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PREFACE 

F o l l o w i n g  a d e c a d e  o f  r e s e a r c h  i n  t h e  a p p l i c a t i o n  o f  r e m o t e  
s e n s i n g  t e c h n o l o g y  t o  e a r t h  r e s o u r c e s  measu remen t  a n d  m o n i t o r i n g  
w i t h  e a r t h  o b s e r v i n g  s a t e l l i t e s ,  t h e  N a t i o n a l  A e r o n a u t i c s  a n d  
S p a c e  A d m i n i s t r a t i o n  f o u n d  a n e e d  d e v e l o p i n g  f o r  t h e  advancemen t  
o f  o u r  u n d e r s t a n d i n g  o f  t h e  p h y s i c a l  p r o c e s s e s  a s s o c i a t e d  w i t h  
t h e  r e m o t e  s e n s i n g .  T h e r e f o r e ,  a t  t h e  b e g i n n i n g  o f  t h e  1 9 8 0 s  
NASA e s t a b l i s h e d  a c o n t i n u i n g  r e s e a r c h  p rog ram i n  f u n d a m e n t a l  
r e m o t e  s e n s i n g  s c i e n c e  t h a t  would  e n h a n c e  o u r  a b i l i t y  t o  l e a r n  
mo7-e a b o u t  t h e  p h y s i c a l  a n d  b i o l o g i c a l  p r o c e s s e s  o f  o u r  p l a n e t  
f r o m  s p a c e  a c q u i r e d  d a t a  a n d  would  c o n t r i b u t e  t o  a b a s e  o f  
~ c i e n t i f i c  u n d e r s t a n d i n g  n e e d e d  t o  s u p p o r t  t h e  p l a n n i n g  o f  new 
a n d  e f f e c t i v e  s e n s o r s  a n d  f l i g h t  p r o g r a m s .  The S c e n e  R a d i a t i o n  
a n d  A t m o s p h e r i c  E f f e c t s  C h a r a c t e r i z a t i o n  (SRAEC) P r o j e c t  w a s  
e s t a b l i s h e d  w i t h i n  t h i s  p rog ram t o  i m p r o v e  o u r  u n d e r s t a n d i n g  o f  
t h e  f u n d a m e n t a l  r e l a t i o n s h i p s  o f  e n e r g y  i n t e r a c t i o n s  b e t w e e n  t h e  
s e n s o r  a n d  t h e  s u r f a c e  t a r g e t ,  i n c l u d i n g  t h e  e f f e c t  o f  t h e  
a t m o s p h e r e .  

T h i s  r e p o r t  h a s  b e e n  p r e p a r e d  t o  p r o v i d e  a  v e r y  b r i e f  
o v e r v i e w  o f  t h e  SRAEC P r o j e c t  h i s t o r y  a n d  o b j e c t i v e s  a n d  t o  
r e p o r t  on  t h e  s c i e n t i f i c  f i n d i n g s  and p r o j e c t  a c c o m p l i s h m e n t s .  
An a t t e m p t  h a s  b e e n  made t o  e l u c i d a t e  t h e  o v e r a l l  p r o j e c t  
p r o g r e s s  a n d  a c c o m p l i s h m e n t s  t h r o u g h  p r i n c i p a l  i n v e s t i g a t o r  team 
i n t r o s p e c t i o n ,  a n d  t h e  p r i n c i p a l  i n v e s t i g a t o r s  h a v e  p r e p a r e d  
s u c c i n c t  s u m m a r i e s  o f  t h e i r  i n d i v i d u a l  s t u d y  r e s u l t s  a c h i e v e d  
s i n c e  t h e  p r o j e c t ' s  i n i t i a t i o n  j u s t  o v e r  t h r e e  y e a r s  a g o .  

A m e e t i n g  o f  t h e  P I S  is  c o n d u c t e d  a n n u a l l y  t o  b r i n g  t h e  
s c i e n t i s t s  t o g e t h e r  t o  p r e s e n t  a n d  d i s c u s s  t h e i r  r e s u l t s  w i t h  o n e  
a n o t h e r .  T h i s  a n n u a l  summary r e p o r t  d e r i v e s  f rom t h e  mos t  r e c e n t  
a n n u a l  m e e t i n g  h e l d  a t  t h e  M a s s a c h u s e t t s  I n s t i t u t e  o f  T e c h n o l o g y  
i n  Cambr idge ,  M a s s a c h u s e t t s  d u r i n g  J a n u a r y  29-31,  1 9 8 5 .  The 
o v e r a l l  p r o g r a m  management i s  u n d e r  t h e  d i r e c t i o n  o f  D r .  R o b e r t  
E. Murphy o f  NASA H e a d q u a r t e r s ,  Code EE, W a s h i n g t o n ,  D . C .  

Dona ld  W .  D e e r i n g  
GSFC P r o j e c t  S c i e n c e  Manager ,  
Fundamen ta l  Remote S e n s i n g  S c i e n c e  

R e s e a r c h  Program 
E a r t h  R e s o u r c e s  B r a n c h  (Code  623) 
Goddard S p a c e  F l i g h t  C e n t e r  
G r e e n b e l t ,  M D  20771  
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I. SRAEC PROJECT BACKGROUND 



I.A. SRAEC PROJECT ORIGIN AND OBJECTIVES 

During the "Landsat Era" of the 1970's, the development of 

rapid, empirical approaches to satellite data interpretation took 

precedence over the development of a full scientific understand- 

ing of the earth-atmosphere scene radiation complex. The 

importance ~f synoptic remote measurements of the earth's 

surface and the atmosphere has been clearly demonstrated, but the 

need to more fully utilize the powerful satellite remote sensing 

measurement potential has led to the realization that purely 

empirical techniques are no longer sufficisnt. 

Significant advancements in both nomote sensi~g components 

and systems and in the remote sensing deri*6f~?d undenctanding of 

physical and biological processes on the e a ~ l t . ~ ' ~  surface require 

increased understanding of the characteristics of earth scene 

radiation and atmospheric effects at visibie, infrared and 

microwave wavelengths. Thus, NASA established the Fundamental 

Remote Sensing Science Research Program within the Land Processes 

Branch of the Earth Science and Applications Division at NASA 

Headquarters. 

The Scene Radiation and Atmospheric Effects Characterization 

Project is conducted ae the primary element of the program with 

the general goal being to improve our understanding of the energy 

emitted or reflected from an earth surface target, through the 

intervening atmosphere as measured by a remote sensing system. 

Emphasis has been placed on theoretical model development with 

some observational studies and empirical characterizations 

relating electromagneZdc energy reflected and emitted from earth 



surfaces to their biophysical characteristics. 

Fundamental research needs for future applications research 

in aerospace remote sensing were identified through a series of 

workshops during fiscal year 1980 that involved Leading scien- 

tistn from universities, industry and government. The research 

issues that were identified through these workshops and reported 

as a fine.; report to NASA Johnson Space Center (under NAS 

9-3.6'316) in August 1980 are summarized in last year's annual 

S H h G C  report (NASA Technical Memorandum 86078, March 1984) and, 

therefore, ar2 not repeated here. 

Proposals from organizations outside NASA were solicited in 

July 1981, and following a NASA Headquarters conducted peer 

review, sixteen investigations were funded during fiscal year 

1982. Most of these were proposed as three-year studies, such 

that this annual report reflects the end-of-study results for 

many of the principal investigators. Since the initial call for 

proposals, other unsolicited proposals have been received and 

peer reviewed. Therefore, there are a few principal investi- 

gators who have only recently begun their studies under this 

project. Even though there is finite funding available, pro- 

posals for new research are continually encouraged, especially in 

those topical areas that were identified in the early planning 

phase as being important research issues that have yet to be 

adequately addressed. 

The product of the SRAEC project is an improved understand- 

ing of the physical radiant energw interaction (remote sensing) 

processes through measurements and modeling that will ultimately 



enable the proper specification of earth observing space sensor 

systems and the measurement and modeling of the important 

physical, chemical, and biological processes and their inter- 

actions. The success of the individual scientists in the program 

is measured by the quality professional papers that are produced 

and contribute4 through refereed scientific journals. 



I.B. PRINCIPAL INVESTIGATOR WORKSHOPS 

Following the selection and announcement of successful SRAEC 

proposals, a "kick-off" meeting was held on June 15, 1982 at NASA 

Goddard Space Flight Center. The objective of this meeting was 

tu enaB?.e the principal investigators in the SRAEC Project to 

Eeh a F BP Bheir new collegues in the project were planning to do 

4n k i ~ e x r  various studies and begin the process of sharing 

i r i %  *~~waf.nan and ideas for synergistic benefit to the remote 

sensing science program. Collaboration among principal investi- 

gators was encouraged. 

The next meeting of the SRAEC principal investigators was 

held January 5 - 7 ,  1983 at the University of Colorado in Boulder 

in two separate sessions as a part sf the National Radio Science 

Meeting. The objectives for this gathering of the PIS was to 

provide NASA management with a review of early progress, to 

initiate the sharing of results between SRAEC investigators and 

to emphasize the importance of reporting the study results with 

the broader remote sensing scientific community. 

The second meeting to report on the research results was 

conducted at Colorado State University in Fort Collins from 

January 9-11, 1984. This second annual meeting was conducted 

with a workshop format and to serve as a forum for sharing 

terminology and articulate the merging sf visible, IR, and 

microwave theoretical and experimental techniques. Tutorial 

presentations were made by representatives of these remote 

sensing disciplines. Although time constraints did not allow a 

full development of the ideas, good progress was made in bridging 



the communications gap between the groups, which has been 

apparent in the most recent meeting. 

The Third Annual Meeting of the SRAtEC principal investi- 

gators was held on the campus of the Massachusetts Institute of 

Technology in Cambridge, Massachusetts during January 29-31, 

1985. Dr. Jin Kong of the Research Laboratory of Electronics at 

MIT hosted thie meeting and arranged for local scientists Ken 

Hardy and Dave Staelin to address the PIS and stimulate their 

thinking. 

The letter of invitation to the principal investigators and 

the meetiag agenda are included in Appendix 8 .  A list of the 

workshop participants, their affiliations and addresses is 

provided in Appendix B. A E ~  e teleco=sunicationa ressage to the 

meeting participants from Dr. Robert Murphy, Fundamental Remote 

Sensing Science Research Program Manager at NASA Headquarters, is 

included in Appendix C. Dr. Murphy was personally unable to 

attend the meeting due to other comittments. 

The current document is the product of the contributions 

made by the SRAEC Principal Investigators, all of whom were 

present, at thie annual workshop (Figure 1). This SRAEC annual 

status report is intended to 1) document responses to some of the 

questions addressed during the workshop concerning the progress, 

accompliehments and future directions of the project (Section 

1I.A) and 2) to provide a concise summary of the justification, 

goals and objectives, and results of the individual SRAEC 

investigations (Section II.B), including an updated listing of 

the publications resulting froa this research (Section 11°C). 



Vkgure 1. SBARC prinenpal i a v e s % i g a t s r a  a t  %ha T h i r d  d n n a a l  @or%* 9 o~ t h e  
caggus of  H I T  sn J a n u a r y  30, 1985, The P P s  ars l f r o ~ t  taw, I e f h  3 r i g h t 1  
Drs* Badhear,  S a i k h ,  b x n e r ,  B e r a k f ,  Fang, KahBe; $a&csad row$ EElabg, S t v a k l e r ,  
Pesree, P a r i s ,  C e n c l ,  Moore, l o n g ;  ( % h i p &  row) I r ~ n s ,  n o r n a n ,  F r s s e r ,  L a n g ,  
VnadcrbiPk; ( $ o u r & h  row] & ~ E C B ~  



11. S R A E C  P R O J E C T  RESRABCH R E S U L T S  



11. A. PROGRESS AND ACCOMPLISHMENTS 

By the time of the Third Annual SRAEC Principal Investi- 

gator's Meeting the SRAEC Project was beginning its fourth year 

and most of the investigators had either completed or were 

nearing completion of their third year of research. It therefore 

seemed an appropriate time to look back on what had bean done, 

what progress had been made toward addressing the "research 

issues" that had been identified at the inception of the program, 

and what recommendation could be made now concerning the future 

directions of the program. 

A time for discussing the progress and accomplishments of 

the project was reserved on the agenda for the last day of the 

workshop to allow everyone to be updated on the progress of each 

of the investigations. Drs. Fawwaz Ulaby and Jim Smith accepted 

the responsibility for chairing these sessions and summarizing 

the results. 

Four questions were presented to the participants in the 

workshop; thres of which dealt with the success of the project 

and one which considered a topic of considerable interest to most 

of the scientists concerning the potential establishing a 

centralized facility for artificial plant canopy experiments. 

After some general discussion, each of the participants was asked 

to individually prepare a written response to four questions. 

The four questions are given below, and the summarized, selected 

responses are given on the following pages of this section. 

In his cover letter (Feb. 20, 1985) reporting on t h e  

responses, Dr. Ulaby summarized by stating, "...the SRARC program 



is regarded by its members as 'one of the most successful 

programs NASA has ever run'." The principal investigator 

responses that follow contain numerous suggestions and varied 

opinions regarding future directions. 

W S T I O N  NO. 1 

Excluding your own contributions, what are the three 
most significant technical advances or developments 
that were accomplished under the SRAEC Project? 

The responses to this question have been 
categorized according to: 

(a) General Contributions 
( 5 )  Specific Contrib.---Optical Region 
- 1  Specific Contribe--Microwave Region 

QUESTION NO. 2 

What accomplishments have been made in the SRAEC 
Project relative to the goals defined in its inception 
document? Suggest changes in direction, approach, or 
administration. 

