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C H A P T E R  I

T H E  P R O B L E M  O F  S C A T T E R IN G  BY N O N -U N IF O R M  S U R F A C E S

A . In tr o d u c t io n

O ne o f th e  m a j o r  u n s o lv e d  p r o b le m s  of e le c t r o m a g n e t i c  th e o ry  

ss t h a t  o f th e  i n t e r a c t io n  of e le c t r o m a g n e t i c  r a d ia t io n  w ith  n o n - u n i f o r m  

s u r f a c e s ,  p a r t i c u l a r l y  th o s e  n a tu r a l  s u r f a c e s  th a t  c o n s t i tu te  th e  s u r 

f a c e  o f th e  e a r t h .  A p a r t  f r o m  i t s  i n t r i n s i c  i n t e r e s t ,  a  g e n e ra ]  s o lu t io n  

o f th is  p r o b le m  w o u ld  h a v e  m a n y  a p p l i c a t io n s ,  b o th  s c i e n t i f i c  a n d  

t e c h n ic a l .  A  c o m p le te  s o lu t io n  f o r  a l l  f r e q u e n c ie s  a n d  c l a s s e s  o f s u r 

f a c e  i s  o u t o f th e  q u e s t io n  a t  th e  p r e s e n t  t im e .  H o w e v e r ,  t h e r e  e x i s t  

c e r i a i n  g e n e r a l  r e l a t i o n s  b e tw e e n  th e  p r o p e r t i e s  o f th e  s u r f a c e  a n d  

th o s e  of th e  r a d i a t i o n  in  i n t e r a c t io n  w ith  i t .  T h e r e  a r e  a l s o  c e r t a i n  

r e s t r i c t e d  w a v e le n g th  i n t e r v a l s  a n d  c l a s s e s  o f s u r f a c e  f o r  w h ic h  

d e ta i l e d  s o lu t io n s  o f th e  s c a t t e r i n g  p r o b le m  m a y  b e  o b ta in e d .  I t i s  

th e  p u r p o s e  o f t h i s  s tu d y  to  d e r iv e  s o m e  o f th e s e  g e n e r a l  r e l a t i o n s ,  

a n d  to  c a r r y  o u t th e  d e ta i l e d  s o lu t io n  f o r  tw o  s p e c ia l  s u r f a c e s  of 

p r a c t i c a l  i n t e r e s t  in  th e  m ic r o w a v e  r e g io n .

B . T h e  T a x o n o m ic  P r o b l e m  a n d  th e  S c a t t e r in g  P r o b le m

T h e r e  a r e  tw o  m a j o r  d i f f ic u l t i e s  th a t  f a c e  th e  i n v e s t i g a t o r  of 

s u c h  p r o b l e m s .  T h e  f i r s t  i s  th a t  o f s o lv in g  th e  e le c t r o m a g n e t i c  

s c  s te e r in g  p r o b le m  f o r  a n y  p a r t i c u l a r ,  p r o p e r l y  s p e c i f i e d  n o n -  

u n i f o r m  s u r f a c e .  U n f o r tu n a te ly ,  p r e s e n t  t h e o r i e s  of s c a t t e r i n g  f r o m

1



i r r e g u l a r  s u r f a c e s  a r e  n o t  s u f f i c i e n t l y  w e l l  d e v e l o p e d  to  p e r m i t  a n  

e x a c t  s o l u t i o n  of th e  s c a t t e r i n g  p r o b l e m  e x c e p t  in  a  few  s p e c i a l  c a s e s .  

T h u s  a p p r o x i m a t e  s o l u t i o n s  m u s t  be  u s e d .

T h e  s e c o n d ,  a n d  in  s o m e  r e s p e c t s  th e  m o r e  d i f f ic u l t ,  p r o b le m  

i s  th a t  o f d e s c r ib in g  th e  s u r f a c e s  o f i n t e r e s t ,  o r  a t  l e a s t  o f c l a s s i 

fy in g  th e m  in to  c a t e g o r i e s  th a t  a r e  s ig n i f ic a n t  f o r  th e  s c a t t e r i n g  

p r o b le m .  T h e s e  c a t e g o r i e s  m a y  be c h o s e n  in tu i t iv e ly ,  on  th e  b a s i s  

o f th e  a p p e a r a n c e  o f th e  s u r f a c e ;  e x p e r im e n ta l ly ,  on th e  b a s i s  o f th e  

o b s e r v e d  c h a r a c t e r i s t i c s  o f  th e  i n t e r a c t io n  o f th e  s u r f a c e  w ith  r a d i 

a t io n ;  o r  on t h e o r e t i c a l  g r o u n d s ,  on  th e  b a s i s  o f  th e  k in d  o f m o d e l  

u s e d  to  r e p r e s e n t  th e  s u r f a c e  w h en  f o r m u la t in g  th e  s c a t t e r i n g  p r o b 

l e m .  I t  i s  c l e a r  t h a t  in  a n y  u s e f u l  ta x o n o m y , a l l  t h r e e  a p p r o a c h e s  

d io u ld  l e a d  to  th e  s a m e  g ro u p in g  o r  a s s o c i a t i o n  of t e r r a i n s .

A g o o d  id e a  o f th e  r a t h e r  p r i m i t i v e  s t a t e  o f th e  c l a s s i f i c a t i o n  

p r o b le m  a s  i t  a p p l ie s  to  th e  i n t e r a c t i o n  o f l ig h t  w a v e s  w ith  n a tu r a l  

s u r f a c e s  m a y  b e  h a d  f r o m  P e n n d o r f 's  r e v ie w 1 of K r in o v 's  r e f l e c t i v 

i ty  d a ta .  2 A t m ic r o w a v e  f r e q u e n c i e s ,  th e  s i t u a t io n  i s  s i m i l a r .** 

In d e e d  e v e n  th e  r e l a t i v e ly  s im p le  p r o b le m  o f  d e s c r ib in g  th e  s u r f a c e  

o f th e  s e a  i s  o n ly  n o w , * a f t e r  s e v e r a l  d e c a d e s  o f in te n s iv e  r e s e a r c h ,  

a p p ro a c h in g  a  s t a t e  th a t  i s  s u i t a b le  f o r  th e  s o lu t io n  of s c a t t e r i n g  

p r o b l e m s .
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C . T h e  R a le  o f M o d e ls

A s  a  c o n s e q u e n c e  o f  t h e s e  tw o  d i f f i c u l t i e s ,  i t  h a s  b e e n  c u s  

t o m a r )  to  a p p r o a c h  th e  p r o b l e m  o f c a l c u l a t i n g  th e  i n t e r a c t i o n  of 

e l e c t r o m a g n e t i c  r a d i a t i o n  w ith  s u c h  s u r f a c e s  by  th e  u s e  of m o d e l s .  

T h a t  i s ,  u s e  h a s  b e e n  m a d e  o f  i d e a l i z e d  s u r f a c e s  w h ic h  a r e  m o r e  

o r  l e s s  a m e n a b le  to  t h e o r e t i c a l  t r e a t m e n t ,  a n d  m o r e  o r  l e s s  r e p 

r e s e n t a t i v e  of th e  c a t e g o r y  of n a t u r a l  s u r f a c e  u n d e r  c o n s i d e r a t i o n .

N o t a l l  s u r f a c e s  c a n  b e  r e p r e s e n t e d  in  t h i s  w a y  a t  th e  p r e s e n t  t i m e ,  

b u t  f o r  t h o s e  w h ic h  c a n ,  th e  s p e c i f i c a t i o n  o f a  fe w  b a s i c  p a r a m e t e r s  

o f th e  s u r f a c e  ( w h ic h  m a y  b e  c h o s e n  o n  th e  b a s i s  o f  t h e o r e t i c a l  c o n 

v e n ie n c e  o r  e x p e r i m e n t a l  e v id e n c e )  w i l l  a l lo w  o n e  to  e s t i m a t e  th e  

i n t e r a c t i o n  o f  th e  s u r f a c e  w ith  r a d i a t i o n .

In  th e  p a s t ,  m o s t  s u r f a c e  m o d e l s  h a v e  f a l l e n  in to  o n e  o f  tw o  

c l a s s e s ,  d e p e n d in g  o n  w h ic h  o f  t h e s e  tw o  p r i n c i p a l  d i f f i c u l t i e s  t h e i r  

a u t h o r s  h a v e  w is h e d  to  c o n f r o n t .  In  th e  f i r s t  g r o u p 4 * S* 4 th e  m o d e l s  

h a v e  b e e n  c h o s e n  s o  a s  to  a v o id  th e  d i f f i c u l t i e s  o f  th e  s c a t t e r i n g  

p r o b l e m ,  b y  r e p r e s e n t i n g  th e  s u r f a c e  w i th  a s s e m b l i e s  o f  o b j e c t s  o f 

k n o w n  s c a t t e r i n g  p r o p e r t i e s  ( s p h e r e s ,  p o in t  s c a t t e r e r s ,  f a c e t s ,  e t c .  ) .  

T h e  n u m b e r ,  s i z e ,  e t c *  o f  t h e s e  s c a t t e r e r s  h a v e  p r o v i d e d  th e  p a r a m 

e t e r s  o f  th e  m o d e l s ,  t o  b e  f i t t e d  b y  r e c o u r s e  to  e x p e r i m e n t .  I n s o f a r  

a s  i t  h a s  b e e n  th e  a im  o f  s u c h  m o d e l s  to  p r e d i c t  th e  s t a t i s t i c a l  p r o p 

e r t i e s  o f th e  s c a t t e r e d  r a d i a t i o n ,  a n d  to  p r o v id e  e m p i r i c a l  f o r m u l a s
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f o r  i t s  a n g u l a r  d e p e n d e n c e ,  t h e y  h a v e  b e e n  q u i t e  s u c c e s s f u l .  H o w -  

e v e r ,  i t  i s  o f te n  r a t h e r  d i f f i c u l t  t o  r e l a t e  the  p a r a m e t e r s  of th e  m o d e l  

to  d i r e c t l y  o b s e r v a b l e  p r o p e r t i e s  o f  t h e  s u r f a c e .

T h e  s e c o n d  g ro u p  of m o d e ls^  ** h a v e  b e e n  a im e d  a t  p ro v id in g  

d e ta i l e d  s o lu t io n s  o f  c e r t a i n  w e ll  d e f in e d  s c a t t e r i n g  p r o b le m s ,  u s u a l ly  

o f th e  b o u n d a ry - v a lu e  ty p e , a n d  a r e  o f te n  o f g r e a t  t h e o r e t i c a l  i n t e r e s t .  

H o w e v e r ,  th e  l a c k  o f a n y  r e a l  r e s e m b la n c e  b e tw e e n  th e  m o d e l  s u r 

f a c e  a n d  th o s e  e n c o u n te r e d  in  p r a c t i c e  h a v e  m a d e  i t  d i f f ic u l t  to  a p p ly  

th e m  d i r e c t l y .

D . G e n e r a l  A p p ro a c h

In  c o n t r a s t  to  s u c h  m o d e ls ,  a n  e f f o r t  h a s  b e e n  m a d e  h e r e  to  

d e v e lo p  " c o m p le te "  m o d e ls  w h ic h , w h ile  s im p le  e n o u g h  to  p e r m i t  

th e  s c a t t e r i n g  p r o b le m  to  b e  s o lv e d  w ith  r e a s o n a b le  a c c u r a c y ,  s t i l l  

b e a r  a  c lo s e  r e s e m b la n c e  to  th e  a c tu a l  s u r f a c e  u n d e r  c o n s id e r a t io n .  

T h u s  th e  p a r a m e t e r s  o f th e  m o d e l ,  a n d  c o n s e q u e n t ly  th e  c h a r a c t e r 

i s t i c s  o f th e  s c a t t e r e d  r a d i a t i o n ,  m a y  b e  c a l c u l a t e d  f r o m  th e  s u r f a c e  

p r o p e r t i e s  a lo n e .  C o n v e r s e ly ,  o n c e  a  m o d e l  h a s  b e e n  v a l id a te d  b y  

s c a t t e r i n g  m e a s u r e m e n t s ,  i t s  p a r a m e t e r s  m a y  be u s e d  to  c l a s s i f y  

th e  s u r f a c e  in  a  r a t i o n a l  a n d  q u a n t i t a t iv e  w a y .

In  th e  n e x t  c h a p t e r  ( C h a p te r  II)  th e  s c a t t e r i n g  c o e f f ic ie n t s  a r e  

d e f in e d  f o r  a  g e n e r a l  s u r f a c e .  T h e  r e l a t i o n  b e tw e e n  th e m  a n d  s e v 

e r a l  p a r a m e t e r s  o f p a r t i c u l a r  i n t e r e s t  ( th e  b a c k - s c a t t e r i n g  c o e f f ic ie n t ,



th e  a b s o r p t io n  c o e f f ic ie n t ,  th e  a lb e d o )  a r e  d e r i v e d .  T h e  s c a t t e r i n g  

c o e f f ic ie n t s  f o r  tw o  " c o m p le te "  m o d e l  s u r f a c e s  a r e  th e n  w o rk e d  ou t 

in  d e t a i l .  O ne of th e  m o d e ls  i s  a p p l ic a b le  to  s l ig h t ly  ro u g h , c o n 

t in u o u s  s u r f a c e s ,  a n d  th e  o th e r  to  s u r f a c e s  c o v e r e d  w ith  v e g e ta t io n  

in  th e  f o r m  o f lo n g , th in  l o s s y  c y l i n d e r s .  In  C h a p te r  Q I th e  r e s u l t s  

a r e  a p p l ie d  to  th e  i n t e r p r e t a t i o n  o f  th e  r a d a r  r e t u r n  f r o m  t e r r a i n  

( b a c k - s c a t t e r i n g ) .

In  C h a p te r  IV , th e  r e c i p r o c i t y  p r o p e r t i e s  o f th e  s c a t t e r i n g  

c o e f f ic ie n t s  a r e  u s e d  to  d e r iv e  K i r c h h o f f 's  r a d i a t i o n  la w  in  a  f o r m  

w h ic h  t a k e s  a c c o u n t  o f th e  a n g u la r  d e p e n d e n c e  of th e  e m i t te d  r a d i 

a t io n ,  a n d  th e  p o l a r i s a t i o n  p r o p e r t i e s  o f th e  s u r f a c e .  T h e  r e s u l t s  

a r e  th e n  a p p l ie d  to  th e  i n t e r p r e t a t i o n  o f  m e a s u r e m e n t s  o f th e  a p 

p a r e n t  t e m p e r a t u r e s  o f s o m e  n a t u r a l  s u r f a c e s .
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C H A P T E R  II 

T H E  S C A T T E R IN G  C O E F F IC IE N T S

A . In tro d u c tio n

An a n a ly s i s  of th e  i n te r a c t io n  of e le c t r o m a g n e t i c  w a v e s  w ith  

n a tu r a l  s u r f a c e s  m a y  m o s t  c o n v e n ie n t ly  be  c a r r i e d  o u t in  t e r m s  of 

th e  d i f f e r e n t ia l  s c a t t e r in g  c o e f f ic ie n ts  of th e  s u r f a c e .  It i s  th e  

p u rp o s e  of th is  c h a p te r  to  d e r iv e  th e s e  c o e f f ic ie n ts  f o r  tw o p a r t i c 

u l a r  s u r f a c e  m o d e ls .  B e fo re  d o in g  s o ,  i t  i s  n e c e s s a r y  to  d e fin e  

th e m . A lth o u g h  m a n y  d i f f e r e n t  d e f in i t io n s  h a v e  b e e n  u s e d  in  th e  

p a s t  ( d i f f e r in g  c h ie f ly  in  th e  m a n n e r  in  w h ic h  n o r m a l i s a t i o n  w ith  

r e s p e c t  to  s u r f a c e  a r e a  a n d  s o l id  a n g le  w a s  c a r r i e d  o u t) th e  c o e f 

f ic ie n t  to  b e  u s e d  h e r e  i s  a  g e n e r a l i s a t i o n  o f o n e  f r e q u e n t ly  u s e d  in  

r a d a r - r e t u r n  w o r k ,17 C o n s id e r  a n  in f in i te  s u r f a c e ,  f o r m in g ,  on th e  

a v e r a g e ,  a  p la n e ,  a lth o u g h  o v e r  s m a l l  r e g io n s  i t  m a y  h a v e  a n y  c o m 

p le x i ty  of s t r u c t u r e  ( s e e  F ig .  1 ) .  If  r a d ia t io n  of in te n s i ty  1Q( w a t t s /  

m e t e r 1 ) f a l l s  a t  a n  a n g le  of in c id e n c e  6 0 a n d  a i i m u th  on a  g iv e n  

e le m e n t  o f s u r f a c e  a r e a  S , a n d  th e  in te n s i ty  o f th e  s c a t t e r e d  r a d ia t io n  

in  th e  d i r e c t io n  0g+s  a t  a  d i s t a n c e  R  f r o m  S i s  I s , th e n  th e  s c a t 

t e r in g  p a r a m e t e r  i s  d e f in e d  b y  th e  e q u a t io n

I oy( ^ o ! 0s^ s >S co> e o *  4 w r 1i s
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o r

( 2 )  v( ^o^o* ®s^s) = (4 i r R i Ig ) / ( I oS c o s 0 o ) .

In t h i s  s e c o n d  e x p r e s s i o n ,  the  n u m e r a t o r  i s  th e  t o t a l  p o w e r  w h ich  

w o u ld  be s c a t t e r e d  by  S i f  i t  s c a t t e r e d  i s o t r o p i c a l l y  i n to  4tt s t e r a -  

d i a n s  w i th  the  s a m e  i n t e n s i t y  a s  i t  d o e s  in  th e  s c a t t e r i n g  d i r e c t i o n ;  

th e  d e n o m i n a t o r  i s  th e  p o w e r  i n c i d e n t  on S; a n d  \  i s  t h e i r  r a t i o .

- y

F i g .  1. G e o m e t r y  of  the  s c a t t e r i n g  p r o b l e m .

F o r  th e  t y p e s  of r a n d o m  s u r f a c e  o f  i n t e r e s t ,  i t  w i l l  be  a s 

s u m e d  t h a t  I8 i s  p r o p o r t i o n a l  to  S, a n d  i n v e r s e l y  p r o p o r t i o n a l  to  

R 2 a t  s u f f i c i e n t l y  l a r g e  d i s t a n c e s  f r o m  S; u n d e r  t h e s e  c o n d i t i o n s  

y b e c o m e s  i n d e p e n d e n t  of  R  a n d  S, a n d  i s  a  c h a r a c t e r i s t i c  of th e  

s u r f a c e .  It  i s  c l e a r  t h a t  S, a n d  t h u s  th e  p r o j e c t e d  a r e a  of the
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i l lu m in a t in g  b e a m  of r a d ia t io n ,  m u s t  be m u c h  l a r g e r  th a n  an y  s i g 

n i f ic a n t  s t r u c t u r a l  f e a t u r e s  of th e  s u r f a c e  i f  y  i s  a l s o  to  be i n d e 

p e n d e n t o f th e  p a r t i c u l a r  a r e a  a t  w h ic h  th e  i l lu m in a t io n  i s  d i r e c t e d .

It i s  c l e a r  th a t  f o r  th e  g e n e r a l  s u r f a c e ,  V s h o u ld  r e f e r  to , 

a n d  i s  a  fu n c t io n  o f, th e  s p e c i f ic  s t a t e  o f p o l a r i s a t i o n  of b o th  th e  i n 

c id e n t  a n d  th e  s c a t t e r e d  r a d ia t io n .  A n y  tw o  o r th o g o n a l  p o l a r i z a t io n  

s t a t e s  m a y  b e  u s e d  f o r  th is  p u r p o s e .  In  th is  s tu d y ,  th e  c o n v e n tio n s  

a n d  t e r m in o lo g y  of e n g in e e r in g  u s a g e  h a v e  b e e n  c h o s e n ,  a lth o u g h  

th e y  a r e  s o m e w h a t  a m b ig u o u s .  T h e s e  p o l a r i z a t io n  s t a t e s  a r e  i n d i 

c a te d  v ia  th e  n o ta t io n :

I n c id e n t  W ave S c a t t e r e d  W ave

Vvy V e r t i c a l ly  P o l a r i z e d  V e r t i c a l l y  P o l a r i z e d

\ hh  H o r iz o n ta l ly  P o l a r i z e d  H o r iz o n ta l ly  P o l a r i z e d

^vh  V e r t i c a l l y  P o l a r i z e d  H o r iz o n ta l ly  P o l a r i z e d

VjjV H o r iz o n ta l ly  P o l a r i s e d  V e r t i c a l l y  P o l a r i z e d

T h e  w o rd s  " v e r t i c a l l y  p o la r i z e d "  r e f e r  to  a  w av e  w ith  i t s  

e l e c t r i c  v e c t o r  in  th e  p la n e  of in c id e n c e  ( p a r a l l e l  p o l a r i z a t i o n ) ; th e  

w o rd s  " h o r i z o n ta l ly  p o l a r i z e d "  r e f e r  to  a  w a v e  w ith  i t s  e l e c t r i c  

v e c to r  in  th e  p la n e  o f  th e  s u r f a c e  ( p e r p e n d i c u l a r  p o l a r i z a t i o n ) .

T h e r e  a r e  c e r t a i n  g e n e r a l  r e l a t i o n s h i p s  b e tw e e n  th e s e  f o u r  

s c a t t e r i n g  c o e f f ic ie n t s  t h a t  a r e  c o n s e q u e n c e s  o f th e  e l e c t r o m a g n e t i c  

r e c i p r o c i t y  t h e o r e m . * '  a  F o r  e x a m p le ,  c o n s i d e r  f i r s t  th e  s i tu a t io n

8



in  w h ic h  th e  in c id e n t  r a d ia t io n  is  h o r i z o n ta l ly  p o l a r i z e d ,  c o m e s  

f r o m  th e  d i r e c t i o n  ^ a s  I n te n s i ty  Iq a t  th e  s u r f a c e ,  a n d  h a s

a  h o r i z o n ta l  c o m p o n e n t o f  s c a t t e r e d  i n t e n s i t y  Ig in  th e  d i r e c t i o n  

M s  a * d i s t a n c e  R  f r o m  S . T h e n , f r o m  E q .  ( 2 ) ,

( 3 )  c M S o Y h h ^ o + o i  6 ^ , )  = 4wR2I g / (S I 0 ) .

N e x t c o n s id e r  th e  r e r e r s e  s i tu a t io n  in  w h ic h  h o r i z o n ta l l y  p o l a r i 

s e d  r a d i a t i o n  i s  in c id e n t  f r o m  th e  d i r e c t i o n  Gy^g, h a s  i n t e n s i t y  1q

a t  th e  s u r f a c e ,  a n d  p r o d u c e s  s c a t t e r e d  r a d i a t i o n  w ith  h o r i z o n ta l

$

c o m p o n e n t  o f  s c a t t e r e d  in te n s i t y  lg  in  th e  d i r e c t i o n  0^»4O a t  d i s 

ta n c e  R  f r o m  S . T h e n  f r o m  E q .  ( 2 ) ,

(4 )  c o s e , ^ ( e ^ g ;  e04 0 ) * 4 wri ib / ( s i 0 ) .

N ow , f r o m  th e  r e c i p r o c i t y  t h e o r e m ,  I # * I , .*  T h u s ,  f r o m  ( 3 )  a n d  

( 4 )  o n e  o b ta in s

( 5 a )  c o s ^ ,  Y hh(^>40 ; 0 ^ 4 ,)  ^ c o s ^ ^ ^ g i  ^ 4 Q) .

S i m i l a r ly ,  f o r  th e  o th e r  p o l a r i z a t i o n  s t a t e s ,

( 5 b )  c o s  eo \ v ( e^4 0 ; e ,4 g ) -  c o s  %  e#4 g 10O4 O)

( 5 c )  .  c o s  q , \ v ( 0 , 4 ,  i ^>40 )

(5d) co s 0O 6g4s) * co s  % yvy(*^4s» ^o^o) •

♦ S ee  A p p e n d ix  11.
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In  w h a t f o l lo w s ,  th e  c o e f f ic ie n t s  w il l  o f te n  be  w r i t t e n  in  th e  f o r m  

y ( o ,  s )  o r  Y ( s ,o ) .  H e r e  (o )  r e f e r s  to  th e  d i r e c t i o n  GW>0 a n d  ( • )  

r e f e r s  to  th e  d i r e c t i o n  6^^s ; th e  f i r s t  l e t t e r  o r  p a i r  o f a n g le s  w ith in  

th e  b r a c k e t s  r e f e r s  to  th e  d i r e c t i o n  f r o m  w h ic h  th e  r a d i a t i o n  i s  i n 

c id e n t ,  a n d  th e  s e c o n d  l e t t e r  o r  p a i r  o f a n g le s  r e f e r s  to  th e  d i r e c t i o n  

in to  w h ic h  th e  r a d i a t i o n  i s  s c a t t e r e d .

