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The primary o b j e c t i v e  of t h i s  r e sea rch  is t o  explo r~ 
how t h e  geometry o f  trees i n  f o r e s t  s t a n d s  in f luences  t h e  
r e f l e c t a n c e  of t h e  f o r e s t  a s  imaged from space.  Most p l a n t  
canopy modeling t h a t  has  been c a r r i e d  o u t  t h u s  f a r  views t h e  
canopy a s  an  assemblage of p l a n e - p a r a l l e l  l a y e r s  on t o p  of a  
s o i l  su r face .  For t h e s e  models, l e a f  ang le  d i s t r i b u t i o n ,  
l e a f  a r e a  index,  and t h e  angular  t r a n s m i t t a n c e  and r e f l e c -  
t a n c e  of l e a v e s  a r e  t h e  primary o p t i c a l  and geometric  param- 
e t e r s .  Such models, and t h e i r  d e r i v a t i v e s ,  a r e  now s u f f i -  
c i e n t l y  w e l l  developed t o  e x p l a i n  most of t h e  va r i ance  i n  
angular  r e f l e c t a n c e  measurements observed from homogeneous 
p l a n t  canopies .  However, f o r e s t  canopies  a s  imaged by a i r -  
borne and spaceborne scanners  e x h i b i t  cons ide rab le  va r i ance  
a t  q u i t e  a  d i f f e r e n t  s c a l e .  Br ightness  va lues  vary  s t r o n g l y  
from one p i x e l  t o  t h e  next  p r i m a r i l y  a s  a  func t ion  of  t h e  
number of t r e e s  t h e y  c o n t a i n .  A t  t h i s  s c a l e ,  t h e  f o r e s t  
canopy is nonuniform and d i scon t inuous .  

This  r e s e a r c h  focuses  on a  d iscre te-e lement ,  geomet- 
r i c - o p t i c a l  view of  t h e  f o r e s t  canopy. Trees  a r e  considered 
t o  be s o l i d  o b j e c t s  c a s t i n g  shadows on a  c o n t r a s t i n g  plane.  
The b r i g h t n e s s  of  a  p i x e l  is then  a  f u n c t i o n  of t h e  back- 
ground b r i g h t n e s s ,  t h e  number of trees i n  t h e  p i x e l ,  t h e  
s i z e  and shape sf t h e  t r e e s  and t h e  i n d i v i d u a l  shadows they  
c a s t ,  and t h e  chance over lapping of  shadows and t r e e  crowns 
t h a t  occurs  when t r e e s  f a l l  c l o s e  t o g e t h e r .  This  model of 
t h e  f o r e s t  canopy p r e s e n t s  an  a l t e r n a t i v e  approach t o  canopy 
modeling t h a t  is w e l l  s u i t e d  t o  a p p l i c a t i o n s  of multispec- 
t r a l  imaging by a i r c r a f t  and s p a c e c r a f t .  

The pr imary  o b j e c t i v e s  of t h i s  r e sea rch  a r e :  (1) 
mathematical formula t ion  of a  d iscre te-e lement ,  geometric- 
o p t i c a l  model t o  e x p l a i n  t h e  mean and p ixel - to-pixel  v a r i -  
ance i n  r e f l e c t a n c e  of  s p a r s e  t o  dense  f o r e s t  canopies;  ( 2 )  
t e s t i n g  of t h e  fo rmula t ion  through Monte Car lo  s imula t ions  
and r e a l  image d a t a ;  and ( 3 )  development of an invers ion  
procedure t o  a l low remote e s t i m a t i o n  of s i z e ,  shape and 
spacing of  trees from imagery when t h e  imagery is t o o  c o a r s e  
t o  permit  i d e n t i f i c a t i o n  and aeasurement of i n d i v i d u a l  
trees. 

A s  developed,  t h e  model c o n s i d e r s  c o n i f e r s  a s  cones 
( F i g  1 . P a r a l l e l - r a y  geometry is used t o  d e s c r i b e  t h e  
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i l l u m i n a t i o n  of  t h e  three-dimensional  cone and t h e  shadow it 
c a s t s  on t h e  background. Cones a r e  assumed t o  be  randomly 
p laced and f r e e l y  over lapping;  t h e i r  h e i g h t s  a r e  assumed t o  
be ognormally d i s t r i b u t e d .  Both t h e s e  assumptions a r e  sup- 
por ted  by l i t e r a t u r e  s t u d i e s  and f i e l d  work, For t h e  i n i -  
t i a l  model, t h e  cones a r e  assumed t o  be  of a  f i x e d  shape 
determined by t h e  apex angle;  however, i n  a p p l i c a t i o n ,  t h e  
apex ang le  is  allowed t o  vary  and an e f f e c t i v e  apex ang le  is 
determined f o r  t h e  s t a n d  a s  a whole. 

The resea rch  has been c a r r i e d  o u t  i n  f o u r  over lapping 
phases ,  a l l  of which a r e  n e a r l y  complete. The f i r s t  phase 
involved development of t h e  b a s i c  mathematical model 
exp la in ing  t h e  d i s t r i b u t i o n  of r e f l e c t a n c e  va lues  expected 
f o r  s t a n d s  wi th  given s i z e ,  s \ape ,  and spacing parameters  
under f i x e d  c o n d i t i o n s  of i l l ~ , , m i n a t i o n .  This  phase included 
t h e  development of an importan*t g e n e r a l  theorem i n  geometr ic  
p r o b a b i l i t y  d e s c r i b i n g  t h e  expected v a r i a n c e  i n  random over- 
lapping of  shapes i n  t h e  p lane .  