These responses have been grouped by: 
(a) Accomplishments Relative to Goals 
(b) Suggested Changes in Direction 

QUESTION NO& 

Are there "gaps" in the program? Should new areas be 
added? Should there be deletions? 

QUESTION NO. 4 

What are your views regarding the creation of a 
"National Canopy Facility"? 



QrreSTION # 1 

Excluding your own contributions, identify the three Qost 

significant technical advances or developments that were accomplished 

under the SRAEC Program. 

The answers may be grouped into two classes: (a) general staterilefits 

that address the overall technical direction of the program, and (b) specific 

statements relating to either the Optical or the Microwave portions of the 

program. 

(a) General Contributions 

"Remote sensing represents, in essence, an inverse problem. T'he 

characteristics of radiation fields are used to deduce surface properttcs. 

The two basic keys to the success of this are fundamental understanding of 

(I) the interactive properties of t h e  target (the surface) and (2) the 

influence (if any) of the prapagatio~ medium. 

Efforts towards canopy modeling which have resulted in basic models 

for BRDFts and/or backscatter cross sections are therefore a very important 

component to our progress in attacking this inverse problem." 

"Create a nucleus of experts and expertise." 

"The program has helped to bring together investigators from both 

the optical and microwave areas. As a result, both group's knowledge has 

bccn strengthened by techniques used in the other area. Examples are: 

the optical people were using transport theory--now the microwave 

investigators are using it also. The microwave researchers were more 

aware of the coherence effects and the non-uniform ancular radiation 

properties of leaves and surfaces. The optical researchers are naw 

measuring the BKDP of leaves and surfaces. In addition, the conccntrntion 

11 



by the whole group on characterization of individual scatterers and 

the architecture of the canopy has led to an increased understanding 

of the relationships between measurements and biophysical parameters." 

"I and other optical modellers are moving toward better under- 

standing of the microwave problem. We all are working toward wavelength 

independent solutions to the scattering/absorbing problem." 

11 Interdisciplinary interaction among various groups: optical and 

microwave, atmospheric and surface researchers; experimentalists and 

theoreticians with investigators who develop inversion algorithms." 

"Developing a better understanding of the interaction of radiant 

energy with surfaces, canopies, and atmosphere. Such knowledge enables 

development of better mcldels and inversion algorithms." 

"The bringing together of multiple disciplines has been useful in 

getting the optical surface people to think about atmospheric problems 

and microwave contributions, and vice versa. This has led to greater 

sophistication in scene characterizations." 

"Smith's phase function work helps build an important bridge 

between optical, microwave and atmospheric work." 

"I do think that a very important result was getting these diverse 

PI'S together and exposing them to each other's work. I think that the 

communication links that were formed and the sharing of common 



problems c o n c e a l e d i n t h e d i f f e r e n t  terminologies  of t h e  s u b & i s c i p l i n e s  

was most h e l p f u l  and w i l l  pay b e n e f i t s  f o r  a long t i m e  t o  come." 

"To a n  o u t s i d e r  j u s t  j o i n i n g  t h i s  group, t h e r e  appears  t o  be  too  

heavy a n  emphasis on a few a r e a s  (modeling of broadband e lec t romagnet ic  

r a d i a t i o n  i n t e r a c t i o n  wi th  a  few v e g e t a t i v e  canopy types  and measuring 

of somg) t o  t h e  exc lus ion  of many o t h e r  problems. 1 s e e  l i t t l e  s p e c t r a l  

work, no s o i l s  s t u d i e s ,  no geology, no f o r e s t r y ,  no mixing-model s t u d i e s ,  

no hydrology .... There a r e  fundamental s c i e n c e  problems i n  t h e s e  a r e a s ,  

invo lv ing  "SRAEC". Maybe nobody proposed t o  s tudy them. Maybe announcement 

of oppor tun i ty  needs t o  be more broadly  w r i t t e n  and d i s t r i b u t e d .  

The work t h a t  has  been and i s  being done by t h i s  program appears  

t o  be e x c e l l e n t  and important ."  

"The development of a  v a r i e t y  of computational  t o o l s  f o r  

address ing  thc multidimcnsional  t c r r n i n  mcdia problem, p r i n c i p a l l y  

canopies .  " 

"The beginnings of a s o l i d ,  u n i f i e d ,  a t t a c k  on combined 

t h e o r e t i c a l  modeling of microwave/optical  i n t e r a c t i o n s . "  

- 

t 'Es tabl is l~ment  of  the  c o m ~ ~ ~ u n i c a t  i o n s  channel among s c i c ~ r t i s t s  

i n  o p t i c s  and i n  microwave f i e l d .  A f r u i t f u l  and s t i m u l a t i n g  exchange 

is being developed. " 

"The p o t e n t i a l  u n i f i c a t i o n  of the  t h e o r e t i c a l  frame work, which 

makes u s e  of  common mathematical  approaches such a s  t h e  r a d i a t i v e  

t r a n s f e r  theory .It 

13 



(b) Specific Contributions--Optical Region 

"I am impressed with progress being made in the visible-IR area in 

inversion to determine actual relevant plant canopy properties from data. 

I found Strahler's success with a simple model particularly striking." 

"Established common theoretical basis for systematic evaluation 

of land remote sensing issues, i.e., radiative transfer, BRDF, phase 

functions, cross-sections, etc. Combined surfacefatmosphere descriptions." 

I I Identified new and important sensitivitie~ of electromagnetic 

radiation (emitted or reflected from land surfaces) to intrinsic 

surface features, e.g., spatial lzeterogeneities and non-Lambertian 

angular signatures. I' 

"IdentiEied angular rcflcctinn Features that seem invariant 

to atmospheric effects." 

"Tremendous progress has been made in testing,-evaluating and 

then improving canopy reflectance models in a systematic way. And with 

a clear confidence in these models, key biophysical parameters have been 

extracted, The 'Holy Grail' of remote sensing, the solution of the 

so-called 'signature extension' problem has been shown to exist and the 

role of canopy models in providing an understanding of this solution is 

clearly identified." 

 h he complete atmospheric-canopy problem has been studied by 

transport methods. Investigators have made initial attempts at obtaining 

boundary conditions for this model. Atmospheric correction methods of 

an elementary form has been proposcd." 

14 



"The developments in atmospheric modeling coupled to the canopy 

reflectance models and measurements has ameliorated doubts; regarding 

capabilities to observe canopy BDRF's through the atmosphere. Therefore, 

satellite remote sensing remains a viable tool for botanical, land-surface 

climatology, and habitability types of research. 

"Sound practical approaches to atmospheric correction of digital 

image remote sensing data were discussed by Fraser and Dines (i.e., 

deblurring). The applied remote sensing community has been in desperate 

need for such an approach. I believe this development is immediately 

applicable. " 

"The fact that the canopy reflectance models are demonstrathly 

invertible is most cncournging. The continuing development of these models 

is probably the largest nccomplishment of the SRAEC program. 

"Tile most significant tccl~nical advance is that the effect of 

specularly reflected light is now being included in canopy models." 

"The atmosphere/canopy is being treated as one problem rather than 

two. Phase functions pecific to each are being included." 

"I believe that all of the research being done in the space 

program is addressing the goals of the inception document. The 

approaches of these studies are appropriate. The individual researchers 

have developed 6 strong ttteore tical background which .provides a sound 

basis for exploring extraction techniques of desired canopy characteristics. 

Thcsc 'dcsip,nsl q f  canopy rharactcristics are varied for many similar 

problems inside and outside of NASA as we have discussed. I believe 

15 



this is the area which will give the SRA.EC program a great deal of 

publicity and future support. " 

"Significant advances appear to have been made in both measurernenr 

and characterization of BDRF's of a number of complex surface types." 

I I The potential merge of the vegetation canopy study and the 

atmospheric science, providing a complete framework for the study of 

the complete earth environment including earth terrain and atmosphere." 

11 The recognition at optical wavelengths, that besdies ectral 

signature, there are other observables which distinguish d i ,  .rent crop 

canopies, i.e., angular reflectance signature, temporal greenness 

profile, or scene textural analysis. 

"The rrcognition that the information content of previous 

generation remote sensors (e.g., Landsat) is limited due to the 

restriction of nadir viewing. It appears that most interesting or 

useful effects appear at view angles greater than 45 degrees. A 

redirection of thinking to consider high off-nadir angles, taking into 

account the advantages as well as technical problems associated with 

such an approach, is a significant step. 

"Time dependency of canopy reflectances seems to be a reliable 

crop identifier. 

"Jim Smith improved his canopy phase function." 



"Angular patterns of reflectance is understood only qualitatively 

(bowl-shape, hot-spot, "invariant valley), but not quantitatively. An 

artificial canopy with the possibility to set LAI, leaf, sizes, etc, 

may give us the hint to quantitative expressions." 

"UnscrambLing pixels affected by the adjacency effect." 

-"Identifying distinctive features for remote sensing (hot spot, 

persistent valley, specular reflections in visible IR, branch structure 

and the like for millimeter waves. 

"Canopy reflectance models for inhomogeneous canopies." 

- - 

"More detailed models of canopy BKDF that consider leaf and 

soil URDF,  partial cover and specular reflection." 

"Calculating ph;~se functions for canopy so general RTE code can 

be used to obtain BRDF predictions. Need to do better work reLacing 

this phase furiction to actual canopy architecture." 

- 

"The combined radiative transfer modeling, in a mu h more 

realistic way, of the atmospherelsurface problem with remote sensing 

implications. " 

"The potential merge of the vegetation canopy study and the 

atmospheric science, providing a complete framework for the study of 

the complete earth environment including earth terrain and atmosphere." 



(c) Specific Contributtons--Microwave --- Regj-on 

I 

"Improved theoretical descriptions that are beginning to take into 

account the actual geometries better." 

"Measurements of dielectric constants for materials and frequencies 

not well handlcd in the past." 

"By replacing stems with lossy dielectric rods and leaves with 

lossy dielectric discs, modeling techniques can be used to approximately 

reproduce observed experiments." 

"Rough surface effects have been incorporated into models 

showing that surfaces can exhibit strong backscattering at nadir angles." 

--- 

"Eluch better understanding of the dielectric properties OF a 

single leaf through measurements." 

"Much improved understanding of the relative contribution of the 

component parts of a canopy." 

"Scattering models with much wider ranges of applicability have 

been developed." 

"Ulaby's measurements fill a great need." 

"Different contributions of different canopy elements to the returned 

and transmitted signals in the microwave region, assessment of importance of 

those elements for microwave remote sensing." 



II Putting microwave sensing on a very firm mechanistic basis, 

especially in the work of Ulaby and Lang." 

"Trend towards understandable and usable models for backscattering 

in the microwave region. " 

"Some basic measurements like dielectric properties of soil, 

leaves, stalks, etc." 

"Microwave modelers considering leaf angle distributions and 

seems and branches." 



qmropr # 2 

the a*-lishmcnts of the SRAEC program relative 

to the goals defined in its i.ncept-on d e n t .  Suggest changes 

in direction, approach, or ad mini st ratio^^. 

(a) Accomplishments Relative to Goals 

"As far as I know, little has been done under controlled conditions 

to solve the stress-response problem directly--yet this is one of the most 

important from an applications point of view. Ulaby has done a lot of 

work on seasonal variations, per se, as have the French and Dutch. 

It Ulaby has made extensive measurements of soil dielectric as part 

OF this and other programs. This is an accomplishmenir. 

"Coal 4 ('overriding necessity to relate to biophys parm.') 

is attacked by theory and experiment and may find culmination in work 

perceived For artificial canopy." 

- 
"Perhaps the most important justifi.cation for NASA to suppcrt 

SRAEC is to develop a strong scientific basis for the remote sensing 

programs being developed for the 1990s. The entire radiation spectrum 

that has high transmission through the atmosphere will be utilized." 

I4Relative to the accomplishments stated above, SRAEC program 

has made very significant progress towards the fundamental approach 

to the remote sensing science in unifying researchers from different 

disciplines, from different electromagnetic spectrum, from different 

schools of thought, and from both theoretical and experimental expertise." 



"The f i r s t  y e a r s  o E  t h e  SRAEC program have l e d  t o  advances 

i n  d e v e l o p i n g  t h e  t o o l s  needed t o  a d d r e s s  t h e  q u e s t i o n  o u t l i n e d  i n  

t h e  i n c e p t i o n  document. While some o f  t h e  q u e s t i o n s  may have n o t  

y e t  been answered,  w e  a r e  i n  a s i g n i f i c a n t l y  b e t t e r  p o s i t i o n  t o  a d d r e s s  

them now t h a n  we w e r e t h r e e  y e a r s  ago .  The f l e x i b i l i t y  o f  t h e  program 

is a ma jo r  p l u s ,  a l l o w i n g  r e s e a r c h e r s  f r e e  freedom t o  pursue  new i d e a s  

and no t  be  r i g i d l y  h e l d  t o  t h e i r  p roposa l s . "  

"I t h i n k  t h e  SRAEC r e s e a r c h  program h a s  p r e t t y  w e l l  fo l lowed t h e  

g o a l s  o b j e c t i v e s  set o u t  f o r  t h e  program a t  i t s  i n c e p t i o n . .  The o r i g i n a l  

document c a l l e d  f o r  a v e r y  broad r e s e a r c h  program w i t h  many t o p i c s  

and needs  l i s t e d .  Although n o t  a l l  oE t h e s e  a r e a s  have been a t t a c k e d ,  

t h e  main t h r u s t  h a s  c l e a r l y  been a l o n g  t h e  l i n e s  of t h e  p l an .  It seems 

t o  be fund ing  a  good ba l ance  of t h e o r e t i c a l  work, measurement, and work 

t h a t  is a  b i t  more a p p l i c a t i o n - o r i e n t e d .  Except f o r  t h e  u s u a l  NASA 

b u r e a u c r a t i c  p rob len~s  (Eundlng d e l a y s ,  e t c  .) , t h e  program h a s  been 

w e l l  a d m i n i s t e r e d .  I d o n ' t  t h i n k  i t  r e a l l y  needs much change." 