I t  ia  o f te n  c o n v e n ie n t  to  a c c o u n t  f o r  s p e c u l a r  r e f l e c t io n  ( a s  

f r o m  a  p la n e  s u r f a c e  o r  a  g r a t i n g ) ,  b y  in t r o d u c in g  Y 's w ith  th e  p r o p 

e r t i e s  o f d e l t a - f u n c t io n s .  T h is  r e p r e s e n t a t i o n  m a y  e a s i l y  b e  o b ta in e d  

b y  in te g r a t i n g  E q . ( I )  o v e r  s c a t t e r i n g  a n g le s  in  th e  v ic in i ty  o f th e  

s p e c u l a r  b e a m .

w h e re  dQs  i s  th e  e le m e n t  o f s o l id  a n g le .  N ow  th e  r i g h t  h a n d  s id e  

r e p r e s e n t s  th e  to ta l  p o w e r  in  th e  s p e c u l a r ly  r e f l e c t e d  b e a m , w h ic h  

m a y b e  w r i t t e n  a s  p ( o ,  s ) I 0 S c o s  6^,, w h e r e  p ( o , s ) , t h e  r e f l e c t i o n  

c o e f f i c i e n t ,  i s  J u s t  th e  f r a c t i o n  o f  p o w e r  in  th e  in c id e n t  b e a m  th a t  

a p p e a r s  in  th e  s p e c u l a r ly  r e f l e c t e d  b e a m .  T h u s  i f  Y ( o ,s )  h a s  th e  

f o r m  o f a  c o n s ta n t  m u l t i p l i e d  b y  6( 8 ^ -6 y p )6 (4 a ~4>jp) > w h e r e  6^p , 

<t»Bp  d e f in e  th e  s p e c u l a r  d i r e c t i o n ,  th e n
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A p p r o p r ia te  s u b s c r i p t s  m u s t  b e  s u p p l ie d  f o r  th e  fo u r  p o la r iz a t io n  

s t a t e s .

A s  a n  e x a m p le  of th e  u s e  o f th is  r e p r e s e n ta t i o n ,  one  m a y  c o n 

s i d e r  a  p e r f e c t l y  f l a t  s u r f a c e ,  w h e re  0yp * 6^ a n d  $ gp  * <̂ 0 +ir. T h e  

r e f le c t io n  c o e f f ic ie n ts  a r e  p j ^  * I R jJ * !  pyy  * | R y | 2 ; p y ^  * p ^ y  = 0; 

h e r e  R ^ a n d  R y  a r e  th e  F r e s n e l  c o e f f ic ie n ts  ( s e e  E q . ( 8 0 ) ) .

T o  c o n c lu d e  th is  s e c t io n ,  c e r t a i n  c o m m o n ly  u s e d  p a r a m e t e r s  

w il l  b e  e x p r e s s e d  in  t e r m s  of th e  Y 's . T h e  f i r s t ,  th e  " r a d a r  c r o s s -  

s e c t io n  p e r  u n i t  a r e a  of t e r r a i n " ,  d e s ig n a te d  in  th e  l i t e r a t u r e 11 b y  

<rQ, i s  fo u n d  f r o m

' o W  * CO.

an d  m a y  r e f e r  to  a n y  o f th e  f o u r  p o l a r i z a t io n  c o m b in a t io n s .

T h e  a lb e d o  of a  s u r f a c e  u s u a l ly  r e f e r s  to  th e  f r a c t io n  of i n 

c id e n t  r a d ia t io n  o f  r a n d o m  p o la r i z a t io n  r e s c a t t e r e d  b y  th e  s u r f a c e  

f o r  a  b a n d  o f f r e q u e n c ie s  in  th e  o p t ic a l  r e g io n .  H e r e  th e  a lb e d o  

A i s  d e f in e d  a s  th e  f r a c t i o n  o f th e  p o w e r  in c id e n t  o n  th e  s u r f a c e

f r o m  th e  d i r e c t i o n  (\>$0 ( a t  a  s p e c i f ic  p o la r i z a t io n  a n d  f r e q u e n c y )
♦

th a t  i s  r e s c a t t e r e d .  W ith  th is  d e f in i t io n  th e  a lb e d o  i s
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so  th a t ,  f r o m  E q . ( 1 ) ,  ta k in g  a c c o u n t  o f Lhe p o la r i z a t io n  p r o p e r t i e s  o f 

th e  s u r f a c e ,  th e  a lb e d o  A y tG ^  ) f o r  v e r t i c a l l y  p o l a r i z e d  in c id e n t  

r a d ia t io n  is

( 7 a )  AV(0O4>O) * (4w ) 1 J  [ > W ( o , s )  + Yv h ( o ,  s ) j  c t t 8 .

T h e r e  i s  a c o r r e s p o n d in g  e x p r e s s io n  f o r  h o r i z o n ta l ly  p o l a r i z e d  in c i -  

d e n t  r a d ia t io n

(7 b )  A h (90+ 0 ) = ( 4ir> " l  + 7h v ( o , . ) ] d O ,  .

A n o th e r  s u r f a c e  p a r a m e t e r  o f i n t e r e s t  i s  th e  a b s o r p t io n  c o e f f i 

c ie n t  ( a ) ,  d e f in e d  h e r e  a s  th e  f r a c t i o n  of p o w e r  (o f  a  g iv e n  p o l a r i 

z a t io n  a n d  f r e q u e n c y )  in c id e n t  on  th e  s u r f a c e  f r o m  th e  d i r e c t i o n  0O$ O 

th a t  i s  a b s o r b e d  b y  th e  s u r f a c e .  C l e a r ly ,  f o r  th e  ty p e s  of s u r f a c e s  

c o n s id e r e d  h e r e ,  w h ic h  a r e  a s s u m e d  to  b e  th ic k  e n o u g h  s o  th a t  n o  

e n e r g y  i s  t r a n s m i t t e d  th r o u g h  th e  b o d y  th e y  d e f in e ,  th e  a b s o r p t io n  

c o e f f ic ie n t  i s  j u s t  u n i ty  m in u s  th e  a lb e d o ,

(S a )  *h(«W >o) * * '

( 8 b )  a v (^0$0^ *  ̂ “ A y( ’

B . T h e  S l ig h t ly  R o u g h  S u r f a c e

T h e  f i r s t  s u r f a c e  m o d e l  f o r  w h ic h  th e  s c a t t e r i n g  c o e f f ic ie n t s  

w ill b e  c a lc u la t e d  in  d e ta i l  i s  one  th a t  m a y  b e  c a l le d  th e  " s l i g h t ly
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r o u g h  s u r f a c e . "  T h is  i s  a p r a c t i c a l l y  p lane  s u r f a c e  in w h ic h  the 

s lo p e  is  e v e r y w h e r e  m u c h  l e s s  th a n  u n i ty ,  a n d  f o r  w h ich  the  m a x i 

m u m  h e ig h t  a b o v e  the  m e a n  p la n e  s u r f a c e  is  m u c h  l e s s  t h a n  a w a v e 

l e n g t h .  The  s u r f a c e  m a y  be d e s c r i b e d  f o r m a l l y  by g iv in g  i t s  

e l e v a t i o n  z = f{ x y )  a t  e v e r y  p o in t  in the  x - y  p l a n e  { s e e  F i g .  2 ) .

| Z

Incident  Wave 
g - i k ( x S i n 0 o - z  Cos 0O) S c a t t e r e d  Wave 

o - i a

- y

F ig .  2 . S c a t t e r in g  f r o m  a  s l ig h t ly  ro u g h  s u r f a c e .

Now if  a t t e n t i o n  i s  c o n f in e d  to  a l a r g e  s q u a r e  of  s i d e  L», the

a l t i t u d e  m a y  be  e x p a n d e d  i n  a  F o u r i e r  s e r i e s

00 00

( 9 )  z - f ( x , y )  = y  ^  P ( m , n )  e x p  [ - i a ( m x + n y ) J  .
-0 0  -0 0

a = 2,ir / L  m , n  i n t e g e r s  

w h e r e ,  b e c a u s e  f i s  r e a l ,  P ( m , n )  = P * ( - m ,  - n ) .  T h e  i n t e r e s t  h e r e

i s  no t  in  r e g u l a r  s u r f a c e s  of  a  p e r i o d i c  t y p e , 14 b u t  r a t h e r  i n  r a n d o m l y  

r o u g h  s u r f a c e s ;  th e  F o u r i e r  d e c o m p o s i t i o n  p e r m i t s  a s t r a i g h t f o r w a r d

1 3



d e f i n i t i o n  of w h a t  i s  m e a n t  by  r a n d o m n e s s .  A c c o r d i n g  to  S. O. R ic e  

th e  s u r f a c e  i s  c o n s i d e r e d  a  r a n d o m  one  i f  a n  a v e r a g e ,  d e s i g n a t e d  by 

< >, o v e r  a n  in f in i t e  s e t  of s u c h  e l e m e n t s  of s i d e  L. l e a d s  to  th e  f o l 

l o w in g  p r o p e r t i e s  of  the  c o e f f i c i e n t s ;

(1 0 )  < P ( m ,  n}>  = 0

w h ic h  im p l ie s  th e  r a n d o m n e s s  o f th e  in d iv id u a l  c o e f f i c i e n t s ;

(1 1 )  < P ( m , n )  P * ( m ,  n ) >  -  (w /L )*  W (p ,q )

p  = 2 w m /L  q  = Z irn /L

w h ic h  im p l ie s  th a t  th e  a v e r a g e  e x i s t s ,  a n d  d e f in e s  th e  s p e c t r a l  d e n 

s i t y  fu n c t io n  W (p , q ) f o r  th e  s u r f a c e ;  a n d  f in a l ly

(1 2 )  < P ( m ,  n )  P (  u , v ) > = 0 m ^ - u  n ^ - v  ,

w h ic h  im p l i e s  th e  in d e p e n d e n c e  o f th e  in d iv id u a l  c o e f f i c i e n t s .  It is  

a l s o  c o n v e n ie n t  to  d e f in e  th e  m e a n  s q u a r e  s u r f a c e  r o u g h n e s s ,

(1 3 )  ~z? * < f * ( x ,y ) >

i t  b e in g  a s s u m e d  th a t  th e  m e a n  s u r f a c e  e le v a t io n  i s  z e r o ,  i . e . ,  

< f ( x , y ) >  -  0 . T h e  c o r r e l a t i o n  fu n c t io n  p ( £ ,q )  f o r  th e  s u r f a c e  i s  

d e f in e d  by

( 1 4 )  P p  < £ ,q )  = < f ( * 4 £ , r+ n )  i ( * r ) >  ,

i . e . ,  p ( o ,o )  = 1 . T h e  fu n c t io n s  ~z*p{fc,q) a n d  W (p q ) a r e  th e  F o u r ie  

t r a n s f o r m s  of e a c h  o t h e r .
14



T he s c a t t e r in g  f r o m  su c h  a  s u r f a c e  i s  c a lc u la te d  bv a p e r 

tu r b a t io n  m e th o d  in tr o d u c e d  by  R a y le ig h /*  a n d  e x te n d e d  to  th e

is  1*
e le c t r o m a g n e t ic  c a s e  in  d e ta i l  by  S. O. R ice  a n d  o th e r s .  I t 

i s  b a s e d  upon  a n  e x p a n s io n  of th e  s c a t t e r e d  f ie ld  in to  a  s e r i e s  of 

p la n e  w a v es  E ( m ,n ;  z j e 1̂ ,  w h e r e ,  in  th e  n o ta t io n  of R ic e ,  w h ich  

w ill  b e  fo llo w e d  a s  f a r  a s  p o s s ib le  in  w h a t fo l lo w s ,

E ( m , n ; z ) *  e x p  f - ia (m x + n y )  - i b ( m , n ) z j  
f l
£lC2 -a * m *  - a 2n*J m 2 +n2< K 2/ a 2

115) b ( m ,  n) * '
- i ^ a ^ m 1 +a2n 2 m 2 +n2 > K 2 / a a

In th e  s im p le s t  c a s e ,  in  w h ich  th e  s u r f a c e  i s  a  p e r f e c t  c o n d u c to r ,  

an d  th e  in c id e n t  w ave  i s  h o r iz o n ta l ly  p o la r iz e d ,  th e  to ta l  e l e c t r i c  

f ie ld s  in  th e  r e g io n  ab o v e  th e  s u r f a c e  m a y  b e  w r i t te n

m

E x  = A n jn  E ( m ,n ;  z)
*00

(1 6 )  E y  x 2i s in (K z  c o s  8 0 ) ex p ( - iK x  s i n S o ) ^ ^  B m n E ( m ,  n ; z )

E z x 'Y  c m n  E ( m , n ; z )

w h e re  th e  f i r s t  t e r m  in  E y  i s  j u s t  th e  s u m  o f th e  in c id e n t  a n d  s p e c 

u l a r l y  r e f l e c te d  w a v e s  f o r  a  p e r f e c t ly  f l a t  s u r f a c e ,  a n d  A , ^ ,  B ^ ,  

C m n  a r e  th e  a m p l i tu d e s  of th e  s c a t t e r e d  w a v e s  ( r e l a t i v e  to  a n  i n 

c id e n t  w av e  of u n i t  a m p l i tu d e ) .  T h e  h o r iz o n ta l  c o m p o n e n t o f th e
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s
s c a t t e r e d  f i e l d  E^  in t h e  d i r e c t i o n  s p e c i f i e d  by t h e  i n t e g e r s  m , n ,  i s  

t h e n

(1 7 )  E h ( m , n )  = ( - Am n  s in  <|>s + B m n  c o s  <t>s ) E ( m , n ; z ) ;  

the  c o r r e s p o n d i n g  v e r t i c a l  c o m p o n e n t  of the  s c a t t e r e d  f ie ld  is

g
(1 8 )  E y ( m ,  n) = ( - A m n  c o s 0 g cos  <(iB -  ® m n c o s  9 a s in  <J>8

+ C m n  s in  ®g ) E ( m ,  n ;  z) .

To  e v a l u a t e  the  s c a t t e r i n g  c r o s s - s e c t i o n s  f o r  the  s u r f a c e  i t  i s  

c o n v e n i e n t  to  a v e r a g e  o v e r  a  s m a l l  r a n g e  of s o l i d  a n g l e s .  By c o m 

p a r i n g  e q u i v a l e n t  e x p r e s s i o n s  f o r  a  p la n e  wave  s p e c i f i e d  by the  

i n t e g e r s  ( m , n )  o r  the  s c a t t e r i n g  a n g le s  ( 0 8<t>s ) i  one f in ds  t h a t  

a m  = K s i n  0 a c o s  $ 8 ; a n  = K s i n  9S s i n  4»s . C o n s e q u e n t l y  the  d i f 

f e r e n t i a l  u n i t  of  s o l i d  a n g le  m a y  be  found  by e v a l u a t i n g  the  J a c o b i a n  

of the  t r a n s f o r m a t i o n ,  to  g ive

(1 9 )  d f l B = s i n  9g d08 d ^ g = ^ c o s  08J~I d( a m / K )  d( a n / K ) ,

w h e r e  th e  d i f f e r e n t i a l s  d ( a m / K )  a r e  s m a l l  in  the  l i m i t  L-»oo. T h u s  

the  p o w e r  P S s c a t t e r e d  by  th e  s u r f a c e  p e r  u n i t  s o l i d  a n g le  in  the  

d i r e c t i o n  08<t>5 i s ,  f o r  h o r i z o n t a l  p o l a r i z a t i o n ,

(2 0 )  P h  = ^ | E ^ ( m , n ) |  L* c o s  9g

= ^  ( K /a ) 2 c o s \  I -A ^ s in ^ g + B jn n c o s  <}>8 | 2L2
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w h e r e  z Q i s  th e  i m p e d a n c e  of f r e e  s p a c e  a n d  w h e r e  the  s u m m a t i o n  

of th e  Am n  a n d  B m n  o v e r  a  s m a l l  r a n g e  Am An of m  a n d  n h a s  

b e e n  a p p r o x i m a t e d  b y  t h e i r  m e a n  v a l u e s  m u l t i p l i e d  by  th e  i n t e r v a l s .

K e e p in g  in  m in d  th e  d e f in i t io n  of y  a n d  Ph# &nd th e  f a c t  th a t  th e  

in c id e n t  w av e  h a d  u n it  f ie ld  s t r e n g th f ( o r  in te n s i ty  z Q/ 2 ) ,  one f in d s

w h e r e ,  o f c o u r s e ,  th e  v a lu e s  of m  an d  n a r e  th o s e  a p p r o p r i a te  to  

th e  s c a t t e r i n g  d i r e c t io n

N ow  f o r  s u r f a c e s  s u c h  th a t  | f |  «  X a n d  |d f / 9 x | ;  | d f / 9 y | «  1, 

i . e . , f o r  s u r f a c e s  w h ic h  h a v e  e v e r y w h e r e  a n  e le v a t io n  m u c h  l e s s  th a n  

a  w a v e le n g th , a n d  a  s lo p e  m u c h  l e s s  th a n  u n i ty ,  one  c a n  o b ta in  th e  

c o e f f ic ie n ts  A w n  Bmw Cm n  b y  a  p e r tu r b a t io n  c a lc u la t io n .  F o r  a  

s u r f a c e  o f  a r b i t r a r y  c o n d u c t iv i ty  a n d  d i e l e c t r i c  c o n s ta n t ,  a n d  f o r  a  

h o r iz o n ta l ly  p o la r i z e d  in c id e n t  w a v e , th e  c o e f f ic ie n ts  h a v e  b e e n  

w o rk e d  o u t b y  R i c e .1* T o  th e  f i r s t  o r d e r  in  ( f /X )  th e y  a r e  g iv e n

8

( 2 D  Yhh( °* *) 3
4w P

( z o / 2 )  c o s  6 ^ L 2

o r

(2 2 )  Vhh(6^, o ; ^ , )  = 4w

a n d  s i m i l a r l y

/ c o « V \
\ c o s  V



Amn - 2 iU (a2mn) P (m -v ,n )(D d )

(24) Bmn = 2 iU {-a 2m *-b e) P (m -v ,n ) (D d )  1

c mn £ 2 iU |an c) P( r r - v, n) ( Dd) *

where

U = ( «r*-t 1 ) Q 4 ( t c o i^ ) { ( t cos 6̂ ,) *] 

av * K sin  6̂

K ~ ZkJ \

X. * free space wavelength  

v  -  iK
1

r  = <r( €j -  l c a )

€j * relative d ie lec tr ic  constant of su rface m ateria l 

€* = g /(w « 0 )

g « conductivity of su rface m ateria l 

cQ * p erm ittiv ity  of free  space  

cos 0Q = f l  * (®Vt )2 s i n ^ J ^  

d * b 4 c

ib 4 a 2 (m 2 4 n2 )]^

ic * 4 a * (m 24n1)J^

D x a 2m 2 4 a 2n2 4 be 

and the P (m -v , n) are to be found from  Eq. (9 ) * When a ll the a lg e 

braic reductions are ca rr ied  out, one finds that for a sligh tly  rough 

surface with arb itrary com plex d ie lec tr ic  constant € '*  - i c 2, the

18



s c a t t e r i n g  p a r a m e t e r s  f o r  h o r i z o n ta l  i n c id en c e  a r e  g iven by

(25)

w h e re

vhh(GbO;M >8 ) * “  * * K C°* 0o coa^ s  Th h 1 

Vh v ( 9o0 ; ^ a )  * - ~ P  K* co s  0Q c o s29, Tfcv I

T hh
(« ' - I)  co s  + s

T . * hv

[ c o s  0o + j € '- s i n 2e ^ ] |_ c o s Q ^ + J V - s in ^  J

- s i n $ 8 J  c ' - s l n *  9y ( i' ~ 1)____________

[c o s  6^,+J c / - s i n 19flJ |e 'c o s  0 8 + J  c '- s i n 2^ ]

•00 -00

g( ^ r |) * K £(sin 9, cos $ 8 - sin 0Q) + Kij s in 0 8 sin $ 8 .

in  d e r iv in g  th e  e x p re s s io n  I, u se  w as m a d e  of th e  f a c t  th a t the  c o r 

re la t io n  fu n c tio n  s zp(&r|) is  th e  F o u r ie r  t r a n s f o r m  of the  p o w er 

s p e c t r a l  d e n s i ty  W (p ,q )  fo r  th e  s u r f a c e .

The c o r re s p o n d in g  r e s u l t s  fo r  v e r t i c a l ly  p o la r is e d  in c id e n t

ra d ia t io n  m a y  be found in  a n  e n t i r e ly  s im i la r  w ay by  u til iz in g  the  cor* 

r e s p o ndi ng c o e ff ic ie n ts  (A B C ) f o r  th a t c a s e .  S in ce  th e s e  w e re  no t

g iven  by R ic e , th e y  a r e  w o rk ed  out in  the  A p p en d ix . T h ey  le a d  to  

th e  fo rm u la s
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Yw ( 9 o ° i 9 s + a )  =  “  K * c o *  0O c o * 2 0s  t v v  1

( 2 6 )

^vh(  0 * 08^8^ = ^  z 2 K  c o s  0O cos 9s T v h I

w h e r e

w
( c ' - l )  (V a in  90 * in e # - c o s  4>s > c / - s i n 20o> f ' - s i n 2©^

[ c 'c o s  6^+ J c / - s i n a 0o] [ c / c o s  Qb+J  € /** tn20s]

T v h  ~
- ( c ' - l )  s in  € ' - s i n 20o

£ e 'c o s  S b + j€ '- s in 20oj  |c o s  O ^ + J e '- s in 2^

If th e  s u r f a c e  i s  i s o t r o p i c ,  i . e . ,  i f  th e  c o r r e l a t i o n  fu n c t io n  p ( £ , t i )  

h a s  th e  p r o p e r t y  p ( £ , tj) “ p( J  £ 2 +n2 ) ,  th e n  one  m a y  in t r o d u c e  p o la r  

c o o r d in a te s

^ = r  c o s  i|) ri = r  s in  ^

a n d , b y  in te g r a t i n g  o v e r  th e  p o la r  a n g le ,  o b ta in

0# j.
( 2 7 )  I  * 2 t  f  r  p ( r )  J 0 jlCr{ sin^+si^B^-Z sin0osin6y cos^s)*Jdr.

T h e  s c a t t e r i n g  c o e f f ic ie n ts  h a v e  a n  i n t e r e s t i n g  p r o p e r t y .  T h e y  sh o w  

th a t  in  th e  a p p r o x im a t io n  to  w h ic h  th e y  a r e  c o r r e c t ,  th e  s c a t t e r i n g  

f r o m  a  s l ig h t ly  ro u g h  s u r f a c e  i s  th e  p r o d u c t  o f tw o  f a c t o r s ,  one  of 

w h ic h  ( I )  in v o lv e s  o n ly  th e  s u r f a c e  s t r u c t u r e ,  b u t i s  in d e p e n d e n t  of 

th e  m a t e r i a l .  T h e  o th e r  ( T ^ h  e t c . ) d e p e n d s  on th e  c o m p le x  d i e l e c t r i c

c o n s ta n t  b u t i s  in d e p e n d e n t  of th e  s t r u c t u r e  o f th e  s u r f a c e .
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T h e  r e s u l t s  o b ta in e d  a b o v e  w ill  be u s e d  in  C h a p te r  111 To c a l 

c u la te  th e  b a c k  s c a t t e r i n g  o f m ic r o w a v e s  f r o m  a s p h a l t  a n d  c o n c r e te  

s u r f a c e s .  It m a y  be of i n t e r e s t  to  n o te  h e r e  th e s e  r e s u l t s  c a n  a l s o  

b e  u s e d  to  c a lc u la t e  th e  “ d if fu s io n "  o f  l ig h t  w a v e s  by v e r y  h ig h ly  

p o l is h e d  g la s s  o r  m e ta l  s u r f a c e s ,  h ta re c h a l* *  h a s  s h o w n , in  a  m u c h  

l e s s  d e ta i l e d  c a l c u l a t i o n ,  th a t  th e  to ta l  d if fu s e  s c a t t e r i n g  f r o m  s u c h  

a  s u r f a c e  i s  p r o p o r t io n a l  to  th e  m e a n  s q u a r e  s u r f a c e  r o u g h n e s s  ( i 1 ) , 

a s  i s  a l s o  o b v io u s ly  p r e d i c t e d  b y  E q s .  ( 2b )  a n d  (2.7) .  T h e s e  e q u a 

t io n s  s h o u ld  a l s o  p r e d i c t  th e  d e p e n d e n c e  o f  th e  “ d i f f u s e d "  l ig h t  on 

p o l a r i z a t i o n ,  d i e l e c t r i c  c o n s t a n t ,  s c a t t e r i n g  a n d  in c id e n c e  a n g le s ,  

e t c .

