue :  

1. An i n i t i a l  es t ima te  o f  L  i s  made. I t  i s  assumed t h a t  t h e  f l o w  
. . 

i s  s t a b l e  a t  n i g h t ,  uns tab le  d u r i n g  t h e  day, and n e u t r a l  near  s u n r i s e  

and sunset .    able A - 1  ' e x h i b i t s  t h e  i n i t i a l  e s t i m a t e  f o r  t h e  Wangara 

dat.a. These va lues  Were es t ima ted  w i t h  t h e  a i d  o f  graphs found i n  

Bu'singer e t  a l .  (1971). 

Tab le  A-1 .  I n i t i a l  Values o f  L  (m) .  

Time (LST) . L 

2. An average su r f ace  temperature g r a d i e n t  i s  o b t a i n e d  f rom t h e  

measured va lues  bet,ween I and 3 m and 3 and 4  rn, 

3 .  The s i g n  o f  L  i s  changed i f  i t  does n o t  conform t o  t h e  s t a b i l -  

i t y  o f  t h e  f l ow .  (L-  i n  nega t i ve  f o r  u n s t a b l e  tempera tu re  g r a d i e n t s . )  

4. Equat ions A-9 and A-4 a re  eva lua ted  f o r  t h e  w ind  speeds mea- 

sured a t  h e i g h t s  o f  0 . 5 ,  l, 2, and 4m. 
. . 



. . 
" 5. An average va lue  o f  u* i s  de te rmined  f rom t h e  f o u r  ,. ,: : 

. . .. . . .  . 
. .  . 

c a l cu ' l a t i ons .  . . 

6. Equa t ions  A-10 and A - 5  a r e  eva lua ted  f o ' r  t h e  h e i g h t s  between 1 

and 2  m. The tempera tu re  g r a d i e n t  de te rmined  i n  Step 2  i s  used f o r  €I2 - 
. '  . el. . A v a l u e  o f  8, i s  ob ta ined .  

, . 

7. The s e n s i b l e  h e a t  f l u x ,  H 0 ,  can now be c a l c u l a t e d .  

8. The Monin-Obukhov l e n g t h  i s .  t h e n  rede te rmined  (Eq.  A-8). 

9. Steps 4 t h rough  7 a r e  repea ted  two more ' t i m e s  u s i n g .  t h i s  new 

va.lue o f  L. 
. . 

T h i s  p rocedure ,  f o r  most cases s t u d i e d ,  showed a  convergence' f o r  L 

and Ho a f t e r  two o r  t h r e e  c a l c u l a t i o n s .  Resu l t s  f o r  t h e  s e n s i b l e  hea t  

f l u x  c a l c u l a t i o n  a r e  reasonab le  and a r e  s i m i l a r  t o  p r e v i o u s  c a l c u l a t i o n s  

as d iscussed  i n  Chapter  4. 