"Modelers shou ld  n o t  start impact ing  t h e  a p p l i e d  programs. 

A q u e s t i o n  l i k e :  'what i s  t h e  b e s t  CR model f o r  a g i v e n  v e g e t a t i o n ? '  

I b e l i e v e ,  shou ld  b e  addres sed  by t h e  group." 

"Program is p roceed ing  toward s t a t e d  g o a l s  a t  a  r a p i d  pace and 

I would n o t  change t h e  approach or a d m i n i s t r a t i o n  and would l e t  t h e  

d i r e c t i o n  c o n t i n u e  t o  b e  d e f i n e d  by t h e  o r i g i n a l  document." 



"Much better than Z would have thought. While individuals may 

come and go, I believe it is important to keep some collective memory. 

I believe administration by NASA has been exemplary. Overall, a first. 

class group doing firs: class work under enlightened NASA enviornment 

fostering creativity and comraderie." 

"Relative to the accomplishments stated above, SRAEC program 

has made very significant progress towards the fundamental approach 

to the remote sensing science in unifying researchers from different 

disciplines, from different electromagnetic spectrum, from different 

schools of thought, and from both theoretical and experimental 

expert ies. " 



(b) Suggeeted Changes in Direct* 

"Perhaps t h e  Inore g l a r i n g  gaps  i n  t h e  program a r e  f i l l e d  w i t h  

t h e  i n d u c t i o n  o f  g e o l o g i s t s  i n t o  t h e  group.  We need b e t t e r  coverage 

on t h e  p r o p e r t i e s  o f  rocks  and s o i l s .  We need the rma l  band coverage.  

These are a d d r e s s e d  t o  some e x t e n t  w i t h  t h e  r e c e n t  program a d d i t i o n .  

On t h e  o t h e r  hand,  we have n o t ,  a s  a group,  looked a t  snow o r  i c e .  

We have n o t  looked a t  t h e  s e a  a l though  use:ul o b s e r v a t i o n s  might he  

p o s s i b l e ,  e s p e c i a l l y  f o r  c o a s t a l  w a t e r s .  

" L i t t l e  h a s  been done t o  improve c r o s s - p o l a r i z e d  measurements. llse 

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

p o l a r i z a t i o n .  Low-cross-polar iza t ion  a r r a y s  o r  ho rns  should  be used 

i n  such  measurements. Cross-polar ized  r e t u r n s  have s i g n i i i c n n t  po ten t  i -  ' s ,  

a s  demonst ra ted  y e a r s  ago w i t h  Ll~e Wcst ingt~ouse  35 GlIz r a d a r ,  and more 

r e c e n t l y  wi th  E R I N ,  CCIIS .~rld . IP I ,  r ;~cl.lrs . I 1  

"Nothirig Iias beclrl J c ~ r ~ c ~  i n  t h i s  program wi th  regard  t o  snow a n d  

i c e  d i e l e c t r i c s ,  a l t hough  svnle o t h c r  work r e l a t e s  t o  them. The problem 

i s  complex, and perhaps  should  be l e f t  t o  t h e  A r c t i c  and A i r  Force 

programs. " 

'I see no need f o r  a  change i n  d i r e c t i o n . "  

-- 

"I a g r e e  w i t h  D r .  S m i t h ' s  s t a t e m e n t  t h a t  t h e  SRAEC program needs  

t o  ex tend  a p p l i c a t i o n s  of r a d i a t i v e  t r a n s f e r  t heo ry  t o  o t h e r  t e r r e s t r i a l  

media. I a m  b i a s e d  towards t h e  s t u d y  o f  s o i l s .  Other  media obv ious ly  

i n c l u d e  snow, i c e ,  exposed rock ,  and even water bod ie s  ( e .g . ,  t h e  

t u r b i d  w a t e r s  of  t h e  Grea t  Lakes) . "  



"Steps  need t o  be  taken  t o  e n s u r e  t h e  t r a n s f e r  o f  SRAEC accomplj .s l~mt~nts  

t o  a p p l i e d  remote s e n s o r s .  I n  p a r t i c u l a r ,  t h e s e  accornpliohments are of  

immediate and g r e a t  u t i l i t y  t o  t h o s e  s c i e n t i s t s  p l ann ing  r e t r o s p e c t i v e  

and f i e l d  o b s e r v a t i o n s  f o r  ISLSP .'' 

"The g r e a t e s t  s t r e n g t h  o f  t h e  program is  t h e  heavy emp';liW.s on 

devrlopment of b e t t e r  unde r s t and ing  of t h e  canopy r a d i a t i o n  f i e l d  u s i n g  

modeling a s  a n  approach."  

"As implemented, t h i s  emphasis  h a s  e l e v a t e d  de t e rmina t ion  of  

LAI, l e a f  a n g l e  d i s t r i b u t i o n  e t c .  ( e .g . ,  a v e r y  l i m i t e d  set of 

parameters )  a s  a n  end o b j e c t i v e .  T h i s  is  bo th  good (we need t o  know 

them) but  a l s o  bad (we must not  l o s e  s i g h t  of t h e  g o a l  t o  o b t a i n  

in fo rma t ion .  The v J n r i ; ~ t ) l e s  o r  pa rame te r s  mean no th ing  by themselves .  .---- 

To be usc.Pr11, they ~ u s ~  bt' put  i n  some c o n t e x t  and they  must be used 

w i t h  o t h e r  i n fo rma t ion .  Thc  modcling e f f o r t s  tend t o  n e g l e c t  t hese  

a s p e c t s .  

Thus, t h e r e  is  a  need t o  b e t t e r  r e l a t e  t h e  modeling a c t i v i t i e s  

t o  b a s i c  b o t a n i c a l  i n fo rma t ion . "  

"SRAEC i r ~ v e s t i g a t i o r , ~  shou ld  commence on a l l  s u b j e c t s  t h a t  o r e  not  

now being done p r o p e r l y .  Examples may be  snow-ice, hydrology,  wet 

l a n d s ,  s o i l  and s h o r e  e r o s i o n ,  e t c .  

- - 

"There were a lmos t  no i n t e r c o m p a r i s o n s  between d i f f e r e n t  models 

add res sed  t o  t h e  same t o p i c  . ' I  



"Validation, verification and sensitivity analysis of existing 

models are still needed. This can be done by using numerico simulation 

in the case of rough soil surface and perform basic experiments on 

artificial canopy of known potenti-als in the case of vegetation layers." 

"Extension of the existing models to heterogeneous media is 

being done but ~ o t  yet completed." 

"To relate electromagnetic paramcaters to the classical 

biophysical descriptions--much progress has been made over recent 

years both experimentally and from mcdelling viewpoint." 

- 

"Stronger links between experimental programs and theoretical 

work ilre st ill dcsirabl(2. Should encourage joint cf forts or proposals 

from thcorcticians and expcrimentalists." 

-- 

"Basic mcasurcmcnt should now be de-emphasized. Some modcling 

effort be directed to check models against observations already made." 

- 

" S U E C  program needs more research related to incoporating as 

many aspects of the soil-plant-atmosphere system as possible. We have 

emphasized radiation exchange, but numerous other processes are closely 

rela.:d to radiation exchange such as evapotranspiration and dry matter 

production and there should be some attempt to bridge this gap with as 

rigorous an approach as possible," 



"Fur ther  developments a r e  needed i n  r e l a t i n g  c l a s s i c  b iophysical  

d e s c r i p t o r s  t o  e1ect::amagnetic parameters ( e - g . ,  Biomass needs  t o  be 

es t ima ted  a s  opposed t o  LA1 and LAD). These needed developments, 

however, w i l l  l i k e l y  fo l low from t h e  c u r r e n t  r e sea rch  d i r e c t i o n . "  

"One gap is i n  not  u s i n g  the  t h e o r e t i c a l  r a d i a t i o n  c a o a b i l i t y  

assembled i n  SRAEC program t o  address  problems of l e a f  BRDF as i t  

depends on l e a f  s t r u c t u r e  - i n t e r n a l  ( c e l l s ,  c h l o r y p l a s t s ,  a i r  gaps ,  

water ,  e t c . )  and e x t e r n a l  (epidermis,  c u t i c l e ,  s u r f a c e  i r r e g u l a r i t i e s ,  

e t c . )  ." 

"Much more emph;lsis nceds t o  be placed on the  inverse  problem - - --- 
both i n  terms of r i g o r o r ~ s  tht 'orcLica1 models and simple a lgor i thms  t h a t  

can be usrd e f f i c i e n t l v  on m i l l i o n s  of p i x e l s .  This  un ive r se  problem 

needs t o  include the  a~rnosphrrt  i n  tticl near  f u t u r e . "  

--- 

" 1  th ink  the re  were not enough model in tercompar isons  . " 



QUESTION # 3 

Are t h e r e  gaps i n  t h e  program? Should new a r e a s  be added? 

Should t h e r e  b e  d e l e t i o n s ?  

"It seems t o  me t h a t  a  gap e x i s t s  i n  ty ing  t h e  microwave and vis-IR 

response toge the r .  The u l i t m a t e  a p p l i c a t i o n  is  going t o  involve  sensor  

combinations wi th  combined use  of vis-IR and microwave when vis-IR 

is p o s s i b l e ,  and use  of microwave a l o n e  when c louds  obscure t h e  ground." 

"If  n a t u r a l  v e g e t a t i o n  is the  g o a l  t h e s e  days ,  i t  skems t o  me t h a t  

we a r e  no t  doing j u s t i c e  t o  some forms of n a t u r a l  vege ta t ion .  S p e c i f i c a l l y ,  

I scc almost  no e f f o r t  on g rass land  and s p a r s e  d e s e r t  a g e t a t i o n .  A l t h o u ~ h  

o t h e r  programs a r c  address ing  snow cover ,  sea  i c e ,  e t c . ,  a t  l e a s t  some 

l i n k  t o  t l iesc would l)c a l ~ p r o p r i a t c .  Eloreover, urban a r e a s  a r c  a  p a r t  of 

the environment--a very  b i g  p a r t  i n  some places--yet nothing seems t o  bc 

underway wi th  regard  t o  them except a  t i n y  e f f o r t  on-our  p a r t  t o  look 

a t  radar  :.ourccs i n  wooden bu i ld ings . "  

"Another a r e a  t h a t  seems t o  be r e c e i v i n g  too l i t t l e  emphasis i s  

uncovered l i t h o l o g y .  It is  f i n e  t h a t  i t  is s t a r t i n g  i n  the  thermal I R ,  

b u t  the  v i s i b l e  and microwave reg ions  a r e  no t  being t r e a t e d .  We have 

done some work i n  t h e  p a s t  t h a t  shows t h a t  one r e a l l y  can g e t  l i t h o l o g i c  

s i g n a t u r e s  i n  the  microwave, but  the  s u r f a c e  h a s  b a r e l y  been touched." 

"Much work needs t o  be done f o r  g r a s s e s  and f o r e s t  canopies  i n  

bo th  canopy models and hope t o  e x t r a c t  key b iophys ica l  v a r i a b l e s .  

A c l e a r  need t o  a t t a c k  (o r  combine) canopy r e f l e c t a n c e  models wi th  

a t ~ n o s p h e r i c  models needs t o  bc done, though a s tar t  has been made 



"The important  gap i n  t h e  program is t h e  l a c k  of a sys temat ic  

p l a n  t o  v e r i f y  i n d i v i d u a l  models wi th  carel:slly con t ro l l ed -  experiments.  

The exper iments  should  be  made on both  r e a l  and a r t i f i c i a l  canopies.  

A l l  i n v e s t i g a t o r s  should  be n o t i f i e d  of t h e  exper ime~f-  i n  advance and 

have t h e  o p p o r t u n i t y  t o  have ground t r u t h  t h a t  might need t o  be measured." 

I 1  In  t h e  o p t i c a l  a r e a ,  t h e r e  is a need t o  have t h e  i n d i v i d u a l  

s c a t t e r e r s  i n  t h e  canopy c a r e f u l l y  modeled." 

- 
I t  Both i n  o p t i c s  and microwaves, t h e  i n v e r s i o n  of p resen t  models 

should b e  c a r r i e d  f o r t h .  S ince  t h i s  i s  our  u l t i m a t e  g o a l ,  t h e  groups 

should s t a r t  T O  address  t h i s  p o r t i c n  of the  wcrk more s e r i o u s l y . "  

-7 

I I  There ? r e  gaps i n  two a r e a s .  Tlierc is a crying need f o r  

r e sea rch  t o  p rav ide  means t o  o b t a i n  the  input 1,;lrnmctcrs needed Eor use 

i n  canopy r a d i a t i o n  models. That  is ,  we need b e t t e r  ins t ruments  t o  

measure/cs t imntc  LAI, LAD, e t c  i n  a  t imely  manner. A t  p rescn t  w e  a r e  

q u i t e  capab le  of c o l l e c t i n g  enormous amounts of s p e c t r a l  r e f l e c t a n c e  d a t a  

on numerous f i e l d s  but  on ly  l i m i t e d  amounts of suppor t ing  d a t a  on 

on ly  n few f i e l d s .  Thus we need a  machine t o  m a s u r e  t h e  canopy 

geometry. We need suppor t  f o r  c o l l e c t i o n  of a  l i m i t e d  amount c f  scanner  

p o l a r i z a t i o n  d a t a ,  p r e f e r a b l y  p o l a r i z e d  A I S  type  d a t a ,  i n  suppor t  of  

my a r e a  and o t h e r  model lers .  Without t h e s e  d a t a  we w i l l  not  b e  a b l e  

t o  a d d r e s s  t h e s e  ques t ions .  