C . T h e  S u r fa c e  o f L o n g , T h in  L o s s y  C y l in d e r s

T h e  s e c o n d  s u r f a c e  m o d e l  f o r  w h ic h  th e  s c a t t e r i n g  c o e f f ic ie n t s  

w il l  b e  c a lc u la t e d  in  dwtmll i«  one  w h ic h , i t  i s  h o p e d ,  c a n  r e p r e s e n t  

t e r r a i n  s u r f a c e s  c o v e r e d  w ith  v e g e ta t io n  in  th e  f o r m  of lo n g ,  th in  

l o s s y  c y l i n d e r s .  I t  i s  a s s u m e d  th a t  th e  c y l in d e r s  a r e  p la c e d  a t  

r a n d o m  o v e r  th e  s u r f a c e ,  a n d  a r e  f a r  e n o u g h  a p a r t  ( a  few  w a v e 

l e n g t h s ,  s e e  R e f e r e n c e  35 ) s o  th a t  th e  s in g le  s c a t t e r i n g  a p p r o x im a 

t io n  m a y  b e  u s e d .  H o w e v e r ,  in  o r d e r  to  a c c o u n t  f o r  th e  a t t e n u a t io n  

of th e  in c id e n t  r a d i a t i o n  a s  i t  p e n e t r a t e s  th e  s c a t t e r i n g  l a y e r ,  i t  i s  

s u p p o s e d  th a t  th e  in c id e n t  f i e ld  i s  e q u a l  to  th e  f r e e  s p a c e  f i e ld  

m u l t ip l i e d  b y  a n  e x p o n e n t ia l  a t t e n u a t io n  f a c t o r .  T h e  r e a s o n  f o r  th i s
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a s s u m p t io n  i s  to  b r in g  th e  s in g le  s c a t t e r i n g  a p p r o x im a t io n  in to  a t  

l e a s t  q u a l i t a t iv e  a g r e e m e n t  w ith  th e  p h y s i c a l  f a c t s  o f th e  s i t u a t i o n .

It i s  c l e a r  t h a t  th e  in c id e n t  w a v e  m u s t  b e  a t t e n u a t e d  a s  i t  p e n e -  

t r a t e s  a  s u r f a c e  o f  in f in i t e ly  lo n g ,  l o s s y  c y l i n d e r s .  T h e  s in g le  

s c a t t e r i n g  a p p r o x im a t io n  ( i n  th e  s t r i c t  s e n s e ,  w h e r e  th e  in c id e n t  

f i e ld  i s  t a k e n  e q u a l  t o  th e  f r e e  s p a c e  f i e l d  in  th e  a b s e n c e  of s c a t -  

t e r e r s ) ,  e n t i r e l y  f a i l s  to  a c c o u n t  f o r  t h i s  a t t e n u a t io n .  M o r e o v e r ,  

th e  s c a t t e r e d  r a d i a t i o n  in  t h a t  a p p r o x im a t io n  i s  a  f u n c t io n  o f th e  

l e n g th  of th e  c y l i n d e r s ,  w h ic h  i s  a l s o  u n r e a s o n a b le  p h y s i c a l ly .

T h e  a s s u m p t io n  o f  a n  e x p o n e n t ia l ly  a t t e n u a t e d  in c id e n t  w a v e  

i s  e q u iv a le n t  to  a s s ig n in g  a n  I m a g in a r y  p a r t  to  th e  p r o p a g a t io n  c o n 

s t a n t ,  th a t  i s  to  s a y ,  i t  i s  a n  a p p r o x im a t io n  in  th e  s a m e  s p i r i t  a s  th e  

c o n v e n t io n a l  “ m u l t i p le  s c a t t e r i n g "  a p p r o x i m a t i o n .19 * 35 T h e  l a t t e r  

a l s o  a s s i g n s  to  th e  m e d iu m  a n  e f f e c t iv e  p r o p a g a t io n  c o n s t a n t  w h ic h  

m a y  b e  c a l c u l a t e d  in  t e r m s  o f  th e  n u m b e r  o f p a r t i c l e s  p e r  u n i t  

v o lu m e  o f  th e  m e d iu m  a n d  th e  f o r w a r d  s c a t t e r i n g  a m p l i tu d e .  T h e  

r e l a t i o n  b e tw e e n  th e  tw o  a p p r o x im a t io n s  i s  d i s c u s s e d  a t  th e  e n d  o f 

t h i s  c h a p t e r .

T h e  s c a t t e r i n g  f r o m  a  s in g le  c y l i n d e r ,  d u e  to  th e  in c id e n t  f i e ld  

J u s t  d e s c r i b e d ,  w i l l  f i r s t  b e  c a l c u l a t e d .  T h e  c y l i n d e r  i s  t a k e n  w ith  

o n e  e n d ,  i t s  u p p e r  e n d ,  a t  th e  o r i g in  o f  c o o r d i n a t e s  ( s e e  F i g .  3 ) ,  

a n d  w ith  i t s  a x i s  s p e c i f i e d  b y  th e  u n i t  v e c t o r  n  a n d  th e  a n g le s  0 ,4 *
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z
Incident

Wave

- y

F i g .  3. S c a t t e r i n g  by  a c y l i n d e r .

It i s  s u p p o s e d  th a t  the  c y l i n d e r  e x te n d s  d o w n w a r d s  f r o m  the  p lan e  

z = 0, i . e . ,  tt/ 2 < 0 < tt. T he  a s s u m e d  i n c i d e n t  f i e l d s  f o r  v e r t i c a l  

a n d  h o r i z o n t a l  p o l a r i z a t i o n  a r e  th en

( 28a)  eJj  = - j  E 0 4>

( 2 8 b )  E y  = ( i  c o s  6^  + k s i n  0O) E 0  41

( 28c)  4* = « XP £~iK(x s i n  0O -  z c o s  G^) + a  zj  z < 0

w h e r e  i  j  k  a r e  u n i t  v e c t o r s  a lo n g  the  t h r e e  c o o r d i n a t e  a x e s ;  E 0  i s  

th e  a m p l i t u d e  of  th e  i n c i d e n t  f i e l d  a t  the  p l a n e  z = 0 ; a n d  a  i s  the  

a s s u m e d  a t t e n u a t i o n  r a t e  o f  th e  i n c i d e n t  f i e l d  s t r e n g t h .  Now i f  E t , 

H t a r e  th e  t o t a l  e l e c t r i c  a n d  m a g n e t i c  f i e l d s  in  the  p r e s e n c e  o f  the
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s c a t t e r e r *  E 1!* a r e  th e  a t a u m e d  in c id e n t  f i e l d s  in  th e  a b s e n c e  of th e  

s c a t t e r e r *  a n d  f a H ,  a r e  th e  s c a t t e r e d  f ie ld s *  d e f in e d  b y

E s  3 E t * E  

H ,  * Ht  -  H*

then*  w ith in  th e  s c a t t e r e r

7 x 1 ^ *  ( g  ♦ h»e0 C) ) E t

w h e r e  g a n d  c i a r e  th e  c o n d u c t iv i ty  a n d  r e l a t i v e  d i e l e c t r i c  c o n 

s t a n t  of th e  c y l in d e r  m a t e r i a l .

T h e  in c id e n t  f i e l d  s a t i s f i e s

V x H* * iw c Q E i  .

S u b tra c t in g *  i t  i s  fo u n d  th a t  th e  s c a t t e r e d  f i e ld  s a t i s f i e s

(29) 7 x H , *  iwcoE0 + Jj; + ia>c0{ C| -1 )J Et .

T h u s  th e  s c a t t e r e d  f i e l d  i s  g e n e r a t e d  b y  th e  e f f e c t iv e  c u r r e n t  d e n 

s i t y

( 3 0 )  7 g  x + iuie0 ( c 1 - 1 ) ]  E t  » iw c0 ( c ' - l ) E t  ,

I t  i s  s t i l l  n e c e s s a r y  t o  c a l c u l a t e  E^* w h ic h  w i l l  o n ly  b e  d o n e  a p p r o x i 

m a t e l y .  F o r  t h i s  p u rp o s e *  th e  i n c id e n t  f i e l d  i s  r e s o l v e d  in to  tw o  

p a r t s *  o n e  p a r a l l e l  t o  th e  c y l i n d e r  a x i s  a n d  th e  o t h e r  p e r p e n d i c u l a r
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to  i t .  It i s  a s s u m e d  th a t  f o r  a  s c a t t e r e r  m u c h  l e s s  th a n  a  w a v e le n g th  

in  d i a m e t e r ,  th e  p a r a l l e l  c o m p o n e n t  o f th e  e l e c t r i c  f i e ld  in s id e  i s  

e q u a l  to  th e  p a r a l l e l  c o m p o n e n t o f th e  in c id e n t  f i e ld  ( c o n tin u i ty  of 

ta n g e n t ia l  e l e c t r i c  f i e l d ) .  T h e  p e r p e n d ic u l a r  c o m p o n e n t  o f th e  

e l e c t r i c  f i e ld  w ith in  th e  s c a t t e r e r  i s  ta k e n  e q u a l  to  ( t )  t im e s  th e  

p e r p e n d ic u l a r  c o m p o n e n t o f th e  in c id e n t  f i e ld  ( s t a t i c  a p p r o x im a t io n ) . 

F o r  a  n o n -c o n d u c t in g  d i e l e c t r i c  c i r c u l a r  c y l in d e r ,  f o r  e x a m p le ,  

t  * 2 /  (1 +€j ) .  H o w e v e r  f o r  c y l in d e r s  o f a r b i t r a r y  c r o s s - s e c t i o n  

a n d  c o n d u c t iv i ty ,  t  i s  a  t e n s o r  fu n c t io n  o f  th e  a n g le  b e tw e e n  th e  

p e r p e n d ic u l a r  c o m p o n e n t o f th e  in c id e n t  f i e ld  a n d  s o m e  a x is  w h ic h  

s p e c i f i e s  th e  o r i e n t a t i o n  of th e  c y l in d e r  c r o s s - s e c t i o n .  F o r  e x 

a m p le ,  i f  th e  c y l in d e r  w e r e  o f e l l i p t i c a l  c r o s s - s e c t i o n ,  b o th  th e  

m a g n i tu d e  a n d  th e  d i r e c t i o n  o f th e  i n t e r n a l  f i e ld  a r e  f u n c t io n s  of 

th e  a n g le  b e tw e e n  th e  e x t e r n a l  f i e ld  a n d  th e  m a j o r  a x is  o f th e  e l 

l i p s e .  T h u s , s t r i c t l y  s p e a k in g , t  h a s  a  s im p le  i n t e r p r e t a t i o n  o n ly  

f o r  c i r c u l a r  c y l i n d e r s ;  in  th e  g e n e r a l  c a s e  i t  m a y  b e  r e g a r d e d  a s  

a  p a r a m e t e r  h a v in g  s o m e  e f f e c t iv e  v a lu e .  W ith  th e s e  a s s u m p t io n s ,  

th e  t o ta l  f i e ld  w ith in  th e  c y l in d e r  i s

f t  * (2 *  • n  ) n  + t£ 2 *  -  ( 2 1 • n ) n ]

(3 1 )
n  s i n  0 c o s  + ♦ J* s in  0 s in  ^  + k  c o s  8 

f r o m  w h ic h  th e  c u r r e n t  m a y  b e  fo u n d  b y  u s in g  E q .  ( 3 0 ) .  T h e
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sca ttered  fie ld s  due to such a current d istribution  m ay be found by 

standard m ethods (R eferen ce  20, p . 89) to  b e, at a great d istance  

R from  the sc a tte r e r ,

.  _ e . iK R  r  7  . r  ,  e iK p -  R . dV
v 4wR J  *

(32)

V  , 1KP ’ dV

w h e r e  p  i s  th e  p e r m e a b i l i t y  o f f r e e  s p a c e ,  p i s  th e  v e c t o r  w h ic h  

s p e c i f i e s  th e  p o s i t io n  o f d V , R t i s  a  u n i t  v e c t o r  in  th e  s c a t t e r i n g  

d i r e c t i o n

( 3 3 )  R , * i  s i n  Qy c o s  ♦ j  s i n  6^ s in  + k. c o s  0a

a n d  i ^ a , ig^ a r e  u n i t  v e c t o r s  in  th e  " h o r i z o n t a l "  a n d  " v e r t i c a l "  p o 

l a r i z a t i o n  d i r e c t i o n s ,  r e s p e c t iv e ly :

( 3 4 )  i j^  k - T c o s  6^ c o s  -  T c o s  6 , s i n  ♦ £  s in  \

( 35) i ^ a * - i  s i n  + j  c o s  $ a .

F o r  a  th in  c y l in d e r  o f  c r o s s - s e c t i o n a l  a r e a  A , th e  i n t e g r a t i o n  o v e r  

th e  c y l in d e r  v o lu m e  m a y  b e  r e p l a c e d  b y  a n  i n t e g r a t i o n  o v e r  a  le n g th  

c o o r d in a te  s  a lo n g  th e  c y l i n d e r ,  w ith  dV  A  A  d s  a n d  p *  s n .  W ith  

t h i s  f in a l  a p p r o x im a t io n  th e  i n t e g r a l s  o f E q .  ( 3 2 )  m a y  b e  e v a lu a te d .  

T o  s a v e  s p a c e  o n ly  th e  c a s e  w h e r e  b o th  in c id e n t  a n d  s c a t t e r e d  f i e ld s  

a r e  h o r i z o n ta l l y  p o l a r i z e d  w ill  b e  c a r r i e d  o u t in  d e t a i l .  W hen
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E q s .  ( 2 8 a ) ,  ( 2 8 c ) ,  ( 3 0 ) ,  ( 3 1 ) ,  (33 ) a n d  ( 3 5 )  a r e  s u b s t i t u t e d  i n t o  

E q .  ( 3 2 b ) ,  the  e x p r e s s i o n  f o r  th e  s c a t t e r e d  f i e l d  b e c o m e s

l o w e r  l i m i t  a n d  the  v a l u e  z e r o  a t  the  u p p e r  l i m i t ,  s i  e c o s  9 i s  

a l w a y s  n e g a t i v e  a n d  a  i s  p o s i t i v e .  T h u s

It  i s  n o w  n e c e s s a r y  t o  a v e r a g e  o v e r  th e  d i s t r i b u t i o n  of c y l i n d e r  

o r i e n t a t i o n s  to  o b t a i n  th e  a v e r a g e  p o w e r  s c a t t e r e d  by  a s i n g l e  c y l i n d e  

I t  w i l l  b e  a s s u m e d  t h a t  th e  c y l i n d e r  a x e s  a r e  o r i e n t e d  a t  r a n d o m .  

H o w e v e r ,  t h e  p r o b a b i l i t y  t h a t  th e  a x i s  of a  g i v e n  c y l i n d e r  l i e s  in  th e  

e l e m e n t  of s o l i d  a n g l e  dfi i a  t h e  d i r e c t i o n  n ,  w i l l  be  a s s u m e d  to  be  

p r o p o r t i o n a l  t o  cos*6dC 2.  T h u s  th e  a v e r a g e  v a l u e  ( d e s i g n a t e d  by

o

w h e r e

M = a  c o s  9 - iK (  s i n  Osin  0o c o s  - c o s  0 c o s  6^)

+ iK( s i n  9 s i n  9S cos($-<}>s ) + c o s  0 c o s  Bg) .

* AT h e  i n t e g r a l  i s  j u s t  M e x p ( S M )  w h ic h  h a s  the  v a l u e  M a t  the

A *K 4 | c '- l  1 

(4 X R )1 | m |*

[  3 )  o f  a n y  f u n c t i o n  F  of  9 , $  w i l l  be  d e f i n e d  b y

( V C . * )  c o s 29d£l
t TTtR.AiS = ■ ■ -  ■ — —

cos*9  dfl



T h is  c h o ic e  of a v e r a g in g  fu n c t io n  m a in ta in s  s y m m e t r y  a b o u t th e  

v e r t i c a l  a x i s ,  g iv e s  a  s l ig h t  p r e f e r e n c e  to  th e  v e r t i c a l  d i r e c t i o n ,  a n d  

m a k e s  c e r t a i n  i n t e g r a l s  e a s i e r  to  e v a lu a t e .  N e v e r t h e l e s s  i t  h a s  n o t 

b e e n  p o s s ib le  to  c a r r y  o u t th e  a v e r a g e  o f E q . ( 3 7 ) c o r r e c t l y .  I n s te a d  

th e  n u m e r a to r  a n d  d e n o m in a to r  h a v e  b e e n  a v e r a g e d  s e p a r a t e l y ,  a n d  

t h e i r  r a t i o  ta k e n , i . e . ,  i t  h a s  b e e n  a s s u m e d  th a t  th e  fo llo w in g  e q 

u a t io n

( 3 9 ) C* COB ^ s  + ( * •I® *0 ®in  *  • * » ( * * * ,)  J*

M *

[ V W V V ^ A A / N A A / W \ A A . A A A / W V V g V W W N A A A A A A r / V V  1

t  c o s  + ( 1 - t )  s i n 29 s in  9  s i n ( * - * , )  J 2

W/VWV

Im I1

i s  t r u e  a t  l e a s t  a p p r o x im a te ly .  If  t h e r e  a r e  N c y l i n d e r s  p e r  u n i t  

a r e a  o f s u r f a c e  th e n  th e  s c a t t e r i n g  c o e f f i c i e n t s ,  f r o m  E q .  ( 1 ) ,  a r e  

g iv e n  b y

w u v v w
( 4 0 )  Y * 4w R2 N s e c  0O | e * / e J 2 .

S u b s t i tu t in g  (3 8 )  in to  ( 4 0 )  a n d  m a k in g  u s e  o f  ( 3 9 ) ,  th e  c o e f f ic ie n t s  

a r e

( 4 1 a )  Yh h ( o , s )  = B [ ( 3 - 2 s i n 2* , )  + t ( 8 - 1 0  s i n 2* , )  + tM  2 4 -2 3  s i n 2* s )]

(4 1 b )  Yh v ( o , s )  = B [ ( l + 2 s i n 2Q b + 2 co s20y s i n 2* ,

+ t ( - 2 - 4  s i n 26^+10 c o s 20 , s i n 2* , )
+ t2 (1 + 2  s in 2 0 , +23 c o s* 0 8 s in * * ,) J
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( 4 1 c )  ^ v h ( ° > * )  = b £( 1+2 s i n 2Qo+ 2  c o s 20o s i n 2$ 8 )

+ t ( - 2  - 4  s i n 2 0o + 10 c o s 20o s i n 2$ 8 )

+t2 (1 + 2 s i n 20Q + 2 3 c o s 2 0̂ j a i n 2$ s )J

( 4 1 d )  Y ^ o . s )  = b [( 1 - t ) 2 ( 3 - 2  c o s 20s  c o s 20o s i n 2«|>8 )

+(»in  9a s i n  0O - c o s  0^ c o s  0O c o s  $8)Q J

w h e r e

. . . .  O -  ( A N K A K ’ l t . , - ! ) '  + €,*](42)  B --------------------. ----------;—  ------------------------------- -
28ir c o s  0^ ^3/5(<a / K ) 2 + 3( c o s  0O + c o s  08 )

+( s i n 20o + s i n 208 - 2  s i n 0 o s i n 0 8 c o s  $ 8 j]

Q = 1 2( 1 - t ) 2 s i n  08 s i n  6^+14t(  1 - t )  (3 s i n  O^sin 0 ^ - c o s  G^cos O ^ o s  $ 8 ) 

+ 3 5 t2 ( « i n 0 o s i n 0 8 -  cosG ^cosO g  c o s  <J>8 ) •

T h e  a t t e n u a t i o n  f a c t o r  m ay *  t o g e t h e r  w i th  t, b e  r e g a r d e d  a s  

p a r a m e t e r s  of th e  t h e o r y .  H o w e v e r ,  t h a t  p a r t  of th e  a t t e n u a t i o n  due  

t o  a b s o r p t i o n  ( i . e . ,  d ue  t o  th e  i m a g i n a r y  c o m p o n e n t  i c 2 o f  th e  d i 

e l e c t r i c  c o n s t a n t  of  t h e  c y l i n d e r s )  m a y  be  c a l c u l a t e d  f r o m  th e  m o d e l .  

T o  do  s o ,  o n e  m a y  s t a r t  w i th  a n  e x p r e s s i o n  f o r  the  a v e r a g e  p o w e r  

p e r  u n i t  v o l u m e  d i s s i p a t e d  in  th e  c y l i n d e r  m a t e r i a l ,

(4 3 )  -  ( g / 2 )  E ,  • t f

T h u s  th e  t o t a l  p o w e r  d P  a b s o r b e d  in  a  v e r t i c a l  i n c r e m e n t  d z ,  o r  

v o l u m e  A ( c o s  0 ) ^  d z  of  th e  c y l i n d e r  m a t e r i a l t i s

(4 4 )  d P  » - j j ^ A  d z ( c o s  6 ) " 1 ?
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B u t th e  a v e r a g e  in c id e n t  p o w e r  P  a t  th a t  l e v e l  a s s o c i a t e d  w ith  a  s in g le  

c y l in d e r  i s  j u s t  th e  p o w e r  d e n s i ty  in  th e  in c id e n t  b e a m  m u l t ip l ie d  by  

th e  e f f e c t iv e  a r e a  N _1 c o s  0Q#

T h u s ,  a v e r a g in g  o v e r  th e  c y l in d e r  d i s t r ib u t io n  a n d  r e c a l l i n g  th a t  a  

w a s  d e f in e d  a s  th e  a t te n u a t io n  r a t e  f o r  th e  f ie ld  s t r e n g th ,  t h e r e  r e 

s u l t s

U pon c a r r y i n g  o u t th e  a v e r a g e  a c c o r d in g  to  ( 3 8 ) ,  th i s  g iv e s

(4 7 a )  a h /K  * ( 3 / 1 6 )  A N c } s e c  6^ (1 + 3 t2 ) ,

fo r  h o r i z o n ta l ly  p o l a r i z e d  in c id e n t  r a d i a t i o n ,  a n d

(4 7 b )  c ty /K  -  ( 3 /1 6 ) A N c ,  s e c  €!„[( l+ 3 ta ) ♦ s in * 0 Q( l - t a ) ]

f o r  v e r t i c a l l y  p o l a r i z e d  in c id e n t  r a d ia t io n *

B e c a u s e  th e  p r e c e d in g  c a lc u la t io n s  h a v e  th e  a p p e a r a n c e  o f a  

ty p ic a l  s i n g l e - s c a t t e r i n g  a p p r o x im a t io n ,  i t  m ig h t  b e  s u p p o s e d  th a t  

o n e  c o u ld  d i s p e n s e  w ith  th e  e m p i r i c a l  a t te n u a t io n  f a c t o r  a ,  a n d  c a l 

c u la te  a n  e f f e c t iv e  p r o p a g a t io n  c o n s ta n t  f o r  th e  " m e d iu m "  o f th e  

s c a t t e r e r s  u s in g  s t a n d a r d  m e th o d s *  T h is  i s  n o t th e  c a s e ,  b e c a u s e

(4 5 )  P  = ( z J Z )  • t *  (N * 1 c o s  eQ) .