The second phase u t i l i z e d  Monte Car10 s i m u l a t i o n s  of 
f o r e s t  s t a n d s  both  t o  confirm t h e  g e n e r a l  theorem and empir- 
i c a l l y  c a l i b r a t e  some p a r t s  of  t h e  model. As one part of 
t h e  Monte Car lo  modeling e f f o r t ,  t h e  b i d i r e c t i o n a l  r e f l e c -  
t a n c e  of a  p i x e l  c o n s i s t i n g  of Lambertian cones on a  back- 
ground was s imula ted .  The r e s u l t  (Fig.  2 )  showed many of 
t h e  f e a t u r e s  of b i d i r e c t i o n a l  r e f l e c t a n c e  d i s t r i b u t i o n  func- 
t i o n s  t h a t  have been observed f o r  r e a l  f o r e s t s .  

The t h i r d  phase involved assembling Landsat 80-m and 
SPOT s imula t ion  i G - E  d i g i t a l  imagery f o r  two t e s t  s i t e s  i n  
nor the rn  C a l i f o r n i a ,  and v i s i t i n g  t h e  sites t o  c o l l e c t  
ground d a t a  f o r  model c a l i b r a t i o n  and v e r i f i c a t i o n .  The two 
s i t e s  c o n t r a s t e d  a r a t h e r  open s t and  of s m a l l e r ,  broader  
t r e e s  { p i n e s )  with a  dense  s t a n d  of t a l l e r ,  more narrow 
t r e e s  ( r e d  f i r s )  . F i e l d  measurements included recording t h e  
diameter  and l o c a t i o n  of every  t r e e  wi th in  12-16 c i r c u l a r  
s u b p l o t s  arranged on a  g r i d  a t  each s i t e ,  a s  wel l  a s  t h e  
c o l l e c t i o n  of  a c c u r a t e  h e i g h t s  and apex a n g l e s  f o r  a  random 
subsample of  t r e e s  wi th in  each subp lo t .  

The f o u r t h  phase included t h e  development of  an inver-  
s i o n  procedure t o  e s t i m a t e  s t a n d  parameters  of t r e e  s i z e ,  
shape,  and spacing remotely through t h e  observed d i s t r i b u -  
t i o n  of b r i g h t n e s s  va lues  f o r  a  s t a n d ,  a s  w e l l  a s  t h e  check- 
ing  of t h e  r e s u l t s  a g a i n s t  t h e  f i e l d  obse rva t ions .  For t h e  
two s t a n d s  t e s t e d ,  t h e  invers ion  procedure y ie lded  good 
r e s u l t s .  The 80-m imagery was l e s s  a c c u r a t e  f o r  t h e  denser  
of t h e  two s t a n d s ,  whereas t h e  10-m imagery was g e n e r a l l y  
b e t t e r .  The c o n t r a s t s  between t h e  two s t a n d s  emerged 
s t r o n g l y  a t  both r e s o l u t i o n s  i n  s p i t e  of sonne d i f f e r e n c e s  i n  
observed and c a l c u l a t e d  parameter va lues .  
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The s i g n i f i c a n c e  of t h i s  r e sea rch  is twofold, F i r s t ,  
it e s t a b l i s h e s  f i r m l y  t h a t  t h e  three-dimensional  geometry of  
ground scenes  a lone  can  e x p l a i n  much of t h e  va r i ance  i n  
d i g i t a l  imagery seen  a t  r e s o l u t i o n s  t y p i c a l  of p r e s e n t  and 
planned s e n s i n g  ins t ruments ,  T h i s  observat ion  is widely 
a p p l i c a b l e  beyond f o r e s t s  t o  many o t h e r  types  of n a t u r a l  
p l a n t  communities, as we l l  a s  t o  any o t h e r  scenes  imaging 
three-dimensional  o b j e c t s ,  such a s  urban a r e a s ,  suburban 
developments, etc. Second, it provides  a  method t o  d i r e c t l y  
pa ramete r i ze  t h e  shape,  s i z e ,  and spacing of ground o b j e c t s  
remotely even when such o b j e c t s  a r e  below t h e  l e v e l  of  reso-  
l u t i o n  of t h e  s e n s i n g  instrument .  The most obvious example 
is t h e  remote e s t i m a t i o n  o f  f o r e s t  biomass, which is a  
d i r e c t  f u n d t i o n  of t h e  shape,  he igh t ,  and d e n s i t y  of t h e  
t r e e s .  Used i n  con junc t ion  with q u a n t i t a t i v e  r e l a t i o n s h i p s  
between s p e c t r a l  r e f l e c t a n c e  and l e a f  a r e a  index i s t and ing  
biomass now being developed by o t h e r  r e sea rchers ,  a s  w e l l  a s  
with a  s t r a t i f i e d  sampling procedure,  t h i s  technique  could  
g r e a t l y  a i d  g l o b a l  unders tanding of  carbon flows and c y c l e s .  

The f u t u r e  development of t h i s  r e sea rch  w i l l  have two 
mcin t h r u s t s ,  F i r s t ,  more mathematical modeling is neces- 
s a r y  t o  i n c o r p o r a t e  new crown shapes and mixtures of shapes ,  
a s  w e l l  a s  t o  account  f o r  t e r r a i n  e f f e c t s .  Second, more 
f i e l d  t e s t i n g  is necessa ry  t o  confirm t h e  u t i l i t y  of  t h e  
invers ion  procedure  and extend t h e  technique  t o  v e g e t a t i o n  
ty2es  b e y ~ n d  c o n i f e r  s t a n d s .  These developments w i l l  n o t  
only  .improve our b a s i c  understanding of  remotely sensed 
scenes ,  b u t  a l s o  a l low t h e  d i r e c t  ex tens ion  of t h a t  improved 
understanding t o  r e l e v a n t  problems i n  remote sens ing and 
g l o b a l  h a b i t a b i l i t y .  
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