( 1 )  How is l i g h t ,  s c a t t e r e d  and p o l a r i z e d  by a  p lan  canopy, t r ansmi t t ed  

through a d i s t u r b i n g  atmosphere over  a l a r g e  a r e a .  ( 2 )  Is p o l a r i z a t i o n  

d a t a  ano the r  independent source  of informat ion about t h e  scene-- 

p rov id ing  ano the r  ' channel '  of  i n f o r m a t i ~ n  f o r  d i s c r i m i n a t i n g  s p e c i e s  

,znd a s s e s s i n g  t h e  c o n d i t i o n  of  t h e  p l a n t  canopy on t h e  ground." 

2 8 



"An e r r o r  a n a l y s i s  needs  t o  be made f o r  t h e  e n t i r e  remote s e n s i n g  

sys t em t o  d e t e r m i n e  t h e  amount of  r e s e a r c h  t h a t  i s  r e q u i r e d  f o r  each  

component o f  t h e  sys tem.  The sys tem c o n s i s t s  of  t h e  s u r f a c e ,  canopy, 

a tmosphere ,  s e n s o r ,  p r o c e s s i n g  t h e  measurements ,  and f i n a l l y  i n v e r s i o n s . .  

I f  t h e  a c c u r a c y  of  o n l y  one component o f  t h e  sys tem is o n l y  f i v e  p e r c e n t ,  

s a y ,  t h e n  i t  may b e  unneces sa ry  t o  a c h i e v e  much g r e a t e r  accu racy  f o r  

any o t h e r  component. Senso r s  should  n o t  be  b u i l t  a t  g r e a t  expense  

w i t h  g r e a t e r  accu racy  t h a n  i s  j u s t i f i e d  by t h e  accu racy  of  t h e  remain ing  

components i n  t h e  s y s  tem. " 

"Lack of  i n t e r a c t i o n  between SRAEC i n v e s t i g a t o r s  and m e t e o r o l o g i s t s  

and c l i m a t o l o g i s t s . "  

"Only che the rma l  r e g i o n  i s  mi s s ing  i n  t h e  e x i s t e n t  programs."  

"lihe gaps  i n  t h e  program a r c  r e l a t e d  t o  t h e  i s s u e s  add re s sed  i n  

q u e s t i o n  1, which a r c  i n  f a c t  tlic f u t u r e  d i r e c t i o n s  t h a t  we should  be 

c o n c e n t r a t i n g  on. I t  w i l l  be  of Eundamclltal impor tance  t o  u n i f y  t h e  

o p t i c s  and t h e  microwave app roaches ,  t o  i n c l u d e  e a r t h  t e r r a i n  media 

o t h e r  t h a n  v e g e t a t i o n  canopy,  and e x t e n d  t h e  a tmosphe r i c  s t u d y  t o  

i n c l u d e  b o t h  t h e  lower  and t h e  upper  atmospliere.  With such  

i n t e r d s i c i p l i n a r y  app roaches ,  we s h o u l d  be  a b l e  t o  e s t a b l i s h  c r e d e n t i a l  

i n  a c c o u n t a b i l i t y  and a p p l i c a b i l i t y  t o  NASA g o a l s  such  a s  t h e  g l o b a l  

h a b i t a b i l i t y  s t u d i e s .  and a t  t h e  same t i m e  remain  i n  t h e  domain 

of  fundamenta l  r e s e a r c h  ." 



"Gaps: The the rma l  is a n  obvious  gap t h a t  h a s  been mentioned. 

Snow s u r f a c e s  are n o t  be ing  a d d r e s s e d ,  and shou ld .  New work i n  s o i l s  

and r o c k  s p e c t r a  are e x t e n d i n g  o u r  knowledge of s c e n e  r a d i a t i o n  t o  

j qc lude  phenomena beyond p l a n t  canop ie s .  I t h i n k  t h e  program should  

c o n t i n u e  t o  broaden i n  t h i s  way, b u t  s t i l l  keep  its emphasis on 

fundamenta l  r e s e a r c h  unknowns. 

"There i s  now a c r i t i c a l  need f o r  more cohe ren t  involvement 

of  measurement and modeling.  The so -ca l l ed  "Nat ional  Canopy F a c i l i t y "  

i s  a l l  m a n i f e s t a t i o n . "  

" I n v e r s i o n  o f  modcls t o  o b t a i n  b i o p h y s i c a l  parameters  from 

remotely sensed  d a t a . "  

"Consider ing  t h e  F l l n t l s  n v a i l n b i c  and t h e  number of people  invo lved ,  

t h e  program is  v e r y  ba l anced .  The b i g g e s t  gap I s e e  is  a  s t r o n g  r e s e a r c h  

program on modeling thermal  I R  phcnomcna." 

"Thermal I R  s t u d i e s  of  t h e  s u r f a c e ,  i n c l u d i n g  mul t i -angular  

s t u d i e s  as w e l l  a s  i n v e s t i g a t i o n  oE I R  sounding  t o  c h a r a c t e r i z e  t h e  

atmosphere."  

"The a d d i t i o n  of  someone i n  t h e  l i d a r  f i e l d  would be u s e f u l ,  t o  

g e t  t h e  o p t i c a l  p a s s i v e  and act j .ve communities t a l k i n g  t o  each  o t h e r ,  

as w e l l  as t o  g i v e  t h e  l a s e r  community a b e t t e r  s e n s e  of t h e  t y p e  of 

a tmosphe r i c  i n f o r m a t i o n  t h a t  i s  needed i n  o r d e r  t o  c o r r e c t  images f o r  

a tmosphe r i c  e f f e c t s . "  



"The gaps i n  t h e  program are  r e l a t e d  t o  t h e  i s s u e s  add re s sed  i n  

Ques t ion  1, which a r e  i n  f a c t  t h e  f u t u r e  d i r e c t i o n s  t h a t  we should  be 

c o n c e n t r a t e d  on. I t  w i l l  b e  o f  fundamental  impor tance  t o  u n i f y  t h e  

o p t i c s  and  t h e  micrawave app roaches ,  t o  i n c l u d e  e a r t h  t e r r a i n  media 

o t h e r  t h a n  v e g e t a t i o n  canopy, and ex t end  t h e  a tmosphe r i c  s t u d y  t o  i n c l u d e  

bo th  t h e  lower and t h e  upper  atmosphere.  With such  i n t e r d i s c i p l i n a r y  

app roaches ,we  should  be  a b l e  t o  e s t a b l i s h  c r e d e n t i a l  i n  a c c o u n t a b i l i t l ;  

and a p p l i c a b i l i t y  t o  NASA g o a l s  such  a s  t h e  g l o b a l  i n h a b i l i t y  s t u d i c s ,  

and a t  t h e  same t ime remain i n  t h e  domain of fundamental  r e s e a r c h . "  



QUESTION # 4 

What are your  v iews r e g a r d i n g  t h e  c r e a t i o n  of  a Nat ionhl  Canopy 

F a c i l i t y ?  

- 

"Consider ing  t h e  e f f o r t  r e q u i r e d  t o  e s t a b l i s h  a chosen and 

v a r i o u s  LA1 and LAD f o r  a canopy of c r e d i b l e  s i z e  (number of " leaves" ,  

e t c ) ,  i t  would seem t o  me t h a t  i t  might b e  b e t t e r  t o  devo te  e f f o r t  t o  

d e v i s i n g  r a p i d ,  comprehensive,  and a c c u r a t e  t echn iques  f o r  measurement 

of  t h e  g e o m e t r i c a l  l e a f  d e s c r i p t i o n s  t h a n  t o  c o n s t r u c t i n g  a  hardware 

model o f  l a r g e  scale. 

"T11e use  of  models in expe r imen t s  i s  importarit  i n  many i n v e s t i -  

g a t i o n s ,  b u t  i t  i s  a l s o  impor t an t  t h a t  i n d i v i d u a l  e x p e r i m e ~ t e r s  u se  s imple  

models a t  t h e i r  own s i t c s  t o  answer s imp le  q u e s t i o n s  q u i c k l y .  The whole 

job  canno t  b e  done effectively wit11 one o r  two massive models used by 

everyone .  Perhaps  t h e s e  a r e  d c s i r a b l c  f o r  comparison purposes  and f o r  

c l a s s e s  o f  expe r imen t s  where s imple  models w i l l  n o t  do." 

" ~ e o r n e t r i c  s c a l i n g  should  be p o s s i b l e  f o r  answering most modeling 

problems.  T h i s  means t h a t  t h e  models can  be much s n a l l e r  t han  t h e  

r e a l  wor ld ,  which makes them e a s i e r  t o  u s e  i n  some ways. For microwaves 

t h i s  means t h a t  a h i g h e r  Frequency must be used  than  t h e  f requency t h a t  

would be u s e d  w i t h  t h e  r e a l  t h i n g ,  b u t  t h i s  i s  n o t  ha rd  t o  do.  I s e e  no 

r e a l  problems w i t h  do ing  t h i s  s c a l i n g  i n  t h e  op t i ca l - IR  regime,  aqd i t  

shou ld  a l l o w  t h e  models  t o  be  much more t r a c t a b l e .  Moreover, f o r  a  dense  

canopy. t h e r e  i s  no need  t o  model t h e  e n t i r e  t h i c k n e s s ,  s i n c e  t h e  

r a d i a t i o n  w i l l  no t  p e n e t r a t e  beyond a  c e r t a i n  dep th  anyhow!" 



"I recommend a very inexpensive, simple canopy at first to see 

if tnis idea is really worth putting the time and money into." 

"Absolutely necessary because (1) angular distribution (be~ides 

time variation) of canopy reflectance seems to be a valuable crop 

identifier and (2) angular pattern of reflectance is understood only 

qualitatively (bowl-shape, hot-spot, invariant valley), but not 

quantitatively. An artificial canopy with the possibility to set 

LAI, LAD leas sizes, etc may give us the hint to quantitative 

expressions." 

" 1  bc l i cv t .  thert. is n strong need to establish rt "controlled" 

facility for a variety of representative media (not just canopies). 

Sonic tests would be v e r y  sinlp~e/some complex. Considernble thought 

should go into such a program-wide resource--it is important to do it 

rigtit and assure that sufficient resources be allocated for a sustained 

effort--not a "one-shot" deal. I am reasonably confident that 

funds From other agencies could be identified to match NASA funds. 

I am quite concerned that such a facility be established and 

maintained by a group/groups that already have existing measurement 

expertise in microwave/optical regions. I think a combined facility 

could be beneficial. I need to think through some stepslways to get 

things going. I have some significant requirements for the op,-cal case 



"I b e l i e v e  t h e r e  is well-defined va lue ,  over  a l l  programmatic 

i n t e r e s t s ,  i n  t h e  NCF: models a r e  no t  v e r i f i e d  i n  f u l l  as being 

i n v e r t i b l e  f o r  enough d i s t i n c t i v e  canopy f e a t u r e s ,  w e  need t o  

unders tand "hidden v a r i a b l e s "  o r  hidden assumptions about canopy 

s t r u c t u r e  ( e s p e c i a l l y  p a i r  c o t r e l a t i o n s  of l e a v e s  o r  o t h e r  s c a t t e r i n g  

s t r u c t u r e s ) .  

I I  I t h i n k  t h a t  c o n s t r u c t i o n  of a  Nat ional  Canopy F a c i l i t y  w i l l  be 

a  t o t a l  waste  of s c a r c e  resources .  For homogeneous and uniform canop ies ,  

CR models e x i s t  which r e p r e s e n t  the  CR q u i t e  a c c u r a t e l y  (wi thin  t h e  

measurement accuracy) .  For complex canopies ,  t h e  models a r e  no t  a s  

good b u t  a  complex a r t i f i c i a l  canopy w i l i  be hard t o  make and w i l l  

i t s c l f  i n t  rotlur.c unwi~ntcd a r t i f a c t s  .. 

T suppor t  the concept of an ind iv idua l  P .  I .  proposinv I l i  

a r t i f i c i a l  cnnopy cxpc.rirncnt a s  p a r t  of h is / l lPr  proposal ."  

-- - - 

"I f a v o r  ttic itlc>a of ;In a r t i f i c i a l  canopy being exp1orc.d. Ilowt~vc~r, 

the re  must be a t  l e a s t  a promise of l e a r n i n g  something from t h i s  that 

we do not  a l r e a d y  know. Also,  I would hope t h a t  i t  is  not  s o  conceived 

and c o n s t r u c t e d  t h a t  i t  becomes an end i n  i t s e l t  wi thout  c o n t r i b u t i n g  

t o  the  r e a l  v e g e t a t i o n  remote sens ing  problem. 

I th ink  t h a t  a  s ign i f i ca : t t  e f f o r t  should be funded t o  exp lo re  

des igns  f o r  such a f a c i l i t y  us ing  e x p e r t i s e  from a  broad c r o s s  s e c t i o n  

of the  b i o l o g i c a l  and remote sens ing  communities. Th i s  would invo lve  

m a t e r i a l s ,  q u e s t i o n s ,  l o g i s t i c  ques t ions ,  r a d a r  vs .  o p t i c a l ,  and o u t l i n e s  

o f  some reasonab le  p r o j e c t s  t h a t  i t  would be used f o r .  



After this one year or more of study, the question should be 

posed well enough to be evaluated in a peer review system. Whether 

this artificial canopy has naything to offer will depend strongly on 

the deslgn and we need to know specifics that are generated $,om a broader 

cross sect:tsn of potential users ." 