(4 6 )
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o f th e  h y p o th e s is ,  s u p p o r te d  ( a t  c e r t a i n  f r e q u e n c ie s )  b y  e x p e r i 

m e n ta l  e v id e n c e  to  b e  g iv e n  in  C h a p te r  HID  , th a t  th e  in c id e n t  r a d i 

a t io n  i s  e s s e n t i a l l y  e x t in g u is h e d  in  a  d e p th  m u c h  l e s s  th a n  the  

le n g th  >f th e  c y l i n d e r s .  T h e  c o n s e q u e n c e  i s  th a t  o n ly  N , th e  n u m 

b e r  of c y l in d e r s  p e r  u n i t  a r e a  o f s u r f a c e ,  h a s  a n y  s ig n i f ic a n c e  f o r  

th e  m o d e l ,  w h e r e a s  th e  s t a n d a r d  c a lc u la t io n  e x p r e s s e s  th e  p r o p 

a g a t io n  c o n s ta n t  in  t e r m s  of th e  n u m b e r  of p a r t i c l e s  p e r  u n i t  

v o lu m e . H o w e v e r ,  b y  c o m p a r in g  th e  r e s u l t s  o f th e  s t a n d a r d  c a l 

c u la t io n  w ith  th e  o n e  j u s t  g iv e n , a  v a lu e  m a y  b e  i n f e r r e d  f o r  th e  

e f f e c t iv e  n u m b e r  o f c y l in d e r s  p e r  u n i t  v o lu m e , b y  c o n s id e r in g  th e  

c y l in d e r s  to  b e  b r o k e n  u p  in to  e f f e c t iv e  le n g th s  w h ic h  a c t  in d e p e n d 

e n t ly ,  N ot s u r p r i s i n g l y ,  th i s  e f f e c t iv e  le n g th  t u r n s  o u t to  b e  o f  th e  

s a m e  m a g n i tu d e  a s  1 / a , th e  p e n e t r a t i o n  d e p th .  T o  sh o w  th is  

f o r m a l ly ,  s u p p o s e  th a t  th e  in c id e n t  w a v e  i s  n o t  th e  e x p r e s s io n  (2 8 )  

c o n ta in in g  ( a  ) ,  b u t  r a t h e r

( * • )  4*o * e x p £ - iK m ( *  * i»  Qb “ * c o *

w h e re  1 ^  i s  th e  d e s i r e d  ( c o m p le x )  p r o p a g a t io n  c o n s ta n t  f o r  th e  

m e d iu m .  If  t h i s  i s  s u b s t i t u t e d  i n to  E q ,  (3 5 )  a n d  th e  f o r w a r d  s c a t 

t e r i n g  ( 4 S * 0; * t  -  0q ) e v a lu a te d ,  o n e  g e ts

.  t « ' - i ) A K »  «~ 1X R_____________________

E0 dvRtKjn-KXcosOcos Q^-sin Osin ebcos^}
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w h e re  i t  i s  a s s u m e d  th a t  r a d i a t i o n  t a k e s  p la c e  in to  f r e e  s p a c e .  T he  

a v e r a g e  o v e r  c y l in d e r  o r i e n t a t i o n s  m u s t  now  be  c a r r i e d  o u t a c c o r d in g  

to  E q .  ( 3 8 ) .  F o r  th e  s i m p le s t  c a s e  o f n o r m a l  in c id e n c e  th i s  l e a d s

to  th e  fo llo w in g  v a lu e  f o r  S ( o ) ,  th e  a v e r a g e  f o r w a r d  s c a t t e r i n g  a m 

p l i tu d e

F r o m  th e  f o r w a r d  s c a t t e r i n g  t h e o r e m  ( R e f e r e n c e  37 , p .  33) 

o n e  h a s ,  f o r m a l ly ,

K ^ / K  = 1 -  Z irinK "3 S ( o )

w h e r e  n  i s  th e  n u m b e r  o f s c a t t e r e r s  p e r  u n i t  v o lu m e .  T h u s ,  c o m 

b in in g  th e  l a s t  tw o  e q u a t io n s ,

(4 9 )  ( ^ - K ) 1 = ^ .n A K < c '- l ) ( l+ 3 t )  e^» 0 .

N ow  K jjj m a y  b e  w r i t t e n  in  th e  f o r m  K m  = K  + a K  -  iK x , 

w h e r e  a K  i s  th e  c o r r e c t i o n  to  th e  r e a l  p a r t  o f th e  p r o p a g a t io n  c o n 

s t a n t  ( i . e . ,  1 + (a K /K )  i s  th e  r e f r a c t i v e  in d e x )  a n d  K 2 i s  th e  i m 

a g in a r y  p a r t  o f K m .

T o  c o m p a r e  t h i s  r e s u l t  w ith  E q .  (4 7 )  i t  i s  n e c e s s a r y  to  c h o o s e  

th e  p a r a m e t e r s  s o  t h a t  th e  a s s u m p t io n s  o f  e a c h  d e r iv a t io n  a r e

iA K J ( c* -1 ) '
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s a t i s f i e d .  T h e  f o r w a r d  s c a t t e r i n g  m e th o d  r e q u i r e d  IlC m -K t «  K; 

th e  c a lc u la t io n  in v o lv in g  a , w h ic h  ig n o r e d  th e  c o n tr ib u t io n  of 

s c a t t e r i n g  to  th e  e x t in c t io n  o f th e  in c id e n t  r a d ia t io n ,  s h o u ld  b e  

v a l id  i f  a  /K  «  1 a n d  c 2 »  c t - 1 .  U n d e r  th e s e  c o n d i t io n s ,  ( 4 9 )  h a s  

th e  s o lu t io n

AK = K 2 -  f y j  n A K  e 2 ( l + 3 t ) l ^  €2 » C X-1
L J Q o = 0

w h e r e a s  f r o m  ( 4 7 ) ,

a / K *  |  A N  c 2 (1 + 3t) .

B y  c o m p a r in g  th e  e x p r e s s io n s  ( 2 8 )  a n d  ( 4 8 )  f o r  th e  in c id e n t  w a v e , 

i t  i s  c l e a r  t h a t  a t  n o r m a l  in c id e n c e  one  s h o u ld  h a v e  a  = K 2 , w h ic h  

r e q u i r e s  th a t

n  = 2N K 2 .

T h e  e f f e c t iv e  le n g th  o f th e  c y l in d e r s  i s  th u s  ( 1 /2 K 2 s , a s  m ig h t  h a v e  

b e e n  e x p e c te d .
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C H A P T E R  HI

T H E  B A C K -S C A T T E R IN G  C O E F F IC IE N T S , W ITH A P P L IC A T IO N S  

T O  T H E  RA D A R R E T U R N  F R O M  T E R R A IN

A . In tro d u c t io n

T h e  s i m p le s t  s p e c ia l  c a s e  o f th e  f o r m u la s  d e r iv e d  in  th e  p r e 

c e d in g  c h a p te r  i s  th a t  o f b a c k - s c a t t e r i n g .  S in c e  th is  c o r r e s p o n d s  

to  p r e d ic t in g  th e  r a d a r  r e t u r n  f r o m  t e r r a i n ,  s o m e  r e c e n t l y  p u b 

l i s h e d  e x p e r im e n ta l  d a ta 17 w ill  a l lo w  a  c h e c k  on  th e  f o r m u la s  j u s t  

d e r iv e d .  T h a t  i s ,  i t  w iU  p e r m i t  one  to  d e te r m in e  w h e th e r  th e  

m o d e ls  a r e  a d e q u a te  to  r e p r e s e n t  th e  m o r e  c o m p le x  s u r f a c e s  e n 

c o u n te r e d  in  p r a c t i c e .  T o  c o n fo rm  to  e n g in e e r in g  n o ta t io n ,  in  th i s  

s e c t io n  only- th e  a n g le  b e tw e e n  th e  in c o m in g  p r o p a g a t io n  v e c to r  a n d  

th e  p la n e  o f  th e  s u r f a c e ,  c a l l e d  th e  " g r a z in g  a n g le "  o r  " in c id e n c e  

a n g l e , "  w i l l  be  d e s ig n a te d  b y  0 . T h u s  0 + 0^ » v / 2 .  T he b a c k  

s c a t t e r i n g  c o e f f ic ie n t  ^(Gb4o*G^+o) b e  d e s ig n a te d  s im p ly  b y  y .

B . M o d e ls  w ith  U n d e te r m in e d  P a r a m e t e r s

B e f o re  d i s c u s s in g  th e  m o d e ls  j u s t  m e n t io n e d ,  i t  m a y  be  o f 

i n t e r e s t  to  d e s c r i b e  b r i e f l y  s o m e  o f  th e  m o r e  u s e f u l  m o d e ls  w ith  

u n d e te r m in e d  p a r a m e t e r s ,  s in c e  th e s e  h a v e  o f te n  b e e n  u s e d  in  r a d a r  

d e s ig n .  In  h is  s tu d y  o f r a d a r  g ro u n d  r e t u r n ,  * R .E .  C la p p  p r o 

p o s e d  t h r e e  s im p le  m o d e ls  w ith  w h ic h  a i r b o r n e  m e a s u r e m e n ts  m ig h t  

be  c o m p a r e d .  H is  f i r s t  m o d e l  c o r r e s p o n d e d  to  a  s u r f a c e  o b e y in g
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L a m b e r t 's  la w

(5 0 )  Y ~ c s in  9 <r0 = c s i n 20

w h e re  c i s  a n  u n d e te r m in e d  p a r a m e t e r .  A lth o u g h  su c h  a  la w  m a y  

h a v e  a  c e r t a i n  v a l id i ty  a t  o p t ic a l  w a v e le n g th s ,  i t  w a s  r e j e c t e d  b y  

C la p p  on th e  g ro u n d s  th a t  i t  d id  n o t f i t  h is  m e a s u r e m e n t s ,  a n d  th a t  

no  e a s i l y  v i s u a l i z e d  m e c h a n is m  c o u ld  a c c o u n t  f o r  s c a t t e r e d  r a d ia t io n  

th a t  w as  in d e p e n d e n t  o f th e  d i r e c t i o n  o f th e  in c id e n t  r a d i a t i o n ,

C la p p 's  s e c o n d  m o d e l  w a s  c o m p o s e d  of a  s in g le  l a y e r  of s p h e r e s ,

N p e r  u n it a r e a ,  e a c h  w ith  a  s c a t t e r i n g  c r o s s - s e c t i o n  A j^, g iv in g

(5 1 )  y  = N A jc c o s e c  9; wQ -  NAj^ •

C la p p  r e j e c t e d  th is  m o d e l  a l s o ,  p a r t l y  b e c a u s e  h e  c o n s id e r e d  a  s i n 

g le  l a y e r  o f s p h e r e s  to  b e  a  p o o r  r e p r e s e n ta t i o n  o f a  t h r e e  d im e n 

s io n a l  s u r f a c e .  H o w e v e r ,  th e  m o d e l  m ig h t  a p p ly  to  c e r t a i n  ty p e s  of 

v e g e ta t io n ,  su c h  a s  a  f i e l d  of o a ts  in  h e a d , w h e re  th e  h e a d s  of g r a in  

r e p r e s e n t  e s s e n t i a l l y  a  s in g le  l a y e r  o f r a t h e r  l a r g e  s c a t t e r e r s .  A n 

e x a m p le  o f m e a s u r e d  b a c k - s c a t t e r i n g  in  a g r e e m e n t  w ith  th i s  m o d e l  

i s  g iv e n  in  F i g .  4 ,  H e r e ,  a n d  th ro u g h o u t  th is  s e c t io n ,  th e  o r d in a te ,  

l a b e l l e d  "Y in  d b " ,  r e p r e s e n t s  10 lo g  Y, a n d  th e  e x p e r im e n ta l  m e a s 

u r e m e n ts  o f  Y a r e  d u e  to  R ,C .  T a y l o r . ,T T h e  c a l c u l a t e d  c u r v e  in  

F i g ,  4 i s  f r o m  E q . (5 1 )  w ith  th e  p a r a m e t e r  (N X r ) c h o s e n  a r b i t r a r i l y .
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F i g .  4. B a c k  s c a t t e r i n g  f r o m  a  v e g e t a t i o n  c o v e r e d
s u r f a c e  ( 1 5 "  g r a s s  in  h e a d )  i l l u s t r a t i n g  E q . ( 5 1 ) .

In th e  t h i r d  m o d e l  p r o p o s e d  by  C l a p p ,  th e  t e r r a i n  s u r f a c e  w a s  

r e p r e s e n t e d  by  m a n y  l a y e r s  o f  s p h e r e s ,  e a c h  o f  w h ic h  a b s o r b e d  a 

f r a c t i o n  ( 1 - 6 )  of t h e  e n e r g y  f a l l i n g  on i t ,  a n d  r e r a d i a t e d  the  r e s t  

i s o t r o p i c a l l y .  T h e n

( 5 2 )  V = 6 <rQ = 6 s i n  0 .

T h i s  m o d e l  w a s  in  g o o d  a g r e e m e n t  w i th  C l a p p ' s  m e a s u r e m e n t s  a n d  

w i th  m a n y  s u b s e q u e n t  m e a s u r e m e n t s  of  th e  r a d a r  r e t u r n  f r o m  v e g e 

t a t i o n  c o v e r e d  s u r f a c e s .  A n  e x c e l l e n t  i l l u s t r a t i o n  of  d a t a  f i t t e d  by  

t h i s  m o d e l  m a y  be  fo u n d  in  F i g .  5. H e r e  th e  e x p e r i m e n t a l  d a t a  

f o l lo w  a l m o s t  e x a c t l y  th e  h o r i z o n t a l  s t r a i g h t  l i n e  p r e d i c t e d  by
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F i g .  5. B a c k  s c a t t e r i n g  f r o m  a  v e g e t a t i o n  c o v e r e d  
s u r f a c e  ( s h o r t  g r a s s )  i l l u s t r a t i n g  E q .  ( 5 2 ) .

E q .  ( 52)  . In c o n n e c t i o n  w i th  t h i s  m o d e l  i t  m a y  b e  m e n t i o n e d  t h a t  

a p a p e r  b y  W . S .  A m e n t *  h a s  s o m e t i m e s  b e e n  q u o t e d  a s  s h o w i n g  

t h a t  n o  p h y s i c a l  s u r f a c e  c a n  h a v e  tr0 = 6 s i n O ,  a s  p r e d i c t e d  b y  

E q .  ( 5 2 ) .  I n s o f a r  a s  A m e n t ' s  p r o o f s  a r e  c o r r e c t ,  h o w e v e r ,  t h e y  

s h o w  o n l y  t h a t  a  s u r f a c e  c a n n o t  r e r a d i a t e  u n i f o r m l y  i n  a l l  d i r e c 

t i o n s ,  a n d  c a n n o t  h a v e  V c o n s t a n t  a s  0 -♦  0;  i n  n o  c a s e  d o  th e  

p r o o f s  a p p l y  t o  t h e  p r a c t i c a l  t e r r a i n  r e t u r n  p r o b l e m .

A s o m e w h a t  m o r e  e l a b o r a t e  t e r r a i n  m o d e l ,  w h i c h  r e p r e s e n t s  

t h e  t e r r a i n  b y  a r r a y s  o f  f a c e t s ,  h a s  b e e n  p r o p o s e d  b y  K a t z  a n d  

S p e t n e r . 9 I t  h a s  b e e n  u s e d  b y  i t s  a u t h o r s  t o  f i t  d a t a  t a k e n  w i t h  a i r 

b o r n e  r a d a r s .
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C. T h e  S l ig h t ly  R o u g h  S u r f a c e

T h e  r a d a r  r e t u r n  f r o m  s l i g h t l y  r o u g h  s u r f a c e s ,  s u c h  a s  m i g h t  

be  r e p r e s e n t e d  in  p r a c t i c e  by  a s p h a l t  o r  c o n c r e t e  r o a d w a y s ,  c a n  be 

c a l c u l a t e d  f r o m  the  r e s u l t s  of C h a p t e r  ILD. F o r  b a c k  s c a t t e r i n g ,  

E q s .  ( 2 6 )  a n d  ( 2 8 )  b e c o m e

  00

( 5 3 )  V = 8 sin* BT ?  K4 ^  p( r ) J Q( 2 K r  c o s  0) r  d r

w h e r e ,  f o r  i n c i d e n t  a n d  b a c k - s c a t t e r e d  r a d i a t i o n  b o th  h o r i z o n t a l l y

p o l a r i z e d ,  

( 5 4 a )  T h =

Ci - i c 2 - l

£ain 0 + ( € j - ie2 -cod* 9)^]

a n d  f o r  i n c i d e n t  a n d  b a c k - s c a t t e r e d  r a d i a t i o n  b o th  v e r t i c a l l y  p o l a r i 

z e d ,

( 5 4 b )
( ei - i c 2 -1 )f (  - ic2 ) (* +cos29) -co s2©]

' — i ■ | l
^( Cj - ic2 ) sin0+( €i - icj - coa20)2J*

In o r d e r  t o  c o m p a r e  th e  p r e d i c t i o n s  of t h e s e  e q u a t i o n s  w i th  th e  

m e a s u r e m e n t s  of T a y l o r 17 on  a  s e r i e s  of a s p h a l t  a n d  c o n c r e t e  s u r 

f a c e s ,  i t  i s  n e c e s s a r y  to  k n o w  z , p ( r ) ,  Cj a n d  c 2 . T h e  p a r a m e t e r s  

a n d  p( r )  w e r e  e s t i m a t e d  b y  m a k i n g  a  p l a s t e r  c a s t  of a  r e p r e s e n t 

a t i v e  a r e a  o f  e a c h  s u r f a c e .  T h e s e  c a s t s  w e r e  t h e n  s l i c e d  i n t o  s e c 

t i o n s  to  e x p o s e  t y p i c a l  s u r f a c e  p r o f i l e s .  T h e  s u r f a c e  h e i g h t  w a s  

m e a s u r e d  e v e r y  0 . 2 5  m m  ( i n  s o m e  c a s e s  e v e r y  0 . 1  m m )  a lo n g  the
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p r o f i l e  u s in g  a  c o m p a r a t o r .  A l i n e a r  c o r r e c t i o n  t e r m  w a s  a p p l i e d  

to  th e  r a w  d a ta  to  e n s u r e  a e r o  a v e r a g e  h e ig h t  a n d  a e r o  a v e r a g e  

s lo p e ,  a n d  th e  m e a n  s q u a r e  r o u g h n e s s  a n d  c o r r e l a t i o n  fu n c tio n  

c o m p u te d  b y  c o n v e n t io n a l  m e th o d s .  T h e  r e s u l t s  a r e  sh o w n  in  

F i g u r e s  6 a n d  7 ,  e a c h  p o in t  r e p r e s e n t i n g  a n  a v e r a g e  of s o m e  

f iv e  o r  s ix  s e c t io n s  o f a  g iv e n  p l a s t e r - c a s t .  S im i la r  r e s u l t s  f o r  

ru n w a y  s u r f a c e s  h a v e  b e e n  g iv e n  in  R e f e r e n c e s  22 a n d  2 3.

I t  w a s  n o t p o s s ib l e  to  m e a s u r e  th e  c o m p le x  d i e l e c t r i c  c o n 

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

s a m p le s  o f a s p h a l t  a n d  c o n c r e t e  f r o m  o th e r  s o u r c e s  w e r e  m e a s 

u r e d  u s in g  s t a n d a r d  w a v e g u id e  m e t h o d s ,14 a n d  w e r e  fo u n d  to  h a v e  

th e  fo llo w in g  v a lu e s  o f  c o m p le x  d i e l e c t r i c  c o n s ta n t :

€ | - i c ,  = 6 . 5 -  i l .  5 C o n c r e te  X -b a n d  ( X = 3 .0  c m )

5 . 5 -  iO . 5 C o n c r e te  K a - b a n d  ( X = 0 .8 6  c m )

4 . 3 -  iO . 1 A s p h a l t  X -b a n d  

2 . 5 -  iO . 6 A s p h a l t  K ^ -b a n d .

No g r e a t  s ig n i f ic a n c e  s h o u ld  b e  p la c e d  on  th e s e  v a lu e s ,  s in c e  

th e  m e a s u r e m e n t s  a r e  n o t  o n ly  r a t h e r  i n a c c u r a te  ( e s p e c i a l l y  f o r  

th e  a s p h a l t  s u r f a c e )  b u t  th e  t r u e  v a lu e  o f c ' d e p e n d s  on  th e  s t a t e ,  

c o m p o s i t io n ,  e t c . ,  o f  th e  p a r t i c u l a r  s a m p le .

T h e  c o n t r ib u t io n s  o f  T v  a n d  T jj to  th e  o v e r a l l  r e t u r n  h a v e  

b e e n  c a l c u l a t e d  f o r  t h e s e  p a r t i c u l a r  d i e l e c t r i c  c o n s ta n t s  a n d  a r e  

sh o w n  in  F i g s .  8 a n d  9«
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F i g .  6 .  C o r r e l a t i o n  f u n c t i o n s  f o r  3 a s p h a l t  s u r f a c e s .
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F i g .  7 .  C o r r e l a t i o n  f u n c t i o n s  f o r  2  c o n c r e t e  s u r f a c e s .
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F i g .  8 .  E f f e c t  of d i e l e c t r i c  c o n s t a n t  on r e t u r n  f r o m  a  s l i g h t l y  
r o u g h  s u r f a c e  ( h o r i z o n t a l  p o l a r i z a t i o n ) .
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I n c i d e n c e  Angle

302 0 #

F i g .  9 .  E f f e c t  of  d i e l e c t r i c  c o n s t a n t  on r e t u r n  f r o m  a  s l i g h t l y  
r o u g h  s u r f a c e  ( v e r t i c a l  p o l a r i z a t i o n ) .
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T h e  e x te n t  to  w h ic h  th e  p e r t u r b a t i o n  th e o r y ,  a s  g iv e n  b y  E q .

( 5 3 ) ,  c a n  a c t u a l l y  p r e d i c t  th e  b a c k - s c a t t e r i n g  f r o m  r e a l  t e r r a i n  

s u r f a c e s  m a y  b e  ju d g e d  f r o m  F i g s .  10 to  19 . In  t h e s e  f i g u r e s  th e  

o r d in a te  i s  1 0 lo g  Y a n d  th e  a b s c i s s a  i s  in c id e n c e  a n g le .  In  e a c h  

c a s e  th e  m e a s u r e d  p o in ts  a r e  d u e  to  T a y l o r , 17 a n d  th e  c a lc u la t e d  

c u r v e s  a r e  b a s e d  on th e  m e a s u r e d  s u r f a c e  p r o p e r t i e s  o n ly . I t i s  

c l e a r  f r o m  th e s e  f i g u r e s  th a t  th e  d e p e n d e n c e  of th e  b a c k - s c a t t e r e d  

p o w e r  on s u r f a c e  r o u g h n e s s ,  p o l a r i s a t i o n ,  f r e q u e n c y  a n d  a n g le  of 

in c id e n c e  a r e  v e r y  w e l l  r e p r e s e n t e d  b y  th e  t h e o r y .  T h e  d i f f e r e n c e s  

b e tw e e n  th e  m e a s u r e d  a n d  c a l c u l a t e d  r e t u r n  a r e  d u e  p a r t l y  to  th e  

f a i l u r e  o f  th e  s u r f a c e  to  s a t i s f y  th e  t h e o r e t i c a l  a s s u m p t io n s  ( e . g . ,  

s lo p e s  o f o r d e r  u n i ty ,  in h o m o g e n e o u s  d i e l e c t r i c )  a n d  p a r t l y  to  th e  

c r u d e n e s s  o f th e  e s t i m a t e s  o f d i e l e c t r i c  c o n s ta n t s  a n d  c o r r e l a t i o n  

f u n c t io n s .  In  p a r t i c u l a r ,  th e  f a c t  th a t  th e  c o r r e l a t i o n  f u n c t io n s  

w e r e  c a l c u l a t e d  o n ly  f o r  c o r r e l a t i o n  d i s t a n c e s  o f l e s s  th a n  a  fe w  

m i l l i m e t e r s ,  m e a n s  th a t  th e  t a i l  o f th e  a c tu a l  c o r r e l a t i o n  fu n c t io n  

m a y  b e  c o n s id e r a b ly  d i f f e r e n t  f r o m  th e  a s s u m e d  c u r v e s  o f F i g s .  6 

a n d  7 .  T h e  c a l c u l a t e d  r e t u r n  i s  m o s t  s e n s i t iv e  to  th e  s h a p e  o f th e  

t a i l  a t  th e  lo n g e r  w a v e le n g th s  a n d  a t  in c id e n c e  a n g le s  to w a r d s  n o r 

m a l .  S in c e  th e  d i s c r e p a n c y  b e tw e e n  th e o r y  a n d  m e a s u r e m e n t  i s  

g r e a t e s t  u n d e r  j u s t  t h e s e  c o n d i t io n s ,  i t  i s  p r o b a b le  th a t  m o r e  a c 

c u r a t e  v a lu e s  f o r  p ( r )  w o u ld  g iv e  b e t t e r  a g r e e m e n t .  N e v e r t h e l e s s ,
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i t  i s  f e l t  th a t  f o r  a l l  p r a c t i c a l  p u r p o s e s ,  th e  m o d e l  m a y  be u s e d  to  c a l 

c u la te  th e  r e t u r n  f r o m  s u c h  s u r f a c e s  to  w ith in  a  fe w  d b . C o n v e r s e ly ,  

th e  s u c c e s s  of th e  m o d e l  im p l i e s  th a t  an  a c c u r a t e  p r e d i c t i o n  o f th e  

r e t u r n  f r o m  s u c h  s u r f a c e s  r e q u i r e s  s p e c i f i c a t io n  o f th e  s u r f a c e  r o u g h 

n e s s ,  c o r r e l a t i o n  f u n c t io n ,  a n d  c o m p le x  d i e l e c t r i c  c o n s ta n t .