"I don't think large amounts of money should be spent on making 

an artificial canopy closely resembling plants when one couIa sp.~nd 

6 9 ~  on a seed packet and grow the real thing! To me, the utility of 

an artificial canopy would be to convincingly demonstrate that canopy 

properties can be recovered uniquely for relatively simple (but non-trival) 

geometries, because if that can't be done, then I don't see how crop 

situations can be inverted. Thus, there is no pressing need for the 

artifical canopy to rescmbly plants other than in some gross way. If 

such a simple canopy can't be constructed for u n d e r ,  say, $10,000, we're 

getting into dollar amounts that might be better spcnt elsewhere, 

especially in this time of budget limitations." 



1I.B. PRINCIPAL INVESTIGATOR SUMMARY REPORTS 

Each of the principal investigators was requested (see 

Appendix A) to bring to the Third Annual SRAEC Principal Investi- 

gator's Meeting a succinct summary research report that provided 

information on the 1) justification, goals and objectives; 2) 

experimental approach; and 3 )  study results, with up to three key 

figures to illustrate their findings. In a d d i ~ ~ o n ,  a separate 

listing of publications and presentations on their research was 

also requested (see Section 1I.C.) 

The remainder of this section contains the individual 

investigator's summary research reports in the following order: 

Smith Reflectance Modeling (p.37) 

Norman 

Mimes 

Bidirectional Reflectance Modeling of 
Non-Homogeneous Plant Canopies 
(p.45) 

Understanding the Radiant Scattering 
Behavior of Vegetated Scenes (p.53) 

Vanderbilt Measurement and Modeling of the Optical 
Scattering Properties of Crop 
Canopies (p.59) 

Strahler Geometric-Optical Modeling of a Conifer 
Forest Canopy (p.66) 

Badhwar Crop Characteristic Research: Growth 
and Reflectance Analysis (p.71) 

Kahle 

Diner 

Ground Reflectance Measurements from 
Thematic Mapper Data (p.78) 

Thermal Infrared Geometric Remote 
Sensing Research (Co-I, 
Bartholomew) ( p . 8 5 )  

Atmospheric and Scene Complexity Effects 
on Surface Bidirectional 
Reflectance (p.92) 



Fraser 

Pearce 

Gerstl 

Fung 

Kong 

Lang 

Moore 

Paris 

Atmospheric Effect on Remote Sensing of 
the Earth's Surface ( p . 9 9 )  

The Characterization of Surface Varie- 
gation Effects on Remote Sensing 
(p.106) 

Multidimensional Modeling of Atmospheric 
Effects and-Surface Heterogeneities 
on Remote Sensing ( p . 1 1 3 )  

Scattering Models and Basic Experiments 
in the Microwave Regime (Co-I, 
Blanchard) (p.119) 

Remote Sensing of Earth Terrain ( p . . 1 2 5 )  

Discrete Random Media Techniques for 
Microwave Modeling of Vegetated 
Terrain (p.129) 

Microwave Dielectric and Propagation 
Properties of Vegetation Canopies 
lp.135) 

Determination of Backscattering Sources 
in Various Targets ( p .  148) 

Active Micowave Properties of Vegetation 
Canopies ( p . 1 4 7 )  



Dr. 3ms A. Smith 

College of .?orestry & Natural Resources 
Colorado State University 

Fort Collins, Colorado 80523 

The overall goal of our work has been t o  develop a t of computa- 
tional tools and media abstractions for the terrain bidirectional reflec- 
tance problem. The ndel ing  of so i l  and vegetation surfaces has been 
emphasized w i t h  a gradual increase in the comp1exit.y of the mdia 
geanetries treated. Pragmatic problems involved in the m-cbined modeling 
of so i l ,  vegetation, and atmospheric effects have been1 of interest and one 
of our objectives has been t o  describe the canopy reflectance problem in a 
classical radiative transfer sense prmit t ing easier inclusion of our work 
by other workers in  the radiative transfer field. 

Th? application of radiative transfer theory t o  so i l  and vegetation 
media requires an abstraction of the scattering and absorbing properties of 
the medium in terms of biogeophysical attributes, a specification of the 
geanetrical boundary of the medium, and a mthgnatical solution technique 
t o  the radiative transfer equations. We have abstracted our media t o  con- 
sist of a collection of discrete scatterers, e.?. leaf or so i l  facets, with 
individual diffuse and specular optical properties. Bulk p ropr t i e s  of the 
media are usually derived from suitable averaging ovex the s t a t i s t i ca l  dis- 
tribution of the individual elements within the mdium. For sirrp?le plane 
parallel  nledia gecmetries, we are using classical solutions t o  the radia- 
t ive transfer equations, e.g. the discrete ordinates/ f i n i t e  difference 
method of Qlandrasekhar, the Adding method of Van de Hulsk, or the two 
stream method of Kaufm. For complex geanetries with irregular rough sur- 
faces, we are employing Monte Carlo techniques. 

We w i l l  briefly sumr~rize three areas which have been addressed since 
the last SRAEC annual meeting. These are orthogonal expansion of our phase 
functions in terms of to ta l  scattering angle and example use with standard 
radiative transfer aode, e.g. Kaufm's two stream approximtion; our Monte 
Carlo reflectance rnodeling for oomplex s o i l  surfaces which now include 
F r s n e l  facets; and our current work i n  modeling complex vegetation sur- 
f aces. 

Orthouonal, m s i o n  a Utilization of C.axgy .Phase Functions 

W e  have previously described our cakculational technique for averaging 
over leaf angle distributions and leaf optical properties t o  e s t i m t e  the 
canopy scattering diagram as a function of the global incident and exitant 



angles. The phase functions we presented were given in  terms of incident 
angles, p,rd and exitant angles, p1,8'. As Ross has indicated, it *pars 
that  canopy phase functions, unlike m e  of the more symmetrical atmos- 
pheric cases, m y  not necessarily be explicitly formulated i n  t e r n  of only 
a total  scattering angle, 8. We have q e n t  sane time pondering t h i s  cir- 
cumstance. Recently, we  have adapted an approach outlined by Liou for ice 
crystals whereby "averaget1 phase functions can be cornput&. The procedure 
essentf a l ly  averages over ranges of p, 18 and p1 ,rdl which yield the same 
to ta l  scattering angle, @, i.e. 

cos 8 - p p' + (l-p11/~ ( l - y ' ~ ~ / ~  cos [I& 4' )  (9) 

We tern the resulting scattering diagrams, nstylized" phase functions. 
We do not -believe the results are s t r i c t l y  correck in the fine details, 
because of both fundamental reasons and numerical. problems. Howeverp as 
Van de Hulst has indicated, for  many calculations the fine details may not 
be a l l  that inportant. Theoretically, the phase functions are  milch more 
tractable and be expanded, in m e n d r e  polynanials, for example, a s  fol- 
laws: 

and, thence, into a variety of useful forms. The table below shows an 
example calculation for a spherical leaf angle distribution for visible and 
near infrared wavelengths. The phase funckion, and, hence, expansion me£-- 
f icients  vary with the vegetation optical proprt ies .  

WI'E: % should be 1.0; sane measure of the numerical precision of the 
calculatioils is indicated by the deviations from t h i s  value above. 

Such expansions can be easily incorporated into standard radiative 
transfer code. We have used the above values in Kaufman's published modi- 
f ied two strean method-the program aade was obtained from the Atmospheric 
Science Department a t  Colorado State University. Figure 1 is a plot of the 
(spline - smoothed) stylized phase functions a t  the three wavelengths 
above. 



A t  l a s t  year's SRAEX: sm preliminary resul ts  from a Monte Caiclo mxlel 
for  the reflectance of a rough s o i l  were presented. The t h r ~ s t  of our work 
i n  t h i s  area over the past year has been t o  extend the usefulness s f  t h i s  
model t o  surfaces having non-%ambertian e lmental  rdleetance properties, 
In particular,  we were concerned with the effect  of a distr ibution of 
Fresnel facets  superinposed on macroscopic surface i r regular i t ies  . The 
reflectance properties of an element of area of surface covered by these 
facets  was determined theoretically, and then this reflectance fuaction was 
substituted fo r  the original Limbertian one in the Monte Carlo mdel.  

In the substi tution of reflectance functions into  the Monte Carlo 
model it was desirable t o  allow the most general forms possible. For t h i s  
reason two alternatives were investigated: the  approximation of the reflec- 
tance functions in  t e ~ m  of spherical harmonics, and the  use of a lookup 
tab le  generated from the value of the reflectance functioris a t  discrete 
angles. M t e r  sane preliminary testing it appears tha t  the  former approach 
is sl ight ly  bet ter  when the reflectance function in  question is sinple, 
however for  m r e  complex functions, and i n  particular for  the  functions 
ar is ing from clistrjd3utions of Fresnel facets, the  lookup table approach is 
the only reasonable one. 

Thus far, w e  have only considered the case when the Fresnel facets 
have a uniforrn distribution of inclination angles. An exanqle of the  sor t  
of results obtained for  a surface with a sirnpLe cosine undulation is given 
in  Fig. 2a. I n  t h i s  case l i g h t  was incident on the surface at  a zenith 
angle of 45 degrees and an azimuth p rpend icaa r  t o  the direction of the 
rows. The resu l t s  a r e  given by plott ing mntours of equal r~,'lectance fac- 
tor on a polar p lo t  i n  which distance £ram the center indicates the zenith 
view angle, and the azimuth of the view corresponds direct ly  t o  t h a t  on the 
plot. Figure 2b shows the bidirectional reflectance distribution function 
for the same surface possessing purely Lambertian elemental scattering pro- 
perties. 

After reviewing the bidirectional reflectance distribution modeling 
work for vegetation media currently underway in the SRAEC fundamental 
research e f for t r  w e  concluded tha t  it would be useful t o  attack the  problem 
of reflectance from a rough surface vegetation layer from a multiple 
scattering, radiative transfer perspective. The approach w e  chose is an 
~utgrcrwth of Nom2's work and eornplements Strahler's geanetric optics 
approach ut i l iz ing stylized structures for  t r ee  crowns. Basically, we are  
adapting a Monte Carlo code by ut i l iz ing probability of gap expressions 
which take in to  acmunt the  varying optical path length through vegetation 
layers as a function of canopy densityr macro-structure and look angle. 
Gecmetrical routines a r e  used t o  compute required parameters f ran a canopy 
height profile. In practice we gnploy Fourier se r ies  expansion of canopy 
height profiles. Later we may examine s t a t i s t i c a l  structures inherent in 
the data via  power spectra analysis and formulate appropriate mdels. 
These ideas a r e  par t ia l ly  generated from same thermal d e l i n g  work w e  are  
performing over a forested site a t  Oak Ridge National Laboratory and we are  



capitalizing on the canopy s t ructure  &ta available for  t h i s  site. 

This work is i n  preliminary stages, but br ief ly  our approach follows: 

1. An adapted version of our Monte Carlo vegetation reflectance model 
w i l l  be used t o  handle the  multiple scattering calculations. 

2. Probability of gap expressions a r e  computed for  photon interactions by 
considering both micro (i.e. leaf angle distr ibutions) and macro 
(canom height profi le)  structure. Specifically, 

Po (8) = exp - IN*$ (8) *D (8) /h (3) 

where g (  8 1 is the mean canow projection i n  direction 8, LA1 is leaf 
area index, and D( 8 is the gemet r ic  path length from the  bottan of 
a canopy l a t e 1  t o  the top prof i le  i n  direction 8, and h is the canopy 
layer thickness. 

3. Appropriate geometrical computatioml. routines have been developed t o  
calculate D(8) for  an arbi t rary  canopy height profi le.  We have 
applied these routines t o  sample data transects from the Oak Ridge 
Site. In  practice, t h e  canopy height prof i le  data a re  f i r s t  
"detrended" using l e a s t  squares regression, and the the p i e r  s p c t r a  
computed fo r  the detrended data in  order t o  develop Fourier se r ies  
representations for  the  calculation routi.nes. Figure 3 shows a sample 
detrended height profi le,  and schematically i l l u s t r a t e s  the varying 
path lengths through t h i s  canopy layer as a function of look angle. 
Multiple voids i n  the canopy are  correctly handled. 

The m i n  significance i n  our work is an increased understanding, 
expressed via a variety of computational procedures, of t e r ra in  bidirec- 
t ional  reflectance properties. To our knawledge, there were no macro s o i l  
reflectance models for  amplex surfaces incorporating the complete rnultiple 
scattering solution and accounting fo r  shadowing effects.  Our calculation, 
treatment, and ut i l izat ion of canopy phase functions also appears t o  be 
smewhat novel, although we have bu i l t  upon the  e f fo r t s  of ea r l i e r  workers. 
Extensions could be made t o  our work t o  include, fo r  example, the  incor- 
poration of media subelement models t o  account for  physiological or polari- 
zation properties. 

In  the e igh t  months remaining of our th i rd  year of funding the f ina l  
s tep in our research focus w i l l  be t o  complete a tractable treatment of 
complex vegetation surfaces amendable t o  our Monte Carlo canorpy reflectance 
modeling techniques. I n  addition, we w i l l  more gracefully complete several 
loose ends i n  our completed work including the generation of orthogonal 
expansions of our canopy phase functions and the  ut i l izat ion of the mdels  
developed under this study t o  i l l u s t r a t e  soil/vegetation/atmospheric 
effects  in such applications as AWEU+derived vegetation index calcula- 
tions. 
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Figure 1 . Sty1 ized Canopy Phase Functions 3s a 
Function of Scattering Angle fur 
wavelengths of 0.55 and 0.80 micro- 
meters. (Normal ization i s  incomplete) 
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Figure 2b. ?olar plot of bidirectional reflectance distribution 
function from a row soil surface witn strictly 
Lambertian elemental ref1 ectance properties. 



Figure 3. Detrended height prof i le  fo r  fo res t  t ransect  and probability 
of gap calculation f o r  path length as a  function of look angle. 