D . S u r f a c e s  C o v e r e d  w ith  V e g e ta tio n  in  th e  f o r m  of L o n g  
T h in  L o s s y  C y l in d e r s

F o r  s u r f a c e s  c o v e r e d  w ith  c e r t a i n  ty p e s  of v e g e ta t io n ,  s u c h  

a s  g r a s * ,  f l a g s ,  e t c .  , f o r  w h ic h  i t  m a y  b e  a s s u m e d  th a t  th e  i n d i 

v id u a l  b la d e s  o r  s t e m s  s c a t t e r  l ik e  lo n g  th in  l o s s y  c y l in d e r s  d i s t r i 

b u te d  a t  r a n d o m  o v e r  th e  s u r f a c e ,  th e  s c a t t e r e d  r e t u r n  s ig n a l  m a y  

b e  fo u n d  f r o m  E q s .  ( 4 1 ) .  F o r  b a c k  s c a t t e r i n g ,  t h e s e  r e d u c e  to

( 55 a) V
_ A *N K 1[ ( c l -  l ) a + c j ] [ 3  + 8 t  + 1 6 t2]  

2 8 w s in 0 [ 3 ( a h /K ) * > 4 ( l+ 2 s in * e ) J

( 55b) Yw
A 2 N K 2[ (  t i  -1  )* + C a ][ j4 8 t+ 1 6 t1 + c o e ge( 1 2 + 4 t-1 6 t2 )] 

2 8 v s i n d [ 3 ( a v / K ) x + 4 ( 1  + 2  s in 2 0)]

A 1 N K 2 [ ( « ,  - 1 ) 1 + c j 1 (1  - t ) 2 (1  +2 c o s * 0)
( 5 5 c )  Yx ---------------- 1------------------- =!-------------------------------

2 8 v s i n 0 ^ 3 ( a / K ) 2 + 4 ( 1 + 2  s i n 20)J

( 5 6 a )  a h /K  * ( 3 / 1 6 )  A N  c 2 c o s e c  0 ( 1  + 3 t2 ) ,

(5 6 b )  a y / K  -  ( 3 /1 6 )  A N  c 2 c o s e c  0 [ l  + 3 t2 + c o s 20( 1 - t 2 )]
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w h e re  Vx i s  th e  c r o s s  p o la r i z e d  r e t u r n  ( VjjV o r  Vv | j ) . T h e  v a lu e  of 

a  a p p r o p r ia te  f o r  th e  in c id e n t  r a d ia t io n  m u s t  be u s e d .

In d e r iv in g  th e  a b o v e  f o r m u la s ,  i t  w a s  a s s u m e d  th a t  th e  c y l in d e r  

a x e s  w e re  d i s t r ib u t e d  a c c o r d in g  to  E q .  ( 3 8 ) .  T h is  s l ig h t  p r e f e r e n c e  

f o r  th e  v e r t i c a l  d i r e c t io n  i s  n o t n e c e s s a r i l y  c h a r a c t e r i s t i c  of a c tu a l  

v e g e ta t io n .  T h u s  th e  a n g u la r  d e p e n d e n c e , a n d  m o r e  e s p e c i a l l y  th e  

p o la r iz a t io n  d e p e n d e n c e , o f th e  c a lc u la t e d  r e t u r n  m a y  n o t r e p r e s e n t  

th e  m e a s u r e d  d e p e n d e n c e  in  a l l  r e s p e c t s .  N e v e r th e l e s s ,  i t  i s  f e l t  

th a t  th is  m o d e l  m a y  be  u s e d  to  e x p la in  s o m e  of th e  m o r e  p r o m in e n t  

f e a t u r e s  of th e  r a d a r  r e t u r n  f r o m  c e r t a i n  ty p e s  o f v e g e ta t io n  c o v e r e d  

s u r f a c e s .

T h e  j u s t i f i c a t io n  f o r  u s in g  th i s  p a r t i c u l a r  m o d e l  m a y  be  fo u n d  

in  c e r t a i n  d a ta  ta k e n  b y  T a y lo r 17 w h ic h  sh o w  th a t  th e  r e t u r n  f r o m  

g r a s s ,  a t  K a - b a n d 4 *  s ig n i f ic a n t ly  g r e a t e r  th a n  th e  r e t u r n  f r o m  th e  

b a r e  g ro u n d  b e n e a th .  A t th e  s a m e  t im e ,  th e  r e t u r n  i s  e s s e n t i a l l y  

in d e p e n d e n t  of th e  le n g th  o f th e  g r a s s  ( a f t e r  a  c e r t a i n  m in im u m  of 

v e g e ta t io n  c o v e r  h a s  a p p e a r e d ) .  T h e s e  tw o  o b s e r v a t io n s  s u g g e s t  

th a t  th e  in c id e n t  r a d i a t i o n  m u s t  b e  a lm o s t  c o m p le te ly  e x t in g u is h e d  

b e fo r e  r e a c h in g  th e  g ro u n d  u n d e r ly in g  th e  v e g e ta t io n .  T h u s  th e  

m a jo r  a s s u m p t io n  of th e  m o d e l  o f C h a p te r  U C  i s  s a t i s f i e d  ( a t  l e a s t  

a t  K  -b a n d ;  th e  e v id e n c e  a t  X -b a n d  i s  n o t s o  c l e a r  c u t ) .  F u r t h e r -St

m o r e ,  F ig .  5 sh o w s  th a t  t h e r e  i s  a l s o  a  m a r k e d  s e a s o n a l  d e p e n d e n c e
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of th e  r e t u r n ,  w ith  a  l a r g e  i n c r e a s e  in  th e  s p r in g  d e s p i te  th e  f a c t  

th a t  c o n s ta n t  m o w in g  k e p t  th e  g r a s s  a t  e s s e n t i a l l y  c o n s ta n t  d e p th .

T h is  s u g g e s t s  th a t  th e  w a te r  c o n te n t  a n d  th e  n u m b e r  of b la d e s  p e r  

u n it  a r e a  m a y  h a v e  a  d e c id e d  in f lu e n c e  on th e  r e t u r n ,  s in c e  b o th  

th e s e  p a r a m e t e r s  a r e  k n o w n  to  i n c r e a s e  d u r in g  th e  s p r in g  g ro w th , 

a n d  to  d im in is h  s lo w ly  d u r in g  th e  l a t e r  s u m m e r ,  f a l l  a n d  w in te r .

In  o r d e r  to  d e te r m in e  w h e th e r ,  in  f a c t ,  E q s .  (5 5 )  a n d  (5 6 )  c a n  a c 

c o u n t f o r  th e  r e t u r n  f r o m  g r a s s  c o v e r e d  s u r f a c e s ,  i t  i s  o n ly  n e c e s s a r y  

to  d e te r m in e  th e  p a r a m e t e r s  A , N , c t , c 2 f o r  th e  s u r f a c e s  in  q u e s 

t io n .  I t  h a s  n o t b e e n  p o s s ib le  to  d o  th is  in  d e t a i l ,  e s p e c i a l l y  s in c e  

s o m e  o f  th e  m e a s u r e m e n t s  w e r e  m a d e  b e f o r e  th e  th e o r y  w a s  d e v e l 

o p e d . H o w e v e r ,  s o m e  ro u g h  m e a s u r e m e n ts  f o r  th e  o r d i n a r y  la w n  

g r a s s  u n d e r  c o n s id e r a t i o n  sh o w  th a t  A  — 10 c m 2 a n d  th a t  th e  

p r o d u c t  A N  l i e s  in  th e  r a n g e  0 .1 0  > A N  > 0 .0 1 .  T h e  c o m p le x  d i 

e l e c t r i c  c o n s ta n t  of a  g r a s s  b la d e  m ig h t  a l s o  be  m e a s u r e d ,  f o r  e x 

a m p le  b y  c a v i ty  m e t h o d s .24 F o r  th e  q u a l i t a t iv e  u s e  o f E q s .  (5 5 )  

a n d  ( 5 6 ) ,  h o w e v e r ,  th e  e f f e c t iv e  d i e l e c t r i c  c o n s ta n t  of th e  b la d e s ,  

a n d  i t s  r e l a t i o n  to  t h e i r  w a te r  c o n te n t ,  h a s  b e e n  e s t im a t e d  b y  th e  

fo llo w in g  p r o c e d u r e .  I t  i s  a s s u m e d  th a t  f o r  v e g e ta t io n  w ith  a  w a te r  

c o n te n t  o f lOQf % b y  w e ig h t, th e  d i e l e c t r i c  c o n s ta n t  i s  g iv e n  b y

( 5 7 )  Cl -  i c 2 * 2 . 5 ( 1 - f )  + f c w
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w h e r e  t h e  f i r s t  t e r m  i s  s u p p o s e d  to  r e p r e s e n t  t h e  c o n t r i b u t i o n  of th e  

s o l i d  m a t t e r ,  a n d  cw i s  the  d i e l e c t r i c  c o n s t a n t  of  w a t e r ,  g i v e n  by  th e

24
u s u a l  r e l a x a t i o n  f o r m u l a

(5 8 )  «w - 5 ♦ ,  ♦ m . t s m  8 ( X l n c m > -

S u ch  a n  e s t i m a t e  i s  a d m i t te d ly  r a t h e r  c r u d e ,  e s p e c i a l l y  s in c e  i t  i s  

k n o w n 29* 24 th a t  a b s o r b e d  o r  c h e m ic a l ly  b o u n d  w a te r  m a y  n o t s a t i s f y  

E q .  ( 5 8 ) .  N e v e r t h e l e s s ,  i t  i s  b e l ie v e d  th a t  th e  u s e  o f E q .  (5 8 )  w il l  

s e r v e  to  i l l u s t r a t e  th e  e f f e c t  o f  s e a s o n ,  f r e q u e n c y ,  e t c . , on  th e  

r e t u r n .  F o r  t h i s  p u r p o s e .  F i g s .  20 to  27 h a v e  b e e n  p r e p a r e d ,  

b a s e d  on E q s .  (5 5 )  to  ( 5 8 ) ,  w ith  A * 1 .3  x 1 0 " 2 c m 2 , a n d  th e  o th e r  

p a r a m e t e r s  a s  s p e c i f i e d  on  e a c h  f i g u r e .  T h e  v a lu e  o f t  h a s  b e e n  

ta k e n  a s  2 / ( 1  - f t ! ) .  In  e a c h  c a s e ,  r e p r e s e n t a t i v e  m e a s u r e m e n ts  b y  

T a y lo r  a r e  in c lu d e d  f o r  c o m p a r i s o n .  F i g u r e s  20 to  23 sh o w  th e  e f 

f e c t  o f i n c r e a s i n g  th e  m o i s t u r e  c o n te n t  f r o m  307% r e p r e s e n t a t i v e  o f 

d r i e d  g r a s s ,  to  90% , r e p r e s e n t a t i v e  o f v e r y  m o is t  g r e e n  g r a s s . 92 

I t  m a y  b e  s e e n  f r o m  th e s e  f i g u r e s  th a t  s u c h  a  c h a n g e  o f m o is tu r e  

c o n te n t  i s  a d e q u a te  to  a c c o u n t  f o r  th e  o b s e r v e d  s e a s o n a l  d e p e n d e n c e  

o f  th e  r e t u r n .  T h e  g e n e r a l  l e v e l  o f th e  r e t u r n  i s  a l s o  a c c o u n te d  f o r  

a t  b o th  w a v e le n g th s  ( X -  a n d  K a - b a n d s ) a lth o u g h  th e  d e ta i l s  o f th e  

a n g u la r  d e p e n d e n c e  a r e  n o t .  F i g u r e s  2 4 -2 7  sh o w  th e  d e p e n d e n c e  

o f th e  r e t u r n  o n  th e  p a r a m e t e r  A N . H e r e  th e  g e n e r a l  l e v e l  o f  th e
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o b s e r v e d  r e t u r n  c o r r e s p o n d s  to  c h o o s in g  A N  — 0 .0 3 ,  w h ic h  i s  in  

r e a s o n a b le  a g r e e m e n t  w ith  th e  o b s e r v e d  v a lu e  of th e  p a r a m e t e r  

f o r  g r a s s  c o v e r e d  s u r f a c e s .  F i g u r e s  28 a n d  29 sh o w  th e  c a l c u 

l a t e d  p o la r i z a t io n  d e p e n d e n c e  of th e  r e t u r n  f o r  s e v e r a l  v a lu e s  of 

A N  a n d  f ,  t o g e th e r  w ith  s o m e  o f T a y l o r 's  m e a s u r e m e n t s .  T h e  

m e a s u r e d  p o l a r i z a t io n  d e p e n d e n c e  i s  n o t  a lw a y s  in  good  a g r e e 

m e n t  w ith  th e  p r e d ic t io n s  of th e  m o d e l ,  d u e  p a r t l y  to  th e  f a c t  th a t  

th e  c a lc u la t e d  r e s u l t s  a r e  s o m e w h a t  s e n s i t iv e  to  th e  a s s u m e d  c h o ic e  

o f d i s t r ib u t io n  f o r  th e  o r i e n t a t i o n  o f th e  c y l in d e r  a x e s .  H o w e v e r , 

th e  te n d e n c y  f o r  th e  d r i e r  a n d  s p a r s e r  v e g e ta t io n  to  e x h ib i t  a  g r e a t e r  

v e r t i c a l l y  p o l a r i z e d  r e t u r n  a s  th e  a n g le  o f in c id e n c e  m o v e s  a w a y  

f r o m  th e  n o r m a l  i s  r e p r o d u c e d  b y  th e  m o d e l .  F i n a l l y ,  F i g .  30 sh o w s  

th e  m e a s u r e d  f r e q u e n c y  d e p e n d e n c e  of a  w id e  v a r i e t y  o f v e g e ta t io n  

s u r f a c e s ,  t o g e th e r  w ith  th e  p r e d i c t i o n s  o f th e  m o d e l  j u s t  d e s c r i b e d .  

T h e  l in e  l a b e l l e d  " D i e l e c t r i c  C o n s ta n t  In d e p e n d e n t o f W a v e le n g th "  

s h o w s  w h a t w o u ld  be  o b ta in e d  i f  th e  w a v e le n g th  d e p e n d e n c e  o f th e  

d i e l e c t r i c  c o n s ta n t  w e re  ig n o r e d .  I t  i s  c l e a r  f r o m  th is  f ig u r e  th a t  

th e  w a v e le n g th  d e p e n d e n c e  of th e  d i e l e c t r i c  c o n s ta n t ,  e v e n  th o u g h  

i t  m a y  n o t  b e  e x a c t ly  a s  g iv e n  in  E q .  ( 5 8 ) ,  m u s t  s t i l l  p la y  a n  i m 

p o r t a n t  r o l e  in  d e te r m in in g  th e  o v e r a l l  w a v e le n g th  d e p e n d e n c e  o f  th e  

r e t u r n .
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T h e  c r o s s - p o l a r i z e d  r e t u r n  f r o m  s u c h  s u r f a c e s  h a s  b e e n  r e 

p o r t e d  by  C a m p b e l l , "  a n d  i s  a b o u t 5 db  b e lo w  th e  h o r i z o n ta l ly  

p o l a r i z e d  r e t u r n .  T h is  i s  a l s o  in  q u a l i t a t iv e  a g r e e m e n t  w ith  th e  

p r e d i c t i o n  o f  E q .  ( 5 5 ) .

A lth o u g h  th e  d e ta i l e d  a g r e e m e n t  b e tw e e n  th e  c a l c u l a t e d  a n d  

th e  m e a s u r e d  r e t u r n  i s  n o t s o  g o o d  a s  i t  w a s  f o r  th e  s l ig h t ly  ro u g h  

s u r f a c e s ,  i t  i s  fo u n d  th a t  th e  g e n e r a l  l e v e l  o f th e  r e t u r n ,  th e  f r e 

q u e n c y  d e p e n d e n c e ,  th e  s e a s o n a l  d e p e n d e n c e ,  a n d  th e  s t a t i s t i c a l  

p r o p e r t i e s 4 * 21 of th e  r e t u r n  c a n  b e  a c c o u n te d  f o r  q u a l i t a t iv e ly .  

T h is  s u g g e s t s  t h a t  th e  m o d e l  m a y  b e  o f u s e  in  p r e d i c t i n g  o th e r  

f e a t u r e s  ( e . g . ,  a lb e d o ,  b i s t a t i c  s c a t t e r i n g )  o f th e  i n t e r a c t io n  of 

e l e c t r o m a g n e t i c  r a d i a t i o n  w ith  v e g e ta t io n  s u r f a c e s ,  a t  l e a s t  a s  to  

o r d e r  o f m a g n i tu d e .  C o n v e r s e ly ,  to  th e  e x te n t  th a t  th e  m o d e l  i s  

s u c c e s s f u l ,  i t  s h o w s  th a t  th e  n u m b e r  o f c y l i n d e r s  p e r  u n i t  a r e a ,  

t h e i r  c r o s s - s e c t i o n a l  a r e a ,  a n d  t h e i r  d i e l e c t r i c  c o n s ta n t  m u s t  be  

s p e c i f i e d  to  d e s c r i b e  th e  s u r f a c e  p r o p e r l y .

E .  O th e r  T h e o r e t i c a l  M o d e ls

In  a d d i t io n  to  th e  s im p le  m o d e ls  o f S e c t io n  O B ,  a n d  th e  

" c o m p le te "  m o d e ls  o f  S e c t io n s  O C  a n d  H ID , t h e r e  i s  a  t h i r d  

c l a s s  o f m o d e ls  f o r  s c a t t e r i n g  f r o m  n o n - u n i f o r m  s u r f a c e s .  In  

t h i s  c l a s s ,  i n t e r e s t  i s  c o n c e n t r a t e d  m o r e  o n  th e  t h e o r e t i c a l  d e t a i l s  

of th e  s c a t t e r i n g  p r o b le m  th a n  on  m a in ta in in g  a n y  p a r t i c u l a r
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r e s e m b la n c e  b e tw e e n  th e  m o d e l  s u r f a c e  a n d  s o m e  a c tu a l  t e r r a i n .  

F o r  e x a m p le .  T w e r  s k y 14 h a s  c o n s id e r e d  a  s u r f a c e  of p e r f e c t l y  c o n 

d u c tin g  h e m i s p h e r i c a l  b o s s e s  d i s t r i b u t e d  a t  r a n d o m  o v e r  a  p e r f e c t ly  

c o n d u c tin g  p la n e ;  A m e n t*  h a s  c o n s id e r e d  a  s u r f a c e  o f p e r f e c t l y  

c o n d u c tin g  h a l f - p l a n e s  o r  w i r e s ;  a n d  C a r l s o n  a n d  H e in s 1* h a v e  c o n 

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

o g ra p h y  ( R e f e r e n c e s  6 -  16) in c lu d e s  a  r e p r e s e n t a t i v e  s a m p le  of 

A m e r ic a n ,  B r i t i s h  a n d  R u s s ia n  l i t e r a t u r e  on  s u c h  m o d e l s .
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F i g .  2 8 .  C a l c u l a t e d  r e t u r n  f r o m  v e g e t a t i o n  a t  K a - b a n d .  R a t io  
o f  r e t u r n  f o r  v e r t i c a l  p o l a r i z a t i o n  t o  r e t u r n  f o r  
h o r i z o n t a l  p o l a r i z a t i o n  f o r  tw o  v a l u e s  o f  w a t e r  
c o n t e n t  a n d  v a r i o u s  d e n s i t i e s  o f v e g e t a t i o n .
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F i g .  2 9 . C a l c u l a t e d  r e t u r n  f r o m  v e g e t a t i o n  a t  X - b a n d .  R a t io  
o f  r e t u r n  f o r  v e r t i c a l  p o l a r i z a t i o n  t o  r e t u r n  f o r  
h o r i z o n t a l  p o l a r i z a t i o n  f o r  tw o  v a l u e s  o f  w a t e r  
c o n te n t  a n d  v a r i o u s  d e n s i t i e s  of v e g e t a t i o n .
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G  2" Green Grass  
k 15" Green Grass  
O 3 '  Oats
6  Wet Soybean Stubble
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H  3 '  Soybeans

3.2c m
Wavelength

----------- AN
------------ AN
 AN

• 0 . 1 0  
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f * 9 0 %  
f * 3 0  % 
f * 9 0 %

F i g ,  30 . C a l c u l a t e d  a n d  m e a s u r e d  w a v e le n g th  d e p e n d e n c e  of the  
r e t u r n  f r o m  v e g e t a t i o n ,  a t  4 5 °  i n c id e n c e  a n g le .
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C H A P T E R  IV

A P P L IC A T IO N S  T O  T H E  R A D IO M E T R IC  
P R O P E R T I E S  O F  T E R R A IN

A. I n t r o d u c t io n  - K i r c h h o f f ' s  L a w

A n o th e r  i n t e r e s t i n g  a p p l i c a t io n  o f th e  s u r f a c e  m o d e l s  d e v e lo p e d  

in  C h a p te r  II i s  to  th e  r a d i o m e t r i c  p r o p e r t i e s  ( o r  a p p a r e n t  t e m p e r *  

a t u r e s )  of n a t u r a l  s u r f a c e s  a t  m ic r o w a v e  f r e q u e n c i e s .  T h e s e  h a v e  

r e c e n t l y  b e c o m e  of i n t e r e s t  in  c o n n e c t io n  w ith  o b s e r v a t i o n s  f r o m  

a r t i f i c i a l  s a t e l l i t e s , ,  a n d  m a y  h a v e  s o m e  i m p o r t a n c e  f o r  an  a c c u r a t e  

d e t e r m i n a t i o n  o f  th e  h e a t  b a la n c e  of th e  e a r t h .  I t  w a s  th e  i n t e n t io n ,  

in  f o r m u l a t i n g  th e  c o m p l e t e  m o d e l s  in  C h a p te r  I I ,  to  be  a b le  to  d e 

t e r m i n e  t h e s e  r a d i o m e t r i c  p r o p e r t i e s ,  in  p a r t i c u l a r  th e  e m i s s i v i t y ,  

d i r e c t l y  f r o m  th e  s u r f a c e  p r o p e r t i e s .  T h e r e  d o  e x i s t  c e r t a i n  s p e c i a l  

s u r f a c e s  f o r  w h ic h  th e  e m i s s i v i t y  m a y  b e  c a l c u l a t e d  d i r e c t l y  ( f o r  

e x a m p l e ,  a  p e r f e c t l y  f l a t  s u r f a c e  o f  a r b i t r a r y  d i e l e c t r i c  c o n s t a n t ) .  

H o w e v e r ,  f o r  n o n - u n i f o r m  s u r f a c e s  in  g e n e r a l ,  in  a p p e a r s  n e c e s s a r y  

to  in v o k e  K i r c h h o f f ' s  r a d i a t i o n  la w  in  o r d e r  to  c a l c u l a t e  th e  e m i s 

s i v i t y  f r o m  th e  s c a t t e r i n g  c o e f f i c i e n t s  Y. A n u n d e r s t a n d i n g  o f  t h i s  

r e l a t i o n  b e tw e e n  th e  s c a t t e r i n g  c o e f f i c i e n t s  a n d  th e  a p p a r e n t  t e m p e r 

a t u r e  of n a t u r a l  s u r f a c e s  i s  p a r t i c u l a r l y  i m p o r t a n t  a t  m ic r o w a v e  

f r e q u e n c i e s .  H e r e  th e  s c a t t e r i n g  c o e f f i c i e n t s  c a n  b e  m e a s u r e d  r a t h e r  

e a s i l y ,  w h e r e a s  i t  m a y  be  d i f f i c u l t ,  i f  n o t  i m p o s s i b l e ,  t o  s e p a r a t e

62



th e  s e v e r a l  c o n t r i b u t i o n s  to  th e  a p p a r e n t  t e m p e r a t u r e  by  m e a s u r e 

m e n t  o f  t h e r m a l  r a d i a t i o n  a l o n e .