BIDIRECTI'JNAL WFLECTANCE MODELING OF NON-HOMEENEOUS PLANT CANOPIES 

John M. Norman 
University of N2braskil 
Lincoln, NE 685Pj 

Objective 

The objective of this research is to develop a 3-dimensional radiative 
tran.- fer model for predicting the bidirectional reflectance distribution 
function CBRDF) for heterogeneous vegetation canopies. The model (named 
BIGhP.) considers the angular distribution of leaves, leaf area index, the 
location and size of individual subcanopies such as widely spaced rDws or 
trees, spectral and directional properties of leaves, multiple scattering, 
solar position and sky condition, and characteristics of the soil. The model 
relates canopy biophysical attributes to down-looking radiation measurements 
for nadir and off-nadir viewing angles. Therefore inversion of this model, 
which is difficult but practical, should provide surface biophysical 
propertizs from radiation measurements for nearly any kind of vegetation 
pattern; a fundamental goal of remte sensing. Su2l-i a mdel also will help to 
evaluate atmospheric limitations to satellite remote sensirig by providing a 
good surface boundary condition for many different kinds of canopies. Further 
this model can relate estimates of nadir reflectance, which is approximated bj 
T M S ~  scitellites, to hemispherica? r e f l e c t c ~ c c ,  -..+ich is zccczrrr;. In the 
energy budget of vegetated surfaces. 

Technical Approach 

The approach to this research requires developnent of the mathematical 
equations and computer coding of the heterogeneous-canopy model, better 
characterization of leaf and soil properties which are a serious limitation e t  
the present time, and finally comparison of made1 predictions with field 
measurements that are obta.ined from other investigators. The Bidirectional 
General Array Model (BIGAF?) is based on the concept that heterogensous 
csnopies car, be described by a combination of many subcanopies, dlich contain 
all the foliage, and these subcanopy envelopes can be characterized hy 
ellipsoids of various sizes and shapes. The foliage within an ellipsoid may 
be randomly positioned or non-randonly positioned. Estimtes of multiple 
scattering are obtained by transforming each point of interest in a particular 
ellipsoidal canopy to an equivalent one-dimensional canopy and solving the 
radiative transfer equations for this simple case. The BR3F for individual 
leaves has been measured so that appropriate leaf properties can be. used in 
the model. The BRDF for several soils has been measured and modeled with a 
simple block-modeling approach to provide a reasonable Power boundary 
carldition for the canopy model. Fieia masurements of corn and soybean caaopy 
BRDFs are canpared with -&el predictions. 



Research Results - 
The results of this study are three fold: 1) A simple soil BRDF model 

tested with measuranents, 2) laboratory measureinents of leaf BRDFs for live 
corn and soybean plants grown in the greenhouse and the field, and 3) the 
developnent and validation of a 3-dimensional canopy BRDF model of 
heteroge.neous vegetation that combines soil, leaf, and canopy-architectural 
information. 

The simple soil BRDF model approxhates a soil aggregate by a single 
rectangular block placed on a fixed lot area with a fixed orientation reletive 
to the sun azimuth. The relati-ve reflectance factor in any view direction is 
computed fsom projections of block faces and the shadow of the block on the 
horizontal. Fig. 1 contains a comparison of model results with measurements 
in the solar waveband over a rough surface that was recently plowed from sod 
with furrows approximately 15 crn deep. The RMS difference between thc 
surfaces is 2.2% in reflectance. The simple-black-model predictions fit 
measurements from smooth (0.5-1 cm gravel) and medium rough (2 to 5 cm clods 
from multiple tillages) even better with 1% RMS differences in reflectance. 

kcif BR3F ~iaastirments were mde at 3 source incidence angles (20, 45, 
70) and about 50 view angles for intact corn and soybean leaves attached to 
their respective plants. The distribution visible and near-infrared, 
reflectance and tra~~s~ittance factors is shown in Fig. 2 for a 45 degree 
suurce inci&'l~e a ~ ~ 1 2 .  The leaf hemispherical ref leccance, which is 
essential to all models of vegetation radiation exchange, was calculated from 
the integral of the BRDF (Teble 1). Clearly normal incidence valves which 
currently are being used in other models may not be appropriate since mean 
leaf-sun angles for mfxt canopies are between 45 and 60 degrees and not near 
normal incidence. 

The 3-dimensional bidirectional reflectance general array model (BIGAR) 
predictions have been compared to measurements on corn and coybeans that were 
obtained from the Laboratory for Applications to Remote Sensing (LARS), 
Purdue, University, West Lafayette, Indiana as part of the AGRISTARS program. 
An example of how ellipsaids are used to represent a young corn canopy is 
shown in Fig 3 and a comparison of measured and modeled results is in Fig.4. 
In general the model predictions agree very well with measurements considering 
that soil BRDF measurements cannot: be made for the same site as the vegetation 
BRDF measurements. 

R simple 3-ten empirical equation has been derived to fit measured and 
modeled, soil and canopy BRWs over a wide range of wavelengths. The FW3 
reflectance difference hetwEerr the 3-term empirical equation and modeled or 
measvred distributions (including view zenith angles from O to 60 degrnes) is 
about 0.2% in the visible and 2% in the near infrared for soybeans and several 
soils; a remarkably good fit. 



Significance of Re~ults 

Significant research results from this study impact on vegetation remote 
sensing in three ways: 1) relation of soil BRDF to roughness and sun angle, 2) 
interactions between soil 3RDF and canopy reflectance properties that lead to 
confounding the discrimination of sparse vegetation using angle-of-view 
observations, and 3) interpretation of leaf BRDF measurements to provide more 
suitable leaf spectral properties for models of vegetation radiative transfer. 

The very simple block model, which has beem verified with field 
rneasurenents, relates the soil B W F  to roughness. Unfortunately the roughness 
is a relative roughness and thus not the erne kind of "roughness" used by soil 
physicists, Ttlus a disked field and a gravel lot can have similar relative 
roughnesses (ratio of size to spacing) and BRDFs but represent very different 
roughnesses to the soil physicist. 

Tne RRDF of sparse vegetation is not as different from soil as is 
desirable for discrimination based on view angle observations. However the 
structure of sparse canopies may be distinguishable from each other or soil 
backgrounds with zenith view angels of 60°. Unfortunately this is not 
possible from satellites. In addition we nmy understand how a BRDF is 
different for a s~il below a canopy than a soil in the open even though their 
physical characteristics are identical, Tne 3-term eupirical equation fits 
soil and vegetation BRDFs so well that it m y  greatly simplify extraction of 
canopy properties from off-nadir observations for natural surfaces so that use 
or' s ~ c k  ;Laid m y  b a d e  practical. Perhaps it may even reduce rile r~m.ber oi 
off-nadir angles needed for obtaining canopy properties from satellite 
observations. 

During this study we have measured leaf BRDFs for corn and soybean; a 
rather formidable task that few have attempted. From this work have 
learned that models bzsed on normal-incidence integrating sphere leaf spectral 
properties, and to date nearly all leaf spectral property data is for norms1 
incidence, are using underestimates of leaf reflectance znd overestimates of 
transmittance. Using the more appropriate leaf spectral properties may change 
canopy reflectance by 5 to 15X of the reflectance value. Tt?e improved 
estimates of leaf spectral properties will also improve estimates of campy 
wEter use anci photosynthesis. In fact the reduced water use of an isogenic 
line of dense pubescence (dense hairs) soybeans could only be explained by the 
leaf BRDF and not normal incidence integrating sphere measurements. 

Future Work 

Future research should emphasize the inversion of 3-dimensional 
vegetation-soil bidirectional reflectance factor models and develop siqier 
inversion algorithms from exercising these conrplex nmdels. Both a~zu'lar (view 
direction) and wavelength information should be combined in the inversion 
process to extract the maximum amunt of information; perhaps inverting the 
distribution of normalized-difference with view angle may hold promise. The 
logical extension of this 3-D model is to include more complex canopoy 
architecture such as conifer trees, and also extend the wavelength band t o  the 
thermal. 



Table 1. Hemispherical reflectance and transmittance of corn and soybean 
calculated 'by integrating the results of leaf BRDF measurements. 

Incidence Visible IZIR 
Crop Angle Ref1 (%) Trans (2) R3f1 (2) Trans (%) 

Corn 0 7.3 3.9 - - 

Soybean 0 8 .3  4.9 .. - 
20 9.3 4.3 41.7 30.9 

45 9.6 3.7 44.9 33.2 

70 15.3 3.1 51-6 32.0 



Fig .  1. S o i l  BRDF p r e d i c t e d  f r o =  s imple  model (H=0.4, L=0.85 
kT~0.1, =0.67) and measured f o r  a rough plowed s o i l  
witl-. 15 cm furrows z n i  .:lads f o r  a s o l a r  z e n i t h  ang le  
o f  (6) 63O and (b) 28'. The RlIS d i f f e r e n c e  between 
measured ar.2 r o d e l e d  f o r  (a) i s  2.2% and f o r  (b) is 1.1% 
i n  r e f l e c t a n c e  u n i t s .  Plaximum z e n i t h  v i e r  a n g l e  i s  60' 

0 ( o u t e r  rbm), c e r ~ t e r  i s  nadir azld sun azimuth i s  0 . 
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Fig. 2 .  Leaf BRDP and bidirect ional  transmittance distribvtion function 
at  a source incidence angle of 45' and azkugh of 0' for (a) corn 
a t  near infrared wavelengths, (b) Cora fit v i s i b l e  wavelengths, 
(c) soybean a t  near infrared wavelengths, and ( d )  soybean a t  
v i s i b l e  wavelengths, 
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Fig.  3 .  Sketch of a corn canopy w i t h  LAI= 0 .4  including the 
e l l ip so ids  used to approximate the canopy envelope. 
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Fig.  4 .  Comparison of measurements and model p r e d i c t i o n s  f o r  a  
corn  canopy of TAI = 0.4 having north-south rows. (a) 
s o l a r  azimuth = 7 O ,  s o l a r  z e n i t h  = 18' (b) s o l a r  azimuth= 
276', s o l a r  z e n i t h  = 47'. South is 00: Marioum view 
z e n i t h  angle is  60" (ou te r  rim) and n a d i r  view i s  a t  
t h e  c e n t e r .  
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UNDERSTANDING THE RADIANT SCATTERING BEHAVIOR OF VEGETATED SCENES 

Dan ie l  S. Kimes 
NASA/GSFC 

Fundamental kncwledge o f  t h e  phys ics  o f  t h e  s c a t t e r i n g  behz,vior o f  
v e g e t a t i o n  as ga ined i n  t h i s  study i s  impor tant .  T h i s  growing body o f  
knowledge w i l l  u l t i m a t e l y  serve t h e  remote sens ing and e a r t h  sc ience  
community i n  many ways. For  example, i t  w i l l  p r o v i d e  ( 1 )  i n s i g h t  and 
guidance i n  deve lop ing new e x t r a c t i o n  techn iques of canopy c h a r a c t e r i s t i c s ,  
( 2 )  a  b a s i s  f o r  b e t t e r  i n t e r p r e t a t i o n  o f  o f f - n a d i r  s a t e l l i t e  and a i r c r a f t  
data, ( 3 )  a  b a s i s  f o r  d e f i n i n g  s p e c i f i c a t i o n s  o f  f u t u r e  e a r t h  obse rv ing  
sensor systems, and ( 4 )  a  b a s i s  f o r  d e f i n i n g  i n ipo r tan t  aspects o f  p h y s i c a l  
and h i 0 1  o g i c a l  processes of t h e  p l a n t  system. Such fundamental know1 edge 
i s  very i m p o r t a n t  t o  t h e  l o n g  t e r m  advancement o f  remote sensing and e a r t l i  
sc ience programs. The o v e r a l l  o b j e c t i v e  of t h e  th ree -yea r  s tudy i s  t o  
improve our fundamental unders tand ing o f  t h e  dynamics o f  d i r e c t i o n a l  
s c a t t e r i n g  p r o p e r t i e s  o f  vege ta t i on  canopies th rough a n a l y s i s  o f  f i e l d  
d a t a  and model s i m u l a t i o n  data. The s p e c i f i c  o b j e c t i v e s  were t o  ( 1 )  c o l l e c t  
d i  r e c t i o n a l  r e f 7  ectance data  c o v e r i  ng t h e  e r l t i  r e  e x i  t ance  hemi sphere f o r  
seve ra l  commn v e g e t a t i o n  canopies w i t h  v a r i o u s  geometr ic  s t r u c t i l r e  ( b o t h  
homogeneo~rs and row c rop  s t r u c t u r e s ) ,  ( 2 )  develop a  scene r a d i a t i o n  model 
w i t h  a  general mathemat ical  framework which w i l l  t r e a t  3-D v a r i a b i l i t y  i n  
heterogeneous scenes and account f o r  3-D r a d i a n t  i n t e r a c t i o n s  w i t h i n  t h e  
scene, ( 3 )  conduct  v a l i d a t i o n s  o f  t h e  model on c o l l e c t e d  da ta  sets,  and 
( 4 )  t e s t  and expand proposed p h y s i c a l  s c a t t e r i n g  mecharrisms i n v o l  ved i n  
r e f l  ectance d i s t r i b u t i o n  dynami cs by a n a l z y i  ng bo th  f i e l d  and model ing data. 