U n f o r t u n a t e l y ,  th e  u s u a l  s t a t e m e n t  o f K i r c h h o f f ' s  l a w  i s  n o t  

a d e q u a t e  f o r  th e  p u r p o s e .  T o  r e m e d y  t h i s  s i t u a t i o n ,  v o n  F r a g s t e i n * 7 

h a s  r e c e n t l y  g i v e n  a  c r i t i c a l  d i s c u s s i o n  o f  th e  f o r m  th e  l a w  m u s t  ta k e  

f o r  b o th  s m o o t h  a n d  d i f f u s e  s u r f a c e s ,  a n d  th e  r e l a t i o n  b e tw e e n  i t  a n d  

th e  r e c i p r o c i t y  p r o p e r t i e s  o f  t h e  s c a t t e r i n g  c o e f f i c i e n t s .  H o w e v e r . ,  

h i s  d i s c u s s i o n  w a s  f o r  th e  o p t i c a l  c a s e ,  a n d  i g n o r e d  th e  p o l a r i z a t i o n  

p r o p e r t i e s  o f  th e  s u r f a c e .  I t  w i l l  t h u s  b e  n e c e s s a r y  to  e x t e n d  h i s  

r e s u l t s  t o  t a k e  a c c o u n t  o f t h e s e  p o l a r i z a t i o n  e f f e c t s ,  in  o r d e r  to  

p r o v i d e  a  s t a t e m e n t  o f  K i r c h h o f f ' s  l a w  in  i t s  m o s t  g e n e r a l  f o r m .

B e f o r e  c a r r y i n g  o u t  th e  d e r i v a t i o n  i t  w i l l  b e  c o n v e n i e n t  t o  d e f in e  

th e  p a r a m e t e r s  t h a t  w ill b e  u s e d  to  c h a r a c t e r i z e  th e  a b i l i t y  o f  a  

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

2S
T h e s e  a r e ,  i n  th e  t e r m i n o l o g y  o f  t h e  r e v i e w  a r t i c l e  b y  R u t g e r s ,  

t h e  e m i s s i o n  c o e f f i c i e n t s  a n d  e v (0o4>o )* w h e r e

[P o w e r  e m i t t e d  w i th  h o r i z o n t a l  p o l a r i z a t i o n  b y  1 
u n i t  a r e a  o f  s u r f a c e  in to  e l e m e n t  o f  s o l i d  a n g le  I 

d n  _ in  th e  d i r e c t i o n  0a $ n .  J
( 5 9 )  e h ( 0 o$ o ) =--------2--------------------------------S I S

[P o w e r  e m i t t e d  w i t h  h o r i z o n t a l  p o l a r i z a t i o n  b y  
u n i t  a r e a  o f  b l a c k  b o d y  a t  s a m e  t e m p e r a t u r e  
i n t o  s a m e  e l e m e n t  o f  s o l i d  a n g l e  i n  s a m e  
d i r e c t i o n .

A n  a n a l o g o u s  d e f i n i t i o n  h o l d s  f o r  *o r  v e r t i c a l l y  p o l a r i z e d

r a d i a t i o n .

63



T h r o u g h o u t  t h i s  c h a p t e r ,  i t  i s  to  be  u n d e r s t o o d  t h a t  t h e  t h e r m a l  

r a d i a t i o n  r e f e r r e d  t o  o c c u p i e s  a  n a r r o w  b a n d  o f  f r e q u e n c i e s  A f .

T o  o b t a i n  t h e  d e s i r e d  r e l a t i o n  b e t w e e n  t h e  e m i s s i o n  c o e f f i c i e n t  

a n d  t h e  a b s o r p t i o n  c o e f f i c i e n t ,  d e f i n e d  e a r l i e r  i n  E q .  ( 8 ) ,  c o n s i d e r  

a  s u r f a c e  ( s e e  F i g .  3 1 )  in  t e m p e r a t u r e  e q u i l i b r i u m  w i t h  b l a c k  b o d y

S u r f a c e  Emis s ion  And
R e f l e c t e d  Black 
Body R a d i a t i o n

Incoming Black 
Body R a d i a t i o n

Incomi ng  f  

B - B  Radi a t i on

F i g .  31. G e o m e t r y  f o r  d e r i v a t i o n  of K i r c h h o f f ' s  la w .

r a d i a t i o n  in  th e  h a l f  s p a c e  a b o v e  i t .  U n d e r  th i s  e q u i l i b r i u m  c o n 

d i t i o n ,  i t  w i l l  be  a s s u m e d  th a t  j u s t  a s  m u c h  e n e r g y  o f  a  g iv e n  p o l a r i 

z a t io n  l e a v e s  th e  s u r f a c e  in  a  g iv e n  d i r e c t i o n  a s  f a l l s  u p o n  i t  f r o m  

th e  s a m e  d i r e c t i o n  w ith  th e  s a m e  p o l a r i z a t i o n .  T o  s t a t e  th i s  a s 

s u m p t io n  q u a n t i t a t i v e l y ,  l e t  i Q b e  th e  p o w e r  d e n s i t y  p e r  u n i t  s o l id  

a n g le  ( w a t t s - m e t e r  2 - s t e r a d i a n  1 ) o f th e  b l a c k  b o d y  r a d i a t i o n  in  a 

s p e c i f i c  p o l a r i z a t i o n  s t a t e .  ( T h u s  th e  t o ta l  p o w e r  d e n s i t y  p e r  u n i t
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s o l i d  a n g le  of th e  b l a c k  b o d y  r a d i a t i o n  i s  ZiQ) . T h e n  i Q i s  a fu n c t io n  

of f r e q u e n c y  a n d  th e  e q u i l i b r i u m  t e m p e r a t u r e  b u t  n o t  of th e  d i r e c 

t io n  o r  p o l a r i z a t i o n  of th e  r a d i a t i o n .  I t  r e f e r s  to  the  e n e r g y  in  the  

f r e q u e n c y  i n t e r v a l  Af. T h e  p o w e r  dP^  in c i d e n t  w ith  h o r i z o n t a l  

p o l a r i z a t i o n  on  a n  e l e m e n t  of s u r f a c e  of a r e a  S f r o m  a  r a n g e  of 

s o l i d  a n g le  dfl0  in  d i r e c t i o n  0O$ O is

(6 0 )  d P .  = i Q d n o S c o s  0O .

T h e  p o w e r  l e a v in g  th e  s u r f a c e  i s  th e  s u m  of tw o  p a r t s , th e  t h e r m a l  

e m i s s i o n  f r o m  th e  s u r f a c e ,  a n d  th e  e x t e r n a l  b l a c k  b o d y  r a d i a t i o n  

r e f l e c t e d  by  th e  s u r f a c e .  T he  p o w e r  d P 0 e m i t t e d  b y  th e  s a m e  

e l e m e n t  o f s u r f a c e  i n to  th e  s a m e  r a n g e  o f  s o l i d  a n g le  w ith  h o r i 

z o n ta l  p o l a r i z a t i o n  i s ,  f r o m  th e  d e f in i t i o n  o f e m i s s i o n  c o e f f i c i e n t ,

( 6 1 )  d P e = i 0 d0 0 S c o .  .

T h e  p o w e r  r e f l e c t e d  b y  th e  s u r f a c e  in to  dQ Q in  th e  d i r e c t i o n

w ith  h o r i z o n t a l  p o l a r i z a t i o n ,  d u e  to  b l a c k  b o d y  r a d i a t i o n  c o m in g  

f r o m  th e  r a n g e  of s o l i d  a n g le  d Q s  in  th e  d i r e c t i o n  i s ,  f r o m  E q .

( 2 ) .

( 6 2 )  d 2 P p = i 0d Q g S c o s  0̂  [ w * , o )  + Yv h U » o > l

in c i d e n t  p o w e r  f r a c t i o n  r e f l e c t e d  
f r o m  i n to  dQ Q
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T h u s  th e  p o w e r  d P r  r e f l e c t e d  i n to  dfi 0 w ith  h o r i z o n t a l  p o l a r i z a t i o n

(6 3 )  d P r  ^ i p f l gS  ^ [ Vh h (s* o >  + Yv h ( s ,  o ) ]  c o s  0S d f l g .

U n le s s  o t h e r w i s e  s p e c i f i e d ,  i n t e g r a t i o n  i s  o v e r  th e  h e m i s p h e r e .

A s s u m in g  th e  i n c i d e n t  p o w e r  of g iv e n  p o l a r i z a t i o n  i s  b a la n c e d  

by  the  s u m  of th e  e m i t t e d  a n d  r e f l e c t e d  p o w e r  of th e  s a m e  p o l a r i 

z a t io n ,

(6 4 )  d P i  = d P e + d P r .

C o n s e q u e n t ly ,

(6 5 )  1 = e h (9o<t>0 ) + y  .C-°* ?L  8 »° )  +Yvh< «.<>>} dO g -

By th e  r e c i p r o c i t y  r e l a t i o n s  o f  E q .  ( 5 )  t h i s  b e c o m e s

( 6 6 ) 1 = ®h ( 6g6 o) + ^ h v < o . » ) ] d O , .

T h e  t h i r d  t e r m  in  E q .  ( 6 6 ) i s  j u s t  th e  a lb e d o  d e f in e d  b y  E q .  ( 7 ) ,  

w h ic h  i s  r e l a t e d  to  th e  a b s o r p t i o n  c o e f f i c i e n t  b y  E q .  ( 8 ) .  T h u s  on  

s u b s t i t u t i n g  E q s .  ( 7 )  a n d  ( 8 ) i n to  ( 6 6 ) ,  one  f in d s

( 6 7 a )  «h<3o*o> * a h ( ^ 0 ) *

A s i m i l a r  r e l a t i o n

(6 7 b )  « v (M » o )  * a v l ^ o )

i s  e a s i l y  d e r i v e d  f o r  v e r t i c a l  p o l a r i z a t i o n .



E q u a t io n s  ( 6 7 a )  a n d  (6 7 b )  c o n s t i t u t e  th e  d e s i r e d  g e n e r a l i z a t i o n  

of K i r c h h o f f ' s  L a w ,  ta k in g  a c c o u n t  of b o th  th e  p o l a r i z a t i o n  p r o p e r t i e s  

of the  s u r f a c e  a n d  th e  a n g u l a r  d e p e n d e n c e  of th e  c o e f f i c i e n t s .  F u r t h e r 

m o r e ,  t h r o u g h  E q s .  ( 7 )  a n d  ( 8 ) ,  th e  e m i s s i o n  c o e f f i c i e n t s  c a n  be 

fou nd  f r o m  the  s c a t t e r i n g  c o e f f i c i e n t s  V o f  th e  s u r f a c e .

By c o m p a r i n g  th e  d e r i v a t i o n  l e a d in g  to  E q .  ( 6 7 )  w ith  th a t  of 

von  F r a g s t e i n ,  27 the  d i f f e r e n t  a s s u m p t i o n s  in  the  tw o  d e r i v a t i o n s  

b e c o m e  c l e a r .  T h e  l a t t e r  p o s t u l a t e d  o n ly  t h a t  t h e r e  w a s  a b a la n c e  

b e tw e e n  th e  to ta l  p o w e r  i n c i d e n t  o n , e m i t t e d  a n d  r e f l e c t e d  by the  

s u r f a c e ,  w h e r e a s  E q .  (6 4 )  r e q u i r e d  t h a t  e a c h  p o l a r i z a t i o n  s t a t e  

s e p a r a t e l y  s a t i s f i e d  a  p o w e r  b a l a n c e .  On th e  o t h e r  h a n d ,  in  d e 

r iv in g  E q .  ( 6 7 ) ,  no  a s s u m p t i o n s  w e r e  m a d e  a b o u t  th e  p o l a r i z a t i o n  

p r o p e r t i e s  o f  th e  s u r f a c e ,  w h e r e a s  v o n  F r a g s t e i n  a s s u m e d ,  w ith o u t  

s t a t i n g  th e  f a c t ,  t h a t

( 6 8 ) Yh h ( 0 , s )  + Yh v ( o * • )  = Yv h < ° » * )  + Yw ( ° * *) •

T h e r e  i s  one  o t h e r  p o in t  in  w h ic h  th e  a b o v e  d e r i v a t i o n  d i f f e r s  

f r o m  th e  c a s e  w h e r e  p o l a r i z a t i o n  i s  n o t  t a k e n  in to  a c c o u n t .  V on  

F r a g s t e i n  p o in te d  o u t  t h a t  h i s  d e r i v a t i o n ,  w h ic h  m a d e  u s e  of w h a t  

he  r e f e r r e d  to  a s  th e  S o m m e r f e l d - P f r a n g  r e c i p r o c i t y  r e l a t i o n ,  c o u ld  

be  r e v e r s e d .  T h a t  i s ,  b y  a s s u m i n g  th e  v a l i d i t y  o f K i r c h h o f f ' s  l a w ,  

h e  c o u ld  p r o v e  th e  S o m m e  r f  e l d - P f r a n g  r e c i p r o c i t y  r e l a t i o n .  H o w 

e v e r  th e  a r g u m e n t  l e a d in g  to  E q .  (6 7 )  c a n n o t  b e  r e v e r s e d  to  o b ta in
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th e  r e c i p r o c i t y  r e l a t i o n s  of E q .  ( 5 ) .  A t m o s t ,  i t  c a n  be  sh o w n  th a t  

th e  p a i r s  of c o e f f i c i e n t s  e n t e r i n g  E q .  ( 6 8 ) s a t i s f y  a  r e l a t i o n  l ik e  

E q .  ( 5 ) .  T h is  i s  b e c a u s e  E q .  (6 7 )  p r o v i d e s  o n ly  tw o  r e l a t i o n s  b e 

tw e e n  th e  f o u r  c o e f f i c i e n t s  V.

B .  A p p a r e n t  S u r f a c e  T e m p e r a t u r e s

In p r a c t i c e ,  r e a l  t e r r a i n  s u r f a c e s  a r e  n o t  in  e q u i l i b r i u m  w ith  

b l a c k - b o d y  r a d i a t i o n  in  th e  h a l f - s p a c e  a b o v e  t h e m .  T h u s  th e  t o ta l  

r a d i a t i o n  e m a n a t i n g  f r o m  th e  s u r f a c e  w i l l  be  d i f f e r e n t  f r o m  th a t  

e m i t t e d  b y  a  b l a c k  b o d y  a t  th e  s a m e  t e m p e r a t u r e .  T h a t  i s ,  the  

s u r f a c e  w i l l  h av e  a n  " a p p a r e n t  t e m p e r a t u r e "  d i f f e r e n t  f r o m  i t s  

a c t u a l  t e m p e r a t u r e .  T h e  c o n c e p t  o f  th e  a p p a r e n t  t e m p e r a t u r e  o f a  

s u r f a c e  m a y  b e  d e f in e d  in  th e  fo l lo w in g  m a n n e r .

W ith in  a n  e n c l o s u r e  w h o s e  w a l l s  a r e  m a i n t a i n e d  a t  a  f ix e d  

t e m p e r a t u r e  T ,  th e  b l a c k - b o d y  r a d i a t i o n  i s  c h a r a c t e r i z e d  b y  th e  

q u a n t i t y  i 0 ( T , X ) ,  th e  p o w e r  d e n s i t y  p e r  u n i t  s o l i d  a n g le  of r a d i a t i o n  

o f a  s p e c i f i c  p o l a r i z a t i o n ,  w ith  f r e q u e n c i e s  in  th e  i n t e r v a l  Af. F o r  

s u f f i c i e n t l y  h ig h  t e m p e r a t u r e s  a n d  lo n g  w a v e l e n g th s ,  i Q( TX) i s  g iv e n  

b y  th e  R a y l e i g h - J e a n s  a p p r o x i m a t i o n 3*

( ^ 9 ) ^ ( T . X )  = kfrA* w a t t s - m e  t e r ' 3 - s t e  r a d i a n  1

w h ere  k i s  B o ltz m a n n 's  c o n s ta n t. F o r  a r b i t r a r y  te m p e ra tu re  and

w av e len g th , the P lanck*1 d is t r ib u t io n  law  m u s t be u se d .
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B e c a u s e  of th e  u n iq u e  r e l a t i o n  b e tw e e n  i 0  a n d  th e  t e m p e r a t u r e  

T  of the  e n c l o s u r e ,  the  r a d i a t i o n  i t s e l f  i s  a l s o  s a id  to  h a v e  t e m p e r 

a tu r e  T .  C o n s id e r  now a n y  a r b i t r a r y  t h e r m a l  r a d i a t i o n  t r a v e l l i n g  

in  a  s p e c i f i e d  d i r e c t i o n  w ith  s p e c i f i e d  p o l a r i z a t i o n  w ith  f r e q u e n c i e s  

in  th e  s m a l l  i n t e r v a l  Af. T h e n  th e  a p p a r e n t  t e m p e r a t u r e  of t h i s  a r 

b i t r a r y  t h e r m a l  r a d i a t i o n  i s  d e f in e d  a s  the  t e m p e r a t u r e  of th e  b l a c k -  

b o dy  r a d i a t i o n  w h ich  h a s  th e  s a m e  p o w e r  d e n s i t y  p e r  u n i t  s o l id  

a n g le .  T o  e x te n d  th e  c o n c e p t  to  a  s u r f a c e ,  i t  i s  o n ly  n e c e s s a r y  to  

p o s tu la t e  th a t  the  a p p a r e n t  t e m p e r a t u r e  of a  s u r f a c e  w hen  v ie w e d  

f r o m  s o m e  s p e c i f i e d  d i r e c t i o n  (w i th  a  d e t e c t o r  o f  s p e c i f i e d  p o l a r i 

z a t io n )  i s  e q u a l  t o  th e  a p p a r e n t  t e m p e r a t u r e  of th e  r a d i a t i o n  e m a 

n a t in g  f r o m  the  s u r f a c e  in  the  p r e s c r i b e d  d i r e c t i o n  w ith  the  p r e s c r i b e d  

p o l a r i z a t i o n .

T h e r e  a r e  t h r e e  p r i n c i p a l  c o n t r ib u t io n s  to  th e  a p p a r e n t  t e m p e r 

a t u r e  of n a t u r a l  t e r r a i n  s u r f a c e s  ( s e e  F i g .  3 2 ) .

T he  f i r s t  i s  the  t h e r m a l  r a d i a t i o n  e m i t t e d  by  th e  s u r f a c e .  I t  i s  

c u s t o m a r y  to  a s s u m e  th a t  a s  lo n g  a s  th e  s u r f a c e  h a s  a  w e l l - d e f in e d  

t e m p e r a t u r e  ( T g ) ,  i t s  e m i s s i o n  c o e f f i c i e n t  i s  in d e p e n d e n t  o f  c o n 

d i t io n s  e x t e r n a l  to  th e  s u r f a c e .

T h e  s e c o n d  c o n t r ib u t io n  to  th e  a p p a r e n t  t e m p e r a t u r e  i s  due  to  

the  r e f l e c t i o n  o f  th e  d i f fu s e  t h e r m a l  r a d i a t i o n  ( T ^  o r  T y ) im p in g in g  

on  th e  s u r f a c e  f r o m  th e  u p p e r  h e m i s p h e r e .  T h is  d i f fu se  r a d i a t i o n  i s .

69



Di rec t ion  F r o m  Which 
S u r f a c e  S Is Viewed Z

P o i n t  S o u r c e
1 1 ,

Di f fu se  E x t e r n a l  
R a d i a t i o n  W i t h  

^  C h a r a c t e r i s t i c  
T e m p e r a t u r e

T h t B % 4>%) And

T , ( « ,  * , )

T h e r m a l
E m i s s i o n
T h e r m a l  ! y  3̂
E m i s s i o n
Fr o m  S u r f a c e  Tgh or  Tgw

F i g .  32 . C o n t r ib u t i o n s  to  th e  a p p a r e n t  t e m p e r a t u r e  of a  s u r f a c e ,  

in  p r a c t i c e «  d u e  p r i m a r i l y  to  r a d i a t i o n  f r o m  th e  e a r t h ' s  a t m o s p h e r e

a t  m i c r o w a v e  w a v e le n g th s  s h o r t e r  th a n  10  c m ,  a n d  to  e x t r a t e r r e s -

T h e  t h i r d  c o n t r i b u t i o n  to  th e  a p p a r e n t  s u r f a c e  t e m p e r a t u r e  i s  

d u e  to  r a d i a t i o n  f r o m  p o i n t ( o r  q u a s i - p o i n t  s o u r c e s  s c a t t e r e d  b y  the  

s u r f a c e *  T h e  m o s t  p r o m i n e n t  o f t h e s e  i s  th e  s u n .

T h e  p o w e r  d u e  to  t h e s e  t h r e e  p r i n c i p a l  c o n t r i b u t i o n s  a d d s  

d i r e c t l y  to  g iv e  th e  t o t a l  p o w e r  e m a n a t i n g  f r o m  th e  s u r f a c e *  T hus*  

f o r  c o n d i t i o n s  u n d e r  w h ic h  th e  R a y l e i g h - J e a n s  a p p r o x i m a t i o n  ( E q .

( 6 9 ) )  m a y  b e  u s e d ,  th e  a p p a r e n t  t e m p e r a t u r e  of th e  s u r f a c e  m a y  

a l s o  b e  e x p r e s s e d  a s  a  s u m  o f  c o n t r i b u t i n g  t e m p e r a t u r e s ,  v i z :

t r i a l  ( o r  c o s m i c )  r a d i o  n o i s e  a t  w a v e l e n g th s  l o n g e r  th a n  100  c m .
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( 7 0 )  ^*ah = "^gh “*■ T «h * "^ph

^ a v  s  ^  T i v  ^  ^*pv

w h e r e

T a h * ^ o ^  T a v ^ 0o+o^ a r e  th e ^ o ta l^  a p p a r e n t  t e m p e r a t u r e s  

o f  a  s u r f a c e  f o r  r a d i a t i o n  of h o r i z o n t a l  o r  v e r t i c a l  

p o l a r i z a t i o n  r e s p e c t i v e l y ,  w h e n  th e  s u r f a c e  i s  v ie w e d  

f r o m  th e  d i r e c t i o n  0^»$o ( s e e  F i g .  3 2 ) ,

T g h ,  T g v  a r e  th e  c o n t r i b u t i o n s  to  th e  a p p a r e n t  t e m p e r a t u r e  

d u e  s o l e ly  to  th e  t h e r m a l  r a d i a t i o n  e m i t t e d  b y  th e  

s u r f a c e .

T s h* T IV a r e  th e  c o n t r i b u t i o n s  to  th e  a p p a r e n t  t e m p e r a t u r e  

d u e  t o  th e  s c a t t e r i n g  of th e  d i f f u s e  e x t e r n a l  r a d i a t i o n .  

T p h ,  T p y  a r e  th e  c o n t r i b u t i o n s  to  th e  a p p a r e n t  t e m p e r a t u r e  

d u e  to  th e  b i s t a t i c  s c a t t e r i n g  o f r a d i a t i o n  f r o m  p o in t  

o r  q u a s i - p o i n t  s o u r c e s .

T h e  f i r s t  c o n t r i b u t i o n ,  t h a t  d u e  to  t h e r m a l  e m i s s i o n  f r o m  th e  

g r o u n d ,  ie  e a s i l y  c a l c u l a t e d  f r o m  th e  d e f i n i t i o n ,  E q .  ( 5 9 ) ,  o f  th e  

e m i s s i o n  c o e f f i c i e n t .  C l e a r l y ,

T gh(^o4o^  B # h < V o ^ T I

(71)

^ g v (^> + o ^  * e v ( ^ o 4 o ^ g  

w h e r e  T g  i s  th e  a c t u a l  t e m p e r a t u r e  of th e  g r o u n d .
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T he  s e c o n d  c o n t r ib u t io n ,  d u e  to  the  e x t e r n a l  d i f fu s e  r a d i a t i o n  

m a y  be  c a l c u l a t e d  a s  f o l lo w s .  L e t  the  a p p a r e n t  t e m p e r a t u r e  of th is  

r a d i a t i o n  a r r i v i n g  f r o m  th e  d i r e c t i o n  be  ^ ( 0, ^ ) ,  T y ( 8g4 s ) f o r

th e  h o r i z o n t a l l y  a n d  v e r t i c a l l y  p o l a r i z e d  c o m p o n e n t s ,  r e s p e c t i v e l y .  

T h e n  f r o m  th e  d e f in i t io n  o f th e  s c a t t e r i n g  c o e f f i c i e n t s ,  E q .  ( 2 ) ,  a n d  

th e  f a c t  t h a t  the  a p p a r e n t  t e m p e r a t u r e  of r a d i a t i o n  i s  a s s u m e d  to  be 

p r o p o r t i o n a l  to  i t s  p o w e r  d e n s i t y / s t e r a d i a n  it  i s  fo u n d  th a t ,

( 7 2 )  T , h <<fe+ 0 ) = J  [ T h ( e , * , n h h ( . , o ) + T v <qi + , ) V v ll< . , o j )

. c o , St. .
C O S  Qq

F r o m  th e  r e c i p r o c i t y  r e l a t i o n s ,  E q .  ( 5 ) ,  t h i s  b e c o m e s

( 7 3 . )  T , h ((fc*0 ) .  i .  f [ T h ( . ) V h h ( o , . )  +Tv ( . ) Y h v < o . « ) ]  d l .  .

S i m i l a r l y

(7 3 b )  T , v <<fe*o> j ’[ T v ( . ) Y v v < o . . ) + T h <«)Yv h ( o t . ) ]  d t l ,  .

T h e  t h i r d  c o n t r i b u t i o n ,  t h a t  du e  to  p o in t  s o u r c e s ,  w i l l  b e  d i s c u s s e d  

in  th e  n e x t  s e c t i o n .

B e f o r e  c o n s i d e r i n g  th e  d e t a i l e d  a p p l i c a t i o n  o f  th e  fo re g o in g  

r e s u l t s  to  a c t u a l  t e r r a i n  s u r f a c e s ,  i t  m a y  b e  o f  i n t e r e s t  to  g ive  

f o r m u l a s  f o r  th e  a p p a r e n t  t e m p e r a t u r e s  o f  s o m e  h ig h ly  i d e a l i z e d  

s u r f a c e  m o d e l s  m u c h  u s e d  in  th e  p a s t .
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( i )  B la c k  B od y  

e h = «v  * 1

(  7 4 )  *  Y j j y  X  Y y J j  S  Y y y  X  0

*^ah * T a v  * T g  .

T h e  a p p a r e n t  t e m p e r a t u r e  o f a  b l a c k  b o d y  la  e q u a l  to  i t s  a c tu a l  

t e m p e r a t u r e .  It a b a o r b e  a l l  r a d i a t i o n  f a l l in g  on i t ,  a n d  r e f l e c t a  n o n e ,

( i i )  G r a y  B ody

T h e  e m i t  a io n  c o e f f i c i e n ta  f o r  a  g r a y  b o d y  a r e ,  l ik e  th o a e  of a  

b l a c k  b o d y ,  in d e p e n d e n t  of p o l a r i s a t i o n  a n d  d i r e c t i o n :

( ? 5 > e h ( ^ > + o >  *  M W o >  =  *  *

H e r e  e  ia  a  c o n e ta n t ,  e  < 1 .  T h e  s c a t t e r i n g  c o e f f i c i e n ta  f o r  a

g r a y  b o d y  h a v e  n o t  b e e n  p r e v i o u s ly  d e f in e d .  H o w e v e r ,  to  m a i n t a i n

th e  s i m i l a r i t y  b e tw e e n  g r a y  a n d  b la c k  b o d y  r a d i a t i o n ,  i t  s e e m s  p l a u 

s ib l e  to  r e q u i r e  th e  Y'e t o  bo  in d e p e n d e n t  of p o l a r i z a t i o n ,  a n d  to  f o l 

lo w  L a m b e r t ' s  l a w .  T h u s

( 7 6 )  Y h h ( o , s )  * Yh v ( 0 , s )  ■ Yv h ( o , s )  * Y ^ o . a )  * Yg c o s 0 >

w h e r e  Yg i s  a  c o n e t a n t .  T h e n  th e  a p p a r o n t  t e m p e r a t u r e  of a  g r a y  

b o d y  i s

73



<77) T ah  = T av  = e T g + y [ T h {3 J+ T v ( > ) ] c o s  0S dR0 .

A s  m a y  be  s e e n  by  l e t t in g  = T v  = T g , th e  r e l a t i o n  b e tw e e n  e a n d

Yg is

(7 8 )  e  = 1 -  ( Y g /2 ) .

( i i i )  F l a t  S u r f a c e

T h e  e m i s s i o n  c o e f f i c i e n t s  f o r  a  f l a t  s u r f a c e  h a v e  lo n g  b e e n  

k n o w n .31 B e c a u s e  th e  r e f l e c t i o n  i s  s p e c u l a r ,  th e y  m a y  be  c a l c u l a t e d  

f r o m  the  s t a n d a r d  f o r m  of K i r c h h o f T s  la w ,  a n d  th e  F r e s n e l  c o e f 

f i c i e n t s .  F o r  a  s u r f a c e  of a r b i t r a r y  c o m p le x  d i e l e c t r i c  c o n s t a n t  

c '=  C| -  i c 2 th e  a p p a r e n t  t e m p e r a t u r e s  a r e

T «h <«0+o> = [ l - | R h ( « b ) l , ] T * + l Rh (0o , l l T h < ek » * o +» )

( 7 9 )

T»v(%9o> - Q - I W l , ] T**lRv<‘k , !,T v<tfc-*o+*> • 

w h e re  R ^ , Ry a r e  th e  F r e s n e l  c o e f f i c i e n t s

.  CO. ^  -  ( t '  - ,ln »

c o s  Of, + ( c '  - s in *

( •0 )

n « <# c o s  Qp -  ( c '  - s i n 1^ )  

e ' c o s  %  + ( c '  - s in *
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T h e r e  i s  an  i m p o r t a n t  q u a l i f i c a t i o n  to  th e  f o r e g o i n g  d i s c u s s i o n .  

T h e  e f f e c t s  o f a t m o s p h e r i c  a t t e n u a t i o n  h a v e  b e e n  i g n o r e d .  C o n 

s e q u e n t l y  th e  a p p a r e n t  t e m p e r a t u r e s  a s  c a l c u l a t e d  f r o m  th e  a b o v e  

f o r m u l a s  a p p ly  o n ly  n e a r  e n o u g h  to  th e  s u r f a c e  s o  t h a t  t h e r e  i s  n o  

a p p r e c i a b l e  a t t e n u a t i o n  b e tw e e n  th e  s u r f a c e  a n d  th e  o b s e r v e r  a t  th e  

f r e q u e n c y  o f i n t e r e s t .  If t h i s  c o n d i t i o n  i s  n o t  f u l f i l l e d ,  th e  t h e r m a l  

r a d i a t i o n  d u e  t o  th e  i n t e r v e n i n g  m e d i u m  m u s t  a l s o  b e  t a k e n  i n to  

a c c o u n t .

C .  P o i n t  S o u r c e  E f f e c t s

In t h i s  s e c t i o n ,  th e  c o n t r i b u t i o n  o f  p o in t  s o u r c e s  t o  th e  a p p a r e n t

s u r f a c e  t e m p e r a t u r e  w i l l  b e  c a l c u l a t e d .  T h i s  m a y  b e  d o n e  m o s t

e a s i l y  b y  th e  a r t i f i c e  o f  r e p l a c i n g  th e  p o in t  s o u r c e  b y  a n  e q u i v a l e n t

s o u r c e  s u b t e n d in g  a  s m a l l  s o l i d  a n g le  f tp , p r o d u c i n g  r a d i a t i o n  w i th

i  w a t t s - m e t e r  _1 - s t e r a d i a n ”1 . T h a t  i s ,  i f  t h e  a c t u a l  p o in t  s o u r c e  
P

p r o d u c e s  r a d i a t i o n  o f  i n t e n s i t y  Ip  w a t t s - m e t e r 2 a t  th e  s u r f a c e ,  

t h e n  Ip  = i p Q p .  B o th  Ip  a n d  ip  r e f e r  to  r a d i a t i o n  o f  s p e c i f i c  p o l a r i 

z a t i o n  in  th e  f r e q u e n c y  i n t e r v a l  Af* T h e n  f r o m  E q .  ( 2 )  th e  p o w e r  

d e n s i t y  s c a t t e r e d  b y  a n  e l e m e n t  o f  s u r f a c e  S t o w a r d  th e  o b s e r v i n g  

d i r e c t i o n  eo * o  *■

( 8 1 )  I .  = c  6 ,  .

w h e r e  ( s )  r e f e r s  to  th e  d i r e c t i o n  o f  th e  p o in t  s o u r c e .  B u t
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S c o s  G ^/4irR2 is  th e  s o l i d  a n g le  s u b te n d e d  by  S a t  th e  v ie w in g  p o s i 

t io n ,  s o  t h a t  th e  i n t e n s i t y  p e r  u n i t  s o l i d  a n g le  of th e  s c a t t e r e d  r a d i 

a t io n  i s

1- , . . c o s  0a
(8 2 )  i -  = — 2  4irR = - f  P  Y ( s , o )   S-

S c o sQ o  4w c o s  eQ

M a k in g  u s e  of the  r e c i p r o c i t y  r e l a t i o n ,  a n d  ta k in g  p o l a r i z a t i o n  in to  

a c c o u n t ,

( 8 3 )  i . h  = [ Yh h ( o , s )  + Yh v ( o , s > ]

B e c a u s e  of the  r e l a t i o n  E q .  (6 9 )  b e tw e e n  i a n d  T ,  th e  c o n t r i b u t i o n  

of the  q u a s ip o in t  s o u r c e  to  th e  a p p a r e n t  t e m p e r a t u r e  b e c o m e s

<84) T p h  = T p  (jrh h ( o , , )  + Yh v < o , . ) ]

w h e r e  T p  i s  th e  a p p a r e n t  t e m p e r a t u r e  of th e  r a d i a t i o n  i p .  F o r  t r u e  

p o in t  s o u r c e s ,  o n ly  th e  p r o d u c t  Tpflp  k n o w n .

It m a y  be  o f  i n t e r e s t  t o  e s t i m a t e  th e  c o n t r i b u t i o n  of th e  s u n  to  

th e  a p p a r e n t  s u r f a c e  t e m p e r a t u r e  a t  m i c r o w a v e  f r e q u e n c i e s .  A t  1 ^ -  

b a n d ,  th e  a p p a r e n t  t e m p e r a t u r e  o f th e  s u n  i s  a b o u t  104° K  a n d  a  

t y p ic a l  v a lu e  o f  Y i s  0 . 1 .  T h u s  T a h  d u e  to  th e  s u n  i s  a b o u t  0 . 0 1 ° K .  

It  s e e m s  l i k e l y  t h a t  u n l e s s  g r e a t  a c c u r a c y  i s  r e q u i r e d ,  th e  e f f e c t s  o f 

th e  su n  on a p p a r e n t  t e m p e r a t u r e  m a y  b e  i g n o r e d  f o r  d i f f u s e  s u r f a c e s .
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D. A p p lica tio n  to  the A p p a re n t  T e m p e r a tu r e  
of Som e N a tu ra l  S u rface*

In th is  s e c t io n ,  the  r e s u l t s  of IVA and  IVB w ill be u s e d  to  e s 

t im a te  th e  a p p a r e n t  t e m p e r a t u r e s  of two s u r f a c e s  fo r  w hich  so m e  

m e a su re jm e n ts  a r e  a v a i la b le .

The f i r s t  s u r f a c e  of i n t e r e s t  i s  an  a s p h a l t  ro a d w a y , the  a p 

p a re n t  t e m p e r a t u r e  of which w as m e a s u r e d 1* a t  w av e len g th  of 4 . 3 

m m .  The m e a s u r e m e n t s  cou ld  be i n t e r p r e t e d  in  t e r m s  of the m o d e l  

fo r  a  s l ig h t ly  ro ugh  s u r f a c e  d e v e lo p e d  in  C h a p te r  II. H o w ev e r ,  su c h  

a m od e l i s  u n n e c e s s a r i l y  c o m p l ic a te d  f o r  in t e r p r e t in g  a p p a r e n t  t e m 

p e r a t u r e  m e a s u r e m e n t s .  T h is  i s  b e c a u s e  the  s c a t t e r i n g  p a t t e r n  of 

su c h  a  s u r f a c e  i s  p re d o m in a n t ly  s p e c u l a r ,  w ith  a  r e f l e c t io n  c o e f f i 

c ie n t  not v e r y  d i f f e r e n t  f r o m  th a t  f o r  a  p e r f e c t l y  f la t  s u r f a c e .  The 

d iffuse  p a r t  of the  s c a t t e r i n g  p a t t e r n  ( s e e ,  e . g . ,  E q s .  ( 2 5 ) ,  ( 2 6 ) ) ,  

though of v i ta l  im p o r ta n c e  f o r  p re d ic t in g  the  b a c k  s c a t t e r i n g ,  c o n 

ta in s  v e r y  l i t t l e  p o w e r .  E l e m e n t a r y  c o n s id e r a t io n s  show , in  f a c t ,  

th a t  the  r a t i o  of the  p o w e r  in  the  c o m p le te  d if fu se  p a t t e r n  ( i n t e g r a t e d  

o v e r  the h e m is p h e r e )  to  the  p o w e r  in  the  s p e c u l a r  b e a m  h a s  an  o r d e r  

of m a g n i tu d e  of 'yt 2 1R | 2 ) w h e re  R i s  the  a p p r o p r i a t e  F r e s n e l  c o e f 

f i c i e n t .  F o r  the  ro a d w a y  s u r f a c e s  p r e s e n t e d  in  F i g s .  1 0 -1 9 .  th is  

a m o u n ts  to  a  few  p e r c e n t .  T hus the  d if fu se  s c a t t e r i n g  w ill  be  i g 

n o re d ,  and  the  a p p a r e n t  t e m p e r a t u r e  w ill  be  c a lc u la te d  f r o m  the  

r e s u l t s  of I V B ( i i i ) .
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To do s o ,  i t  i s  n e c e s s a r y  to  e s t i m a t e  the  d i e l e c t r i c  c o n s t a n t  

of the  s u r f a c e ,  a nd  the  a p p a r e n t  " s k y "  t e m p e r a t u r e s  Tv (3q) and  

T h (0 o ) .  A t  4 , 3  m m  w a v e le n g th ,  the  l a t t e r  i s  due  p r i m a r i l y  to  r a d i 

a t io n  f r o m  the  e a r t h s  a t m o s p h e r e .  A c o n v e n ie n t  f o r m u l a ,  b a s e d  on 

a s i m p l e  m o d e l  which  r e p r e s e n t s  the  a t m o s p h e r e  a s  a  u n i f o r m  h o r i 

z o n ta l  l a y e r ,  i s * *  M

<8 5 > T h<®o> = T V<<V>) * T a ( l  -  r “ c *»)

w h e re  r  i s  the  f r a c t io n  of p o w e r  of the  g iv en  w a v e le n g th  t r a n s m i t t e d  

th ro u g h  the  a tm o s p h e r e  a t  n o r m a l  in c id e n c e ,  an d  T a  i s  the  t e m p e r 

a tu r e  of the  m o d e l  a t m o s p h e r e .  T ak in g  r  = 0 .6 3 ,  a  v a lu e  a p p r o p r i a t e  

to  the  d r y  a i r  of T e x a s ,  the  p r e d i c t i o n s  o f E q .  (8 5 )  a r e  in  f a i r  a g r e e 

m e n t  w ith  th e  sk y  t e m p e r a t u r e s  m e a s u r e d  by  S t ra i to n .* *

With th is  a s s u m p t io n  ab o u t  the  s k y  t e m p e r a t u r e ,  th e  a p p a r e n t  

t e m p e r a t u r e  of a  f l a t  o r  s l ig h t ly  ro u g h  s u r f a c e  b e c o m e s

Tah<*»> '  l * J * ] T « + W  «o)

( 8 6 ) 

Tvh<*>) * [* * W ‘ ] T* + K l 1 Ta*1 -  r ’ *C ^  '

U sin g  c / s  4 an d  r  * 0 .6 3 ,  the  p r e d i c t i o n s  of E q .  ( 8 6 ) a r e  

show n  in  F i g .  33 . T h e  m e a s u r e m e n t s  of S t r a i to n ,  B r i t t  a n d  T o lb e r t 9* 

on an  a s p h a l t  s u r f a c e  a r e  in c lu d e d  f o r  c o m p a r i s o n .  I t  w il l  be s e e n
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O ,*  s Measured 

( Ref. 36)r * 0.63
SURFACE
TEMP.3 0 0

VERTICAL
POL.

2 8 0

LlI

£ 2 7 0

HORIZONTAL 
POL. ,

2 6 0
2 0  4 0  6 0  8 0  
ANGLE OF INCIDENCE

F i g .  33. M e a s u r e d  a n d  c a l c u l a t e d  a p p a r e n t  t e m p e r a t u r e  
of a n  a s p h a l t  s u r f a c e .

th a t  a p a r t  f r o m  a  s y s t e m a t i c  e r r o r  of a b o u t  10°K« b o th  the  p o l a r i 

z a t io n  d e p e n d e n c e  a n d  th e  a n g u la r  d e p e n d e n c e  of th e  m e a s u r e d  

t e m p e r a t u r e s  a r e  f a i r l y  w e l l  r e p r e s e n t e d  by  th e  m o d e l .

A s e c o n d  s u r f a c e  m e a s u r e d  b y  S t r a i t o n  w a s  one c o m p o s e d  of 

g r a s s  a n d  w e e d s ,  f o r  w h ich  th e  l o s s y  c y l i n d e r  m o d e l  of UC sh o u ld  be  

a p p r o p r i a t e .  A g a in ,  the  c o m p le x i ty  o f E q .  ( 4 1 )  m a k e s  i t  d e s i r a b l e
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to  i n t r o d u c e  c e r t a i n  s i m p l i f y i n g  a s s u m p t i o n s  f o r  a  q u a l i t a t i v e  c a l 

c u l a t i o n ,  C o n s i d e r  f i r s t  th e  g e n e r a l  f o r m u l a  f o r  t h e  a p p a r e n t  

t e m p e r a t u r e  o f  a  s u r f a c e  w i th  s k y  t e m p e r a t u r e  g i v e n  b y  E q .  ( 8 5 ) f 

v i z ,  t

( 8 7 )  T a h  = T g [ l - ( 4 » r '  r [ Y h h ( o . « ) + Y h v ( o , . ) ] d n . ]

+ T a { 4 , ) - , j ’ [Y h h ( o . . ) + Y h v ( <> . . ) ] [ l - r * e c ^ ] < « ,  .

w i th  a  s i m i l a r  f o r m u l a  f o r  v e r t i c a l  p o l a r i z a t i o n .  In  th e  f i r s t  p l a c e ,  

m e a s u r e m e n t s  r e p o r t e d  b y  C a m p b e l l 35 i n d i c a t e  t h a t  Yj^. — ( 1 / 4 ) ^ ^  

s o  t h a t  t h e  t e r m  Y^v m a y  b e  d r o p p e d  o r  a c c o u n t e d  f o r  b y  a  s m a l l  

i n c r e a s e  in  Y j^ .  F u r t h e r m o r e ,  m e a s u r e m e n t s  b y  T a y l o r 17 s h o w  

t h a t  t h e  .b a c k  s c a t t e r i n g  f r o m  v e g e t a t i o n  s u r f a c e s  t e n d s  t o  b e  i n d e 

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

t e g r a n d s  i n  E q .  ( 8 7 )  m i g h t  b e  e i t h e r

(i)  r  i
( 8 8 a )  Y ^ o ,  s )  = Yi [ c o n s t a n t J

o r ,  s e c o n d l y ,

( 8 8 b )  Y h h ( s , o ) = Y *  [ c o n s t a n t ]

w h e r e ,  b y  E q .  ( 5 ) ,

(*) c o s  GL
( 88c )  Y ^ o . . )  -  .  — Y,  .

o

H e r e  th e  s u p e r s c r i p t s  ( 1 )  a n d  ( 2 )  i d e n t i f y  th e  s p e c i a l  c h o i c e s  o f  Y.

80



In o r d e r  to  c o m p a r e  the  p r e d i c t i o n s  of E q s .  ( 8 7 )  a n d  ( 8 8 ) w ith  th e  

m e a s u r e m e n t s ,  i t  i s  c o n v e n ie n t  to  c a l c u l a t e  AT, th e  d i f f e r e n c e  b e 

tw e e n  th e  a c t u a l  t e m p e r a t u r e  a n d  th e  a p p a r e n t  t e m p e r a t u r e  of th e  

s u r f a c e .  F o r  th e  tw o  s p e c i a l  c h o i c e s  of Y g iv e n  by  E q .  ( 8 8 ) ,  th e  

t e m p e r a t u r e  d i f f e r e n c e s  a r e

T h e s e  f u n c t io n s  m a y  b e  e v a l u a t e d  in  t e r m s  of th e  e x p o n e n t i a l  i n t e g r a l ,  

a n d  a r e  p l o t t e d  in  F i g .  34 .

U s in g  F i g s .  20 a n d  30 , a n d  o t h e r  r e s u l t s  o f  T a y l o r  to  e x t r a 

p o la t e  th e  b a c k - s c a t t e r i n g  c o e f f i c i e n t  f r o m  v e g e t a t i o n  s u r f a c e s  to

4 .  3 m m  th e  fo l lo w in g  v a l u e s  o f  Yi a n d  Vj nnay b e  e s t i m a t e d :

( O  V, r  *1
= - r  [ T g  -  T a F ,  ( r ) J

( M )

w h e r e

o

( 9 0 )

o

Y| £ Y| * 0 ,1  f o ?  g r a s s  a n d  w e e d s  - v e r t i c a l  p o l a r i z a t i o n

Yj = Y, = 0 .1 2 6  fo r  g r a s s  and  w eeds -  h o r iz o n ta l p o la r i 

z a t io n
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F ig .  34. The fu n c t io n s  F |  ( r )  and  F 2 ( r )  v s  r .
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Yi = Y2 = 0 . Z f o r  d a m p  g r a s s  a n d  w e e d s .

T h e  s e c o n d  a n d  t h i r d  v a l u e s  a r e  1 d b  a n d  3 db  l a r g e r  th a n  th e  f i r s t .  

W ith  t h e s e  c h o ic e s  o f Y, a n d  th e  v a lu e  r  = 0 .6 3  u s e d  p r e v i o u s l y ,  th e  

p r e d i c t i o n s  of E  j. ( 8 9 )  a r e  sh o w n  in  F i g s ,  3 5 - 3 7 .  T h e s e  f i g u r e s

a g r e e m e n t  b e tw e e n  th e  m e a s u r e m e n t s  a n d  th e  m o d e l ,  w h ic h  c o u ld  

be  b r o u g h t  in to  s u r p r i s i n g l y  g o o d  q u a n t i t a t i v e  a g r e e m e n t  b y  u s in g  th e  

m e a n  of a T 2 a n d  A T 2 , i . e . ,  b y  c h o o s in g

f o r  v e g e t a t i o n  s u r f a c e s .

U n f o r t u n a t e ly ,  t h e r e  i s  n o t  s u f f i c i e n t  e x p e r i m e n t a l  d a t a  to  c h e c k  

t h i s  a n d  th e  p r e v i o u s  f l a t  s u r f a c e  m o d e l  i n  th e  s a m e  d e t a i l  a s  the  

b a c k - s c a t t e r i n g .  N e v e r t h e l e s s ,  th e  q u a l i t a t i v e  f e a t u r e s  of th e  a p 

p a r e n t  s u r f a c e  t e m p e r a t u r e s  f o r  t h e s e  tw o  c l a s s e s  o f s u r f a q e  c a n  be  

e x p la in e d  b y  u s i n g  v e r y  s i m p l e  i d e a l i z a t i o n  of th e  s u r f a c e  m o d e l s  

d e v e l o p e d  e a r l i e r  i n  t h i s  r e p o r t .

a l s o  s h o w  th e  m e a s u r e d  t e m p e r a t u r e s . 14 A g a in  t h e r e  i s  q u a l i t a t iv e

(9 1 )
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C H A P T E R  V 

C O N C L U SIO N S

It h a s  b e e n  sh o w n  th a t  th e  " b i - s t a t i c "  o r  " d i f f e r e n t i a l "  s c a t 

t e r i n g  c o e f f i c i e n t s  Y^h* c t c *» m a y  be  u s e d  to  d e t e r m i n e  a  n u m b e r  of 

p r o p e r t i e s  of th e  i n t e r a c t i o n  o f e l e c t r o m a g n e t i c  r a d i a t i o n  w ith  n a t u r a l  

s u r f a c e s ,  in  p a r t i c u l a r  th e  b a c k - s c a t t e r i n g  ( r a d a r  c r o s s - s e c t i o n )  

th e  a lb e d o ,  a n d  th e  a b s o r p t i o n  c o e f f i c i e n t .  By m a k in g  u s e  of the  

r e c i p r o c i t y  r e l a t i o n s  s a t i s f i e d  b y  th e  s c a t t e r i n g  c o e f f i c i e n t s ,  i t  i s  

t h e n  p o s s i b l e  to  d e r i v e  K i r c h h o f f ' s  r a d i a t i o n  la w  in  a  f o r m  w h ic h  

a c c o u n t s  f o r  th e  a n g u l a r  d e p e n d e n c e  a n d  p o l a r i s a t i o n  d e p e n d e n c e  of 

th e  e m i s s i o n  a n d  a b s o r p t i o n  c o e f f i c i e n t s ,  a n d  p r e d i c t s  t h e m  in  t e r m s  

of th e  Y 's .  T h u s  i t  h a s  b e e n  sh o w n  th a t  o n c e  th e  Y 's a r e  k n o w n , b o th  

th e  s c a t t e r i n g  a n d  th e  r a d i o m e t r i c  p r o p e r t i e s  o f  th e  s u r f a c e  m a y  be 

fo u n d  in  t e r m s  of t h e m .  In a p p ly in g  th e  g e n e r a l  r e s u l t s  to  a c t u a l  

t e r r a i n  s u r f a c e s ,  tw o  m o d e l s  h a v e  b e e n  s u g g e s t e d  f o r  tw o  c o m m o n ly  

e n c o u n t e r e d  ty p e s  of s u r f a c e ,  f o r  w h ic h  th e  s c a t t e r i n g  c o e f f i c i e n t s  

h a v e  b e e n  c a l c u l a t e d  in  d e t a i l .  A t  th e  s a m e  t i m e ,  i t  i s  sh o w n  th a t  

th e  m o d e l s  o f f e r  a  c o n v e n ie n t  m e th o d  f o r  d e s c r i b i n g  a n d  c l a s s i f y i n g  

th e  s u r f a c e s  i n  a  r a t i o n a l  a n d  q u a n t i t a t iv e  m a n n e r .