Us ing a  !lark I 1 1  3-band radiometer,  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 s  
spanning t h e  e n t i  r e  ex i  t a n c e  hemi sphere were measured o f  n a t u r a l  v e g e t a t i o n  
canopies r a n g i n g  from bare  s o i l s  t o  complete w i t h  100% ground cover. NOAA 
7/8  AVHRR bands 1 (0.58-0.68 w) and 2  (0.73-1.1 wn) were used i n  data  
c o l l e c t i o n .  The cover t y p e s  r e p o r t e d  were corn, soybeans, grass  lawn, 
o rcha rd  grass, a l f a l f a ,  c o t t o n  row crops, p i n e  f o r e s t s ,  hardwood f o r e s t s ,  
plowed f i e l d s ,  annual grassland,  steppe grass1 and, h a r d  wheat, s a l t  p l a i n ,  
and i r r i g a t e d  wheat. A l l  measurements were taken  f rom t h e  ground except  
t h e  f o r e s t  canopy measurements which were taken  f rom a  h e l i c o p t e r .  Lea f  
area index,  l e a f  angle o r i e n t a t i o n  d i s t r i b u t i o n s ,  p r o b a b i l i t y  o f  gap f u n c t i o n s ,  
1  e a f  r e f l  ec tance and t ransmi t tance ,  and s o i  1  r e f l  ec tance were measured on 
some o f  t h e  canopies. 

A th ree-d imens iona l  r a d i a t i v e  t r a n s f e r  model was developed (F ig .  1 ) 
and i s  unique i n  t h a t  i t  p r e d i c t s  ( 1 )  t h e  d i r e c t i o n a l  s p e c t r a l  r e f l e c t a n c e  
f a c t o r s  as a  f u n c t i o n  o f  t h e  sensor ' s  azimuth and z e n i t h  angles and t h e  
sensor ' s  p o s i t i o n  above t h e  canopy, ( 2 )  t h e  spect ra ' l  absrsrpt ion as a  f u n c t i o n  
of l o c a t i o n  w i t h i n  t h e  scene, and ( 3 )  t h e  d i  r e c t i o n a l  s p e c t r a l  rad iance as 
a  f u n c t i o n  o f  t h e  sensor 's  l o c a t i o n  w i t h i n  t h e  scene. It i s  one o f  two 
e x i s t i n g  models w i t h  such genera l  th ree-d imens iona l  c a p a b i l i t i e s .  T h i s  3-D 
model was expanded t o  i ncl'ude t h e  an i  so t  r'npic s c a t t e r i  ng p r o p e r t i e s  o f  
l eaves  as a  f u n c t i o n  o f  t h e  l e a f  o r i e n t a t i o n  d i s t r i b u t i o n  i n  bo th  t h e  z e n i t h  
and azimuth ang le  modes. The model was a p p l i e d  t o  complete v e g e t a t i o n  
canopies o f  v a r i o u s  l e a f  o r i e n t a t i o n s - " e r e c t r o p h i  l e  (most ly  e r e c t  1  eaves), 



p l  a n o p h i l  e  (mos t l y  h o r i z o n t a l  l eaves ) ,  s p h e r i c a l  (equal  p r o b a b i l i t y  o f  a1 1  
l e a f  o r i e n t a t i o n s ) ,  and he1 i o t r o p i  e (sun t r a c k i n g  leaves).  The model was 
a l so  v a l i d a t e d  and analyzed f o r  a g r i c u l t u r a l  c rop canopies, n a t u r a l  
g rass land  canopies and f o r e s t  canopies. The model was used t o  e x p l o r e  t h e  
r a d i a t i v e  t r a n s f e r s  t h a t  t a k e  p l a c e  i n  t h e s e  va r ious  scenes. 

The a n a l y s i s  o f  t h e  f i e l d  data  and model s i m u l a t i o n s  y i e l d e d  s i g n i f i c a n t  
i n f o r m a t i o n  on t h e  r a d i a n t  s c a t t e r i n g  hehavi o r  o f  t h e  v e g e t a t i o n  canopies. 
The r e s u l t s  showed unique r e f l e c t a n c e  d i s t r i b u t i o n s  rang ing  f rom bare  s o i l  
t o  complete v e g e t a t i o n  canopies f o r  a g r i c u l t u r a l  c rops and n a t u r a l  grasslands. 
Phys i ca l  mechanisms causi  ng these  t r e n d s  were proposed based on s c a t t e r i n g  
p r o p e r t i e s  o f  s o i  1  and vegeta t ian .  Soi 1  e x h i b i t e d  a  s t rong  b a c k s c a t t e r i  ng 
peak toward t h e  sun (Fig.  2). Complete v e g e t a t i o n  e x h i b i t e d  a "bowl" 
d i ~ t r i b u t i o n ~ w i t h  t h e  mi nimum r e f l e c t a n c e  near  nadi r (F ig .  3). Sparse 
vege ta t i on  canopies showed s h i f t i n g  o f  t h e  minimum r e f l e c t a n c e  o f f  o f  
n a d i r  i n  t h e  fo rward  s c a t t e r i n g  d i r e c t i o n  because bo th  t h e  s c a t t e r i n g  
p r o p e r t i e s  o f  t h e  vege ta t i on  and s o i l  were be ing  observed. I n  a d d i t i o n ,  
sparse canopies e x h i b i t e d  t h e  s t r o n g  b a c k s c a t t e r  peak 6 f  t h e  s o i l  a t  
r e l a t i v e l y  smal l  s o l a r  z e n i t h  angles. The l a r g e s t  v a r i a t i o n s  i n  r e f l e c t a n c e  
w i t h  changing view ang le  occur red a t  l a r g e  s o l a r  z e n i t h  angles f o r  canopies 
w i t h  ve ry  1  ow vege ta t i on  covers. As v e g e t a t i o n  d e n s i t i e s  i nc reased  and 
t h e  s o l a r  z e n i t h  ang le  decreased, r e f l e c t a n c e  v a r i a t i o n s  decreased. The 
dynamics o f  t h e  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 s  were analyzed and 
phys i  c a l  p r i  n c i  p l  es respons ib le  f o r  t h e  observed dynami cs were proposed. 
Past s t u d i e s  have demonstrated t h a t  t h e  normal ized d i f f e r e n c e  t r a n s f o r m a t i o n  
[AVHRR (Band 2 - Band l ) / ( B a n d  1 + Band 2 ) 1  i s  u s e f u l  i n  m o n i t o r i n g  green 
vege ta t i on  biomass. A  d i f f i c u l t y  i n  u t i l i z i n g  AVHRR data  t h a t  scans ou t  
t o  5 6 O  i s  t h a t  t h e  s i g n a l  f o r  any p a r t i c u l a r  t a r g e t  can change s i g n i f i c a n t l y  
w i t h  va r ious  view angles. It was demonstrated t h a t  t h i s  t r a n s f o r m a t i o n  
g e n e r a l l y  decreased t h e  li r e c t i o n a l  v a r i a t i o n  o f  t h e  s igna l .  However, 
t h e r e  were except ions.  For  each remote sens ing a p p l i c a t i o n  t h e  user  shou ld  
be aware o f  t hese  v a r i a t i o n s  f o r  t h e  s p e c i f i c  cover types be ing  s tud ied,  
s o l a r  z e n i t h  ang le  and scanning d i r e c t i o n  o f  t h e  sensor w i t h  respect  t o  
t h e  s o l a r  azimuth. It was found t h a t  complete canopies w i t h  d i f f e r e n t  
l e a f  o r i e n t a t i o n  d i s t r i b u t i o n s  ( e r e c t o p h i l  e, s p h e r i c a l ,  p l a n o p h i l  e, and 
h e l i  o t r o p i c )  had un ique r e f 1  ectance d i  s t r i  b u t i o n  c h a r a c t e r i s t i c s .  The 
dynamics o f  t h e s e  d i s t r i b u t i o n s  were p h y s i c a l l y  exp la ined  by d i r e c t i o n a l  
s c a t t e r i n g  e f f e c t s  o f  two mechanisms. The f i r s t  mechanism causes t h e  
c h a r a c t e r i s t i c s  "bowl"  shape o f  complete canopies t h a t  i s - - i n c r e a s i n g  
r e f l e c t a n c e  w i t h  i n c r e a s i n g  o f f - n a d i  r view ang le  f o r  azimuth d i r e c t i o n s .  
It i s  caused by shadowing g r a d i e n t s  and view p r o j e c t i o n  g r a d i e n t s  w i t h i n  
t h e  canopy. The second mechanism i s  t h e  pr imary  d i r e c t i o n a l  s c a t t e r i n g  o f  
t h e  l eaves  (phase f u n c t i o n )  due t o  l e a f  o r i e n t a t i o n ,  source d i r e c t i o n ,  and 
l e a f  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  values. The combinat ion of t hese  two 
mechanisms i n  t h e  va r ious  canopies a r e  r e s p o n s i b l e  f o r  t h e  dynamics of t h e  
o v e r a l l  shape of t h e  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 s .  

The r e s u l t s  showed t h a t  t h e  s c a t t e r i n g  behav io r  o f  r e l a t i v e l y  dense 
f o r e s t  canopies i s  very sirni f a r  t o  t h e  s c a t t e r i n g  behav ior  o f  a g r i c u l t u r a l  
c rops and n a t u r a l  grasslands.  Only i n  more sparse f o r e s t  canopies w i t h  
s i g n i f i c a n t  spac ing between t h e  t r e e  crowns ( o r  clumps o f  t r e e  crowns) does 
t h e  s c a t t e r i  ng behav ior  d e v i a t e  f rom homogeneous a g r i c u l t u r a l  and n a t u r a l  
g rass land  canopies. T h i s  c lumping o f  v e g e t a t i o n  m a t e r i a l  has two e f f e c t s  
on t h e  r a d i a n t  t r a n s f e r s  w i t h i n  t h e  canopy. (A)  It inc reases  t h e  p r o b a b i l i t y  



o f  gap t o  t h e  unders tory  and/or  s o i l  l a y e r s  which i nc reases  t h e  i n f l u e n c e  
o f  t h e  s c a t t e r i n g  p r o p e r t i e s  o f  t hese  lower  l a y e r s  and ( 0 )  It i n c r e a s e s  
dark shadows w i t h i n  t h e  scene caus ing increased b a c k s c a t t e r  and decreased 
forward  s c a t t e r  t o  occur r e l a t i v e  t o  t h e  homogeneous case. Both phenomenon 
tend  t o  i nc rease  backsca t te r  r e l a t i v e  t o  fo rward  s c a t t e r .  For  t y p i c a l  
f o r e s t  canopies, t h e  peak b a c k s c a t t e r  r e f l e c t a n c e  can be inc reased  as much 
as 30% r e l a t i v e  t o  an e q u i v a l e n t  homogeneous canopy due t o  phenomenon A and 
35% due t o  phenomenon B. The combined e f f e c t  o f  phenomenon A and B  can 
cause t y p i c a l  i nc reases  o f  65% o r  h igher.  It i s  hypothes ized t h a t  t hese  
phenomenon a r e  e s p e c i a l l y  impor tan t  i n  sparse c o n i f e r  f o r e s t s  such as t h e  
boreal  f o r e s t  which account f o r  50% o f  t h e  w o r l d ' s  f o r e s t  area. 

The unders tand ing o f  t h e  r a d i a n t  s c a t t e r i n g  behav io r  o f  vegeta ted 
scenes gained i n  t h i s  s t u d i e d  can l e a d  t o  i n t e l l i g e n t  techn iques f o r  
e x t r a c t i n g  canopy parameters f rom remote ly  sensed data. For example, 
e s t i m a t i n g  t h e  hemi s p h e r i c a l  r e f l  ec tance (a1 Redo) o f  t e r r e s t r i  a1 s u r f a c e s  
i s  o f  g rea t  importance i n  s t u d y i n g  b i o s p h e r i c  and atmospher ic processes. 
I t  i s  proposed t h a t  s a t e l l i t e  borne ins t rumen ts  rep resen t  t h e  o n l y  p r a c t i c a l  
means o f  o b t a i n i n g  g loba l  es t ima tes  o f  su r face  a1 bedo d a t a  a t  reasonab le  
t ime r e s o l u t i o n ;  t h e  problem be ing  how t o  r e l a t e  t h e  n a d i r  o r  d i r e c t i o n a l  
r e f l e c t a n c e  obse rva t i ons  f rom such sensors t o  t h e  i n t e g r a t e d  hemispher ica l  
r e f l  ectance. T h i s  study i n v e s t i g a t e d  (1) t h e  r e l a t i o n s h i p s  b e t w e n  
d i  r e c t i o n a l  r e f l e c t a n c e s  and hemispher ica l  r e f l e c t a n c e  and ( 2 )  t h e  e f f e c t  
of s o l a r  z e n i t h  ang le  and cover  t y p e  on these r e l a t i o n s h i p s .  The r e s u l t s  
showed t h a t  e r r o r s  i n  i n f e r r i n g  hen~i  s p h e r i c a l  r e f l e c t a n c e  f rom nad i  r 
r e f l e c t a n c e  can be as h igh as 45% f o r  a l l  cover  t ypes  and s o l a r  z e n i t h  
angles. By choosing a  s o l a r  z e n i t h  ang le  between 30°-40° t h e  same e r r o r  i s  
reduced t o  l e s s  t h a n  20% i n  bo th  bands. Fo r  bo th  bands a  view ang le  o f  60° 
o f f - n a d i r  and +90" f rom t h e  s o l a r  azimuth reduces t h i s  e r r o r  t o  l e s s  t h a n  
11% f o r  a l l  s u n  any les  and cover  types. A t e c h n i q u e  u s i n g  two s p e c i f i c  view 
angles red~ jces  t h i s  e r r o r  t o  l e s s  t h a n  6% f o r  b o t h  bands and f o r  a l l  sun 
angles and cover types. These techn iques may y i e l d  cons ide rab le  d i  v i  dends 
i n  terms o f  more r e l i a b l e  e s t i m a t i o n  o f  hemispher ica l  r e f l e c t a n c e  o f  n a t u r a l  
s u r f  aces. 