T h e  f i r s t  m o d e l ,  a p p l i c a b l e  t o  s l i g h t l y  r o u g h ,  c o n t in u o u s  s u r 

f a c e s ,  s o l v e s  th e  s c a t t e r i n g  p r o b l e m  b y  p e r t u r b a t i o n  m e t h o d s ,  a n d  

g iv e s  r e s u l t s  f o r  th e  a n g u l a r  a n d  p o l a r i z a t i o n  d e p e n d e n c e  o f  th e  b a c k -  

s c a t t e r i n g  c o e f f i c i e n t s  a n d  ( i n  i d e a l i z e d  f o r m )  f o r  th e  a p p a r e n t
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t e m p e r a t u r e s  th a t  a r e  in  good  q u a n t i t a t iv e  a g r e e m e n t  w ith  m e a s u r e "  

m e n t s  on a s p h a l t  an d  c o n c r e t e  s u r f a c e s .  One m a y  th u s  in f e r  th a t  

s u c h  s u r f a c e s  a r e  a d e q u a te ly  r e p r e s e n t e d  by  the  m o d e l  a t  m ic r o w a v e  

f r e q u e n c i e s ,  a n d  c an  be c h a r a c t e r i z e d  by t h e i r  m e a n  s q u a r e  s u r f a c e  

r o u g h n e s s ,  s u r f a c e  c o r r e l a t i o n  fu n c t io n ,  a n d  c o m p le x  d i e l e c t r i c  c o n 

s t a n t .  T he  s e c o n d  m o d e l ,  p r o p o s e d  to  r e p r e s e n t  s u r f a c e s  c o v e r e d  

w ith  v e g e ta t io n  in  the  f o r m  of lo n g  th in  l o s s y  c y l i n d e r s ,  s o lv e s  the  

s c a t t e r i n g  p r o b l e m  in  th e  s i n g l e - s c a t t e r i n g  a p p r o x im a t io n  an d  g iv e s  

r e s u l t s  in  q u a l i t a t iv e  a g r e e m e n t  w ith  m e a s u r e m e n t s  of b o th  th e  

b a c k - s c a t t e r i n g  c o e f f i c i e n t s  a n d  th e  a p p a r e n t  t e m p e r a t u r e s  o f a c tu a l  

v e g e ta t io n  c o v e r e d  s u r f a c e s .  I n s o f a r  a s  th is  m o d e l  i s  s u c c e s s f u l  i t  

i m p l i e s  th a t  th e  s u r f a c e  m a y  b e  d e s c r i b e d  in  t e r m s  o f  the  n u m b e r ,  

s i z e ,  d i s t r i b u t i o n  a n d  c o m p le x  d i e l e c t r i c  c o n s t a n t  of the  in d iv id u a l  

c y l i n d e r s .
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A P P E N D IX  1

S C A T T E R IN G  F R O M  A S L IG H T L Y  ROU GH S U R F A C E  
F O R  V E R T IC A L  P O L A R IZ A T IO N

In th is  a p p e n d ix ,  the  r e s u l t s  of S s O. R ic e  f o r  h o r i z o n ta l

p o l a r i z a t i o n  w i l l  b e  e x te n d e d  to  the  c a i e  o f v e r t i c a l  p o l a r i z a t i o n .

T h e  n o ta t io n ,  e x c e p t  w h e r e  o t h e r w i s e  s p e c i f i e d ,  w il l  be  th a t  of 

R i c e 's  a r t i c l e .  T h e  e q u a t io n s  a r e  g iv e n  th e  s a m e  n u m b e r  a s  the  

c o r r e s p o n d i n g  e q u a t io n s  in  the  a r t i c l e *

If a  v e r t i c a l l y  p o l a r i z e d  in c id e n t  w ave  is  in c id e n t  on a  p e r 

f e c t ly  f l a t  s u r f a c e  w ith  a n g le  of in c id e n c e  6̂  ( f o r  c o o r d i n a te  s y s 

t e m ,  s e e  F i g .  2), th e n  th e  e l e c t r i c  f i e l d s  a b o v e  a n d  b e lo w  th e  s u r f a c e  

a r e

w h e r e , in  th i s  a p p e n d ix  o n ly ,  T  an d  R  a r e  th e  F r e s n e l  c o e f f i c i e n t s

h z > 0

E x = T  V . r a x  + t  V/ s

E y  = 0 z < 0

e ’  .  o ' T  a " r a ' x  + t y ' .
z
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f o r  v e r t i c a l  p o l a r i z a t i o n

T =
2cr/ '

1 + <v V / v t )
R -

1 - ( y W y t )  

l + ( y W yt )

a n d  w h e r e

Y = c o t  0,

’= (1  -  a " ) *

a  = s i n  0O 

a '  = ( o- / t )o .

T h e  o t h e r  q u a n t i t i e s  a r e  d e f in e d  on p .  1 8 .  W hen th e  e q u a t io n  of th e  

s e p a r a t i n g  s u r f a c e  i s  z  ~ f ( x ,  y )  th e  e l e c t r i c  f i e l d s  m a y  be  w r i t t e n

f  E x  + ^  A m n  E (  m ,  n ; z )  

^ ^  ^ m n  E  ( m  t n ; ®)

( 7 - 3 )  E y  = -4
E y  + B m n  E (  m ,  n ;  z )  

E y  + ^  ^ m n  E (  m ,  n ; z)

z > f

z < f

z > f

z < f

■ : * y Cm n  E ( m ,  n ; z )  z >  f
E  = z

z < f  .

H e r e  E ( m ,  n ; z )  ( s e e  E q .  ( 1 5  ̂ r e p r e s e n t s  a  p la n e  w a v e  in  th e  r e g i o n  

a b o v e  th e  s u r f a c e  a n d  F ( m , n ;  z )  = e x p  £ - i a (  m x + n y )  + i c z j r e p r e s e n t s  

a  p l a n e  w a v e  in  th e  r e g i o n  b e lo w  th e  s u r f a c e .  T h e  q u a n t i t i e s  a f m , n # 

c ,  e t c .  a r e  g iv e n  in  C h a p t e r  I I .
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A t the  s u r f a c e  z f the  t a n g e n t i a l  c o m p o n e n t s  of the  e l e c t r i c  

a n d  m a g n e t i c  f i e l d s  m u s t  b e  c o n t i n u o u s .  T h a t  i s f to  Off3 >, the  f o u r

q u a n t i t i e s

( 7 - 6 )  i

E x  - Nx  E x  -  NXE ,

E y  - Nx N y E x  - N y E ,

'  Hx  -  Nx NyHy -  Nx H z

( 7 - 7 )  i

*• Hy -  N 'H y  -  Ny H z

m u s t  be  c o n t in u o u s .  A f t e r  c o n s i d e r a b l e  a l g e b r a i c  r e d u c t i o n ,  the  

f o u r  e q u a t io n s  a r i s i n g  f r o m  t h e s e  f o u r  c o n d i t io n s  b e c o m e ,  to  0 ( f* )

+^ce - ‘r a x [ a V  ♦ f ’ a 3 ~  u ]

♦(1  - f x ) [ A m n  E (  m ,  n ,  z ) -  Gyrm F (  m ,  n ,  z ) J
+fx [ C m n E ( m , n , t )  -  I , ^  F ( m , n ,  * ) ]  = 0  

_  T 2f U a  * , 1
( 7 - 1 1 )  - ^ y ®  l ~ ----- + f * Y UJ

4£y e ’ g a x [ a V  + f * a 3 ~  u ]

’ £x£r [ A n u l  E <m *n ’ B> “ G m n  F ( m , n ,  s ) ]

+ f B m n  E ( m , n , s )  -  1 ^  F ( m f n , z ) ]

4 f y f c n m  E ( m , n ,  z )  • Im n  F { i n , n ( i ) ]  ^ 0
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[ a n ' u  + f \ u ]

+ [ i b B m n - i a n  C ^ ]  E ( m , n , z )  + [ i c  Hm n +ian Im n] F ( m ,  n ,  z )

- f j ^ y ^ i a m  Cm n  - i b  A m nJ E (  m ,  n ,  z ) +fx fy  Qc Gm n + ia m lrnr^

■ F ( m , n ,  z)

+fx  [ i a n  Am n  - i a m  B m n j  E ( m ,  n f z )  - f x  £ian Gm n - i a m  Hm nj

• F ( m ,  n ,  z )  = 0

( l - £ ^ ) e " < m x [2fV/ U + f 2r u ]

+ ( l - f y ) [ i a m C m n  -  ib  A m n ] E ( m , n , z )

- ( l - fy >  ( i c  G jn ,,  + i a m  Im n ) F ( m , n ,  z)

+ fx  £ ian  A m n  - i a m  Bm nJ  E{ m ,  n ,  z )  - f x  jjian G m n * ^ m - ^ m n j

* F (  m ,  n ,  z )  ~ 0

w h e r e  V = T ( t / s  -  v / r )  a n d  U = T ( a 2 - t 2 ) / 2 .  E x p a n d in g  th e  c o e f 

f i c i e n t s  a s  A^nn + A j ^  • • • ,  e t c . ,  u t i l i z i n g  ( 7 - 1 2 )  a n d  r e p l a c i n g  

f  e x p ( - i a v x )  b y  i t s  F o u r i e r  s e r i e s  e x p a n s i o n ,  th e  f i r s t  o r d e r  t e r m s  

l e a d  t o  th e  e q u a t io n s

A ™  -  G * n n  =  [ -  - ^ 7 ^  + U “  V ( m - v ) ] p ( m - v , n )

B m n  -  =  i a n a V  P ( m - v , n )

(7 -1 3 )
b ® m n  “ *** ^ m n  + c ^ m n  + 411 W i  “  ®

a m  - b  A m n  * c G m n  * a m  Im n  = 2i  UY P (  m - v ,  n ) ,

9 6



w h ic h ,  w ith  th e  d i v e r g e n c e  r e l a t i o n s

a m  A m a  + an  B m n  + b C ^ n  - 0

t 7 - 1 7 )

a m  C jn n  + a n  Hrnn  -  c lm n  * 0 ,

p r o v id e  th e  s i x  e q u a t io n s  f o r  th e  s i x  " u n k n o w n s "  A m n *** Irnn* 

s o lu t io n  i s

,7-21) * ZiU.gtp-^-n-> ta b  I  «n]

_ 2i U P ( m - v , n )  T a2n m  Y -  a  I  b  a n )
^  '   dD-------------  1  r  J

/ 2 i U P ( m - v , n )  r m c y ‘ .  a  Z  ( a 2m 2 - a 2n 2 ) l  
11111 d D  L a  J

Gm n  “ V n  ♦ .  ( a  < H (a m -a v ) / r )  P ( m - v ,  n )

_* Z ia n a  U p< i
Hm n  * B m n  +------ “ ------  P ( m - v , n j

f '  -  a m  a n  „ /
T tin  “ m n  c ^ n n  •

T he
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A P P E N D IX  II 

T H E  R E C IP R O C IT Y  R E L A T IO N S  S A T IS F IE D  

BY T H E  S C A T T E R IN G  C O E F F I C I E N T S

B e c a u s e  of th e  d e c i s i v e  r o l e  p l a y e d  by  th e  r e c i p r o c i t y  r e l a t i o n s ,  

E q .  ( 5 ) ,  in  d e r i v i n g  K i r c h h o f f ' s  l a w ,  i t  m a y  be d e s i r a b l e  to  p r o v i d e  

a  m o r e  d e t a i l e d  p r o o f  th a n  t h a t  g iv e n  in  C h a p te r  I I .

C o n s i d e r  tw o  a n t e n n a s ,  ( a )  a n d  ( b )  ( s e e  F i g .  38) a t  d i s t a n c e s  

R a  a n d  R ^ , r e s p e c t i v e l y ,  f r o m  th e  s u r f a c e  e l e m e n t  S .  S u p p o s e ,  f o r  

th e  p u r p o s e s  o f th i s  p r o o f ,  t h a t  th e  a n te n n a s  h a v e  th e  fo l lo w in g  

c h a r a c t e r i s t i c s :

( i )  T h e  a n t e n n a s  a r e  c o n n e c t e d  to  t r a n s m i s s i o n  l i n e s  ( r e a l  

c h a r a c t e r i s t i c  i m p e d a n c e s  Z a  a n d  Z ^ ,  r e s p e c t i v e l y )  

m a t c h e d  in  b o th  d i r e c t i o n s ,  a n d  s u p p o r t i n g  o n ly  one  

m o d e ,  s o  t h a t  a  w e l l  d e f in e d  c u r r e n t  a n d  v o l ta g e  e x i s t  

a t  s o m e  r e f e r e n c e  p la n e  in  e a c h  l i n e .

( i i )  T h e  a n t e n n a s  a r e  o f  h ig h  g a in ,  a n d  a r e  d i r e c t e d  a t  S; 

th u s  i t  i s  a s s u m e d  t h a t  th e  o n ly  i n t e r a c t i o n  b e tw e e n  

th e m  i s  d u e  to  s c a t t e r i n g  f r o m  th e  s u r f a c e  S .

T h e s e  tw o  s p e c i a l  a s s u m p t i o n s  a r e  n o t  n e c e s s a r y ,  b u t  g r e a t l y  s i m p l i f y  

th e  fo l lo w in g  p r o o f .  F o r  th e  g e n e r a l  p r o o f ,  th e  o n ly  r e q u i r e m e n t  

on  th e  a n t e n n a s  i s  th a t  t h e r e  e x i s t  r e f e r e n c e  p l a n e s  in  th e  f e e d  l i n e s  

w h e r e  th e  v o l t a g e  a n d  c u r r e n t  c a n  b e  d e f i n e d .
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Situation ( I ) ;  (a) Is Transmitting

2b

(b)

Situation (2 ) ;  (b) Is Transmitting

F ig *  3 8 . G e o m e t r y  f o r  r e c i p r o c i t y  t h e o r e m ,
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N ow  c o n s i d e r  the  f a l l o w in g  tw o  s i t u a t i o n s ,  i l l u s t r a t e d  in F i g ,  38,

v i z .  :

( 1 )  A  v o l ta g e  Vja  i s  m a i n t a i n e d  a c r o s s  the  r e f e r e n c e  t e r 

m i n a l s  of ( a )  a c t in g  a s  a  t r a n s m i t t e r .  T h e  c u r r e n t  a t

th e  r e f e r e n c e  t e r m i n a l s  o f  ( b )  i s  m e a s u r e d ,  a n d  fo u nd  

to  be  .

(2 )  A  v o l ta g e  V2b  i s  m a i n t a i n e d  a c r o s s  th e  r e f e r e n c e  t e r ~

m i n a l s  of ( b )  a c t in g  a s  a  t r a n s m i t t e r .  T h e  c u r r e n t  a t

th e  r e f e r e n c e  t e r m i n a l s  o f  ( a )  i s  m e a s u r e d  a n d  fo u n d  

to  be  J 2a  •

It i s  a  c o n s e q u e n c e  o f th e  L o r e n t z  r e c i p r o c i t y  t h e o r e m  ( R e f e r e n c e  

20 , p ,  59) th a t  th e  a b o v e  d e f in e d  v o l t a g e s  a n d  c u r r e n t s  s a t i s f y  the  

e q u a t io n

V f a J i a  = J | b  •

T h is  i s  r e f e r r e d  to  a s  th e  R a y le ig h  r e c i p r o c i t y  t h e o r e m  ( R e f e r e n c e  

2 0 ,  p .  1 9 ) ,  A n  e x t e n s i v e  d i s c u s s i o n  o f  th e  r e l a t i o n  b e tw e e n  th e  tw o  

t h e o r e m s ,  th e  p r o p e r  d e f i n i t i o n  of v o l t a g e  a n d  c u r r e n t  in  a n te n n a  f e e d  

l i n e s ,  a n d  th e  j u s t i f i c a t i o n  f o r  r e p r e s e n t i n g  tw o  a n t e n n a s  c o u p le d  b y  

a  s c a t t e r e r  a s  a  f o u r  t e r m i n a l  n e t w o r k  i s  g iv e n  in  th e  s e c o n d  c h a p t e r  

of R e f e r e n c e  2 0 ,  It i s  s u f f i c i e n t  h e r e  to  n o te  t h a t  the  s c a t t e r i n g  

r e g i o n  S m a y  b e  of a n y  c o m p l e x i t y ,  a s  lo n g  a s  th e  c o n s t i t u t i v e

100



p a r a m e t e r s  ( d i e l e c t r i c  c o n s t a n t ,  p e r m e a b i l i t y ,  c o n d u c t iv i ty )  a r e  

e v e r y w h e r e  a t  m o s t  a  r e a l  s y m m e t r i c  t e n s o r .  T h u s  g y r o t r o p i c  

m e d i a  ( f e r r i t e s ,  e t c . )  a r e  not p e r m i t t e d .  A l s o ,  b e c a u s e  th e  s u p e r 

p o s i t io n  p r i n c i p l e  i s  u s e d ,  the  p a r a m e t e r s  c ,  fi, g m u s t  be  in d e p e n d -  

e n d  o f f i e ld  s t r e n g t h .  T h u s  f e r r o m a g n e t i c s ,  r e c t i f y i n g  o x id e  c o a t in g s ,  

e t c .  a r e  n o t  p e r m i t t e d .

T h e  v o l t a g e s  a n d  c u r r e n t s  j u s t  d e f in e d  m u s t  now  b e  r e l a t e d  to  

th e  p o w e r  d e n s i t i e s  d e p ic t e d  in  b o th  F i g .  1 a n d  F i g .  3 8 . In  s i t u a t i o n  

( 1 ) ,  th e  t o t a l  p o w e r  r a d i a t e d  b y  ( a )  i s  j u s t  ( 2 Z a ) 1 | v ia  | , s o  t h a t  

th e  p o w e r  d e n s i t y  Iq  a t  th e  s u r f a c e  S i s  fo u n d  f r o m

( 2 Z , ) ' 1 |V ,»  |* = < * R ‘ xo / g , ( 8 0+0 )

w h e r e  ga (G ^ t0 ) th e  g*^11 ( * )  in  th e  d i r e c t i o n  of th e  s u r f a c e

( s e e  R e f e r e n c e  2 0 ,  p p .  2 a n d  5 0 ) .  It  i s  a s s u m e d  th a t  ( a )  i s  d e 

s ig n e d  to  p r o d u c e  r a d i a t i o n  of th e  s p e c i f i c  p o l a r i z a t i o n  o f i n t e r e s t  

a t  S . On th e  o t h e r  h a n d ,  th e  p o w e r  r e c e i v e d  b y  ( b )  i s  (1  / 2 )  Zj, | J j b  | • 

T h u s  i f  I a i s  th e  p o w e r  d e n s i t y  in  th e  s c a t t e r e d  w a v e  a t  the  a p e r t u r e  

of ( b ) , t h e n

i . A b < q ,* , )  * < l / 2 ) Z b | j lb  I1

w h e r e  i s  th e  r e c e i v i n g  a p e r t u r e  o f  ( b )  i n  th e  s c a t t e r i n g

d i r e c t i o n  ( s e e  R e f e r e n c e  2 0 ,  p p .  3 a n d  5 0 ) .  It i s  a s s u m e d  th a t  ( b )  

i s  d e s i g n e d  to  r e c e i v e  th e  p o l a r i z a t i o n  o f i n t e r e s t .
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In s i t u a t io n  ( 2 ) ,  th e  p o w e r  d e n s i ty  1^ a t  th e  s u r f a c e  S, a n d  lg 

a t  the  a p e r t u r e  of the  r e c e i v e r  ( a ) f m a y  b e  fo u n d  s i m i l a r l y ,

<2Zb ) - ‘ | v 2b | 2 = 4»Rb l o' /g b( 0 ,+ , )

(l/ZlzJjja I* = Aa< W IJ •

N ow  i t  i s  a l s o  a  c o n s e q u e n c e  of th e  L o r e n t z  r e c i p r o c i t y  t h e o r e m  

( a p p l i e d  to  i s o l a t e d  a n t e n n a s ,  w i th o u t  th e  s c a t t e r e r )  th a t  th e  g a in  of 

a n  a n te n n a  in  a  g iv e n  d i r e c t i o n  f o r  r a d i a t i o n  of a  s p e c i f i c  p o l a r i z a t i o n  

i s  r e l a t e d  to  i t s  r e c e i v i n g  a p e r t u r e  f o r  r a d i a t i o n  f r o m  the  s a m e  d i 

r e c t i o n  w ith  the  s a m e  p o l a r i z a t i o n  b y  th e  fo l lo w in g  e q u a t io n ,

8a ( M p )  _ S b ^ ^ s )  = i j
A a ^ + o )  " A b < 8b + . )  K

T h is  i s  k n o w n  a s  th e  a n te n n a  p a t t e r n  r e c i p r o c i t y  t h e o r e m ,  a n d  i s  

p r o v e d  o n  p ,  51 o f  R e f e r e n c e  20 .

W hen th e  r e l a t i o n s  b e tw e e n  v o l t a g e ,  c u r r e n t  a n d  p o w e r  d e n s i t y  

a r e  s u b s t i t u t e d  i n to  th e  R a y le ig h  r e c i p r o c i t y  t h e o r e m ,  i t  i s  fo u n d  

th a t

* Aa < W  .  R * Ab < W
* I, S . ( W  b V *b<W  •

T h u s  u s in g  th e  a n te n n a  p a t t e r n  r e c i p r o c i t y  t h e o r e m ,  t h e r e  r e s u l t s

W  ■ V 1..'/!.') •
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If »t  i s  a s s u m e d  t h a t  R a  -  R ^ ,  a n d  t h a t  ( a )  a n d  ( b )  a r e  i d e n t i c ^ :  

( e x c e p t  f o r  p o l a r i z a t i o n ) ,  s o  t h a t  lo =  lo» thcri >s "  ]s' T h i s  1 3  J U H t  

t h e  r e l a t i o n  r e q u i r e d  o n  p .  9 t o  p r o v e  t h e  r e c i p r o c i t y  r e l a t i o n s ;  f o r  

t h e  s c a t t e r i n g  c o e f f i c i e n t s ,
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A U T O B IO G R A P H Y

I, W il l ia m  H e l l e r  P e a k e » w a s  b o r n  on the  te n th  of J u n e ,  1926, 

in  B in g h a m to n ,  New Y o rk .  I r e c e i v e d  th e  B a c h e lo r  of S c ie n c e  d e g re e  

f r o m  the  M a s s a c h u s e t t s  I n s t i tu t e  of T e c h n o lo g y  in  1946 , a n d  the  

M a s t e r  of A r t s  d e g r e e  f r o m  C o lu m b ia  U n i v e r s i t y  in  1951 , S in ce  1952 

I h av e  b e e n  e m p lo y e d  a t  th e  A n te n n a  L a b o r a t o r y  in  th e  D e p a r tm e n t  of 

E l e c t r i c a l  E n g in e e r i n g  of T he  O hio  S ta te  U n iv e r s i ty .
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