These fundamental research e f f o r t s  have improved our  p h y s i c a l  
understanding o f  r a d i a n t  s c a t t e r i n g  i n  vege ta t i on  canopies. Th is  has been 
accomplished th rough  t h e  a n a l y s i s  of bo th  model s i m u l a t i o n  data  and f i e l d  
d i r e c t i o n a l  r e f l e c t a n c e  data  i n  t h e  v i s i b l e  and near i n f r a r e d  wavelengths. 
The d i r e c t i o n a l  s c a t t e r i n g  behav ior  of v e g e t a t i o n  has been descr ibed and 
exp la ined  f o r  v a r i o u s  s o l a r  z e n i t h  angles, and va r ious  canopies w i t h  
d i f f e r e n t  d e n s i t i e s ,  l e a f  o r i e n t a t i o n  d i s t r i b u t i o n s ,  and o p t i c a l  p r o p e r t i e s .  
The work has been i n  response t o  p r o v i d i n g  an i n t e l l i g e n t  b a s i s  f o r  d e f i n i n g  
s p e c i f i c a t i o n s  o f  e a r t h  ohserv i  ng sensor systems and f o r  i n f e r r i n g  i m p o r t a n t  
aspects o f  p h y s i c a l  and b i o l o g i c a l  processes o f  t h e  p l a n t  system. 
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Figure  1. Three dimensional  framework of t h e  model showing t h e  c e l l  matrix, c e l l  

coord ina te  system, d i f f u s e  s o l a r  sources  (only r n e  is i l l u s t r a t e d ) ,  and 
t h e  d i r e c t  s o l a r  source .  The d i f f u s e  and d i r e c t  s o l a r  sources  a r e  ex- 
tended down t o  t h e  s u r f a c e  of each c e l l  on the  t o p  s u r f a c e  of t h e  c e l l  
mar;rix. Any 3-D scene can be  represen ted  by " f i l l i n g "  t h e  c e l l s  w i t h  
v a r i o u s  m a t e r i a l s  w i t h  d i f f e r e n t  d e n s i t i e s  and scat t ,e r ing p f o p e r t i e s .  
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Figure  2 .  Po la r  p l o t s  cf i s o l i n e s  of percent  d i r e c t i o n a l  r e f l e c t a n c e  i n  t h e  v i s i b l e  band f o r  b a r e  s o i l .  The d i s t a n c e  
from t h e  o r i g i n  r e p r e s e n t s  t h e  off -nadir  view a n g l e  of t h e  sensor  and t h e  azimuth a n g l e  r e p r e s e n t s  t h e  
s e n s o r ' s  azkc l th .  The s o l a r  azimuth i s  always 180°. A sensor  wi th  O 0  azimuth looks  i n t o  t h e  sun, t h e  dashed 
l i n e s  represen t  15' increments of off -nadir  view ang le  (0"-90'). The s o l a r  p o s l t i o n  i s  shown as a smal l  
s t a r r e d  c i r c l e  on each p l o t .  
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Figure  3 .  Pola r  p l o t s  of i s o l i n e s  of pe rcen t  d i r e c t i o n a i  r e f l e c t a n c e  i n  t h e  v i s i b l e  band f o r  a g r a s s  I.awn. 
Symbols fo l low 



MEASUREMENT AND MODELING OF THE OPTICAL SCATTERING 
PROPERTIES OF CROP CANOPIES 
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Purdue U n i v e r s i t y  

I. J u s t i f i c a t i o n  o f  Research 

The amount o f  s u n l i g h t  s p e c u l a r l y  r e f l e c t e d  by such p l a n t s  as sunf lower ,  
corn,  sorghum, wheat, and g r a s s  is o f t e n  s o  l a r g e  t h a t  canopies  o f  t h e s e  p l a n t s  
appear  white i n s t e a d  o f  g reen  when viewed o b l i q u e l y  toward t h e  sun. 

Specular  r e f l e c t i o n s  from t h e  sh iny  l e a v e s  o f  p l a n t s  ~ r ~ i g i n a t e  a t  t h e  
i n t e r f a c e  between a i r  and t h e  c u t i c l e  wax l a y e r .  Unlike t h e  d i f f u s e  p o r t i o n  of 
t b e  l i g h t  r e f l e c t e d  by a  l e a f ,  t h e  s p e c u l a r  p o r t i o n  o f  t h e  r e f l e c t e d  l i g h t  is 
r e f l e c t e d  a t  t h e  f i r s t  s u r f a c e  it encounte r s ;  i t  never  e n t e r s  t h e  l e a f .  From 
t h e  Fresne l  e q u a t i o n s  o f  op tFcs ,  t h e  l i g h t  r e f l e c t e d  by such a  sh iny  s u r f a c e  is 
po2arized.  The p o l a r i z e d  csrt;ion o f  t h e  r e f l e c t a n c e  may be s p e c i e s  dependent 
and r e l a t e d  p o t e n t i a l l y  t o  tile p h y s i o l o g i c a l  s t a t u s  and development s t a g e  o f  t h e  
canopy - t o  such b o t a n i c a l  v a r i a b l e s  a s  l e a f  age  and p l a n t  water  s t a t u s  and 
temperature regime. 

A l l  o f  t h i s  s u g g e s t s  t h a t  r e a o t e l y  sensed p o l a r i z a t i o n  measurements o f  a 
p l a n t  canopy w i l l  c o n t a i n  in format ion  about t h e  l e a f  s u r f a c e s  -- in fo rmat ion  
independent o f  t h a t  a l r e a d y  i d e n t i f i e d  i n  t h e  l i g h t  r e f l e c t e d  from t h e  i n t e r i o r  
o f  t h e  l e a v e s  measured i n  t h e  v a r i o u s  s p e c t r a l  r eg ions .  The in format ion  is  
independent because t h e  p o l a r i z e d  p o r t i o n  o f  t h e  r e f l e c t e d  l i g h t  does n o t  e n t e r  
t h e  l e a f  t o  i n t e r a c t  wi th  c e l l  pigments,  w a l l s  o r  water.  

P o l a r i z a t i o n  measurements, a l thodgh  c e r t a i n l y  a p o t e n t i a l  source  o f  u s e f u l  
informat ion abou t  t h e  e a r t h ,  have never  been acqu i red  r o u t i n e l y  by s a t e l l i t e -  
borne imaging s e n s o r s  a s  p a r t  o f  e a r t h  observa t ion  resea rch .  The reason i s  
simple;  t h e  r e s e a r c h  a r e a  is  v i r g i n .  Hard evidence i n  t h e  form of phys ica l ly -  
based t h e o r i e s  l ~ u p p o r t e d  by a c t u a l  d a t a  h a s  o n l y  r e c e n t l y  begun t o  demonstra te  
t h e  a c t u a l  -- n o t  merely p o t e n t i a l  -- in fo rmat ion  i f i  such d a t a .  More evidence 
is needed before  a ded ica ted  s a t e l l i t e - b o r n e  sensos  system would be j u s t i f i a b l e .  

11. Research Objec t ives  

The o v e r a l l  o b j e c t i v e  is t o  i n v e s t i g a t e  t h e  p o t e n t i a l  informat ion i n  t h e  
p o l a r i z a t i o n  d a t a  o f  both  s i n g l e  l e a v e s  and p l a n t  canopies .  This  r e s e a r c h  is 
measuring, a n a l y z i n g ,  and mathemat ical ly  modeling t h e  s p e c u l a r ,  p o l a r i z e d ,  and 
d i f f u s e  l i g h t  s c a t t e r i n g  p r o p e r t i e s  o f  s e v e r a l  p l a n t  canopies  and t h e i r  
component p a r t s  ( l e a v e s )  a s  a f u n c t i o n  of view ang le  and i l l u m i n a t i o n  angle .  
The potent ia l .  o f  t h e s e  b i d i r e c t i o n a l  r a d i a t i o n  p r o p e r t i e s  f o r  ground cover  
d i s e r i m i n a t i o n  and c o n d i t i o n  assessment  is  be ing  eva lua ted .  

111. Approach 

The r e s e a r c h  approach h a s  proceeded i n  both  e m p i r i c a l  and t h e o r e t i c a l  
d i r e c t i o n s .  Measurements performed a t  our  l a b o r a t o r y  demonstra te  t h e  
r e l a t i o n s h i p  betweec p o l a r i z a t i o n  d a t a  and v a r i o u s  o p t i c a l  and b o t a n i c a l  
p r o p e r t i e s  o f  b o t h  p i e c e s  o f  f o l i a g e  and p l a n t  canopies .  The d a t a  provide a 
b a s i s  fop  g a i n i n g  fundamental unders tanding o f  how l i g h t  is  s c a t t e r e d  and 



p o l a r i z e d  by a  p l a n t  canopy. A mathenlatical  model h a s  been developed f o r  
p r e d i c t i n g  t h e  s p e c u l a r  and p o l a r i z e d  l i g h t  s c a t t e r i n g  p r o p e r t i e s  of  p l a n t  
canopies .  By e x e r c i s i n g  t h e  model we have developed b e t t e r  unders tanding o f  t h e  
p o t e n t i a l  in fo rmat ion  i n  p o l a r i z a t i o n  d a t a .  

The e m p i r i c a l  p a r t  o f  t h e  approach has  involved demonstra t ing o u r  new 
technique f o r  de te rmin ing  s p e c u l a r ,  p o l a r i z e d ,  and d i f f u s e  components o f  t h e  
r e f l e c t a n c e  f a c t o r  o f  bo th  l e a v e s  and p l a n t  canopies. Applying t h i s  new 
technique t o  o u r  f i e l d  measurements, we have determined t h e  s p e c u l a r l y  s c a t t e r e d  
and po la r i zed  l i g h t  from a p l a n t  canopy a s  a  f u n c t j o n  of  view and i l l u m i n a t i o n  
d i r e c t i o n s .  To t h e s e  r e f l e c t a n c e  d a t a ,  we have appendqd t h e  a n c i l l a r y  d a t a  o f  
t h e  p l a n t  canop ies  f o r  use  by o u r s e l v e s  and o t h e r  i n v e s t i g a t o r s  developing and 
t e s t i n g  l ight -canopy i n t e r a c t i o n  models, such a s  our  s p e c u l a r  
r e f l e c t i o n / p o l a r i z a t i o n  model. 

A p o l a r i z a t i o n  photometer was developed t o  i n v e s t i ~ a t e  t h e  p o t e n t i a l  
in fo rmat ion  i n  t h e  mean and s t a n d a r d  d e v i a t i o n  of t h e  p o l s r i z e d / d i f f u s e  
components o f  t h e  r e f l e c t a n c e  f a c t o r  o f  l e a v e s .  .,,ezsurec i n d i v i d u a l l y  i n  Vivo a t  
s i x  wavelengths a t  t h e  Brewster angle .  M e a s u r - ~ ~ e r . t s  wcre made (1)  i n  a  survey 
o f  p l a n t  s p e c i e s  and v a r i e t i e s  r e p r e s e n t i n g  c rops ,  f o r e s t s ,  "weeds," and 
h o r t i c u l t u r e ,  i n c l u d i n g  a s  f a c t o r s  (when a p p r o p r i a t e )  ~ e a f  p igmenta t ion,  
development s t a g e ,  p o s i t i o n  o f  l e a f  on p l a n t ,  and p o s i t r o n  o f  ins t rument  on 
l e a f ,  (2)  o f  a  co rn  canopy as a f u n c t i o n  of  i t s  mois tu re  s t r e s s ,  and (3 )  o f  a 
greenhouse-grown wheat innocu la ted  w i t h  wheat r u s t .  

IV. R e s u l t s  

We p r e s e n t  t h r e e  r e s u l t s  o f  our  r e s e a r c h ,  (1) a  t h e o r e t i c a l  model of  t h e  
specu la r -po la r i zed  l i g h t  scattered by a p l a n t  canopy, (2)  d a t a  demonstra t ing a  
l i n e a r  r e l a t i o n s h i p  between t h e  r e l a t i v e  water  con ten t  o f  a l e a f  and i ts  non- 
p o l a r i z e d  r e f l e c t a n c e ,  and (3) d a t a  demonstra t ing t h e  importance of t h e  
v a r i a b l e ,  a n g l e  o f  i n c i d e n c e ,  i n  e x p l a i n i n g  t h e  p o l a r i z a t i o n  o f  l i g h t  s c a t t e r e d  
by p l a n t  canopies .  

A .  T h e o r e t i c a l  Model 

A model was developed f o r  p r e d i c t i n g  t h e  amount o f  l i g h t  s p e c u l a r l y  
r e f l e c t e d  and l i n e a r l y  p o l a r i z e d  by t h e  l e a v e s  of  such p l a n t  canopies  a s  wheat ,  
c o r n ,  and sorghum. The model i s  based upon t h e  morphological  and pheno lcg ica l  
c h a r a c t e r i s t i c s  o f  t h e  canopy and upon t h e  Fresne l  e q u a t i o n s  which d e s c r i b e  t h e  
l i g h t  r e f l e c t i o n  p rocess  a t  an o p t i c a l l y  smooth boundary s e p a r a t i n g  two 
d i e l e c t r i c s .  

The theory  demons t ra tes  t h a t ,  p o t e n t i a l l y ,  measurements o f  t h e  l i n e a r l y  
po la r i zed  l i g h t  from a p l a n t  canopy may be used a s  an  a d d i t i o n a l  f e a t u r e  
d i s c r i m i n a t i o n .  Examination o f  t h e  model sugges t  t h a t ,  p o t e n t i a l l y ,  s a t e l l i t e  
p o l a r i z a t i o n  measurements may be used t o  monitor p l a n t  development s t a g e ,  l e a f  
wa te r  con ten t ,  l e a f  a r e a  index ,  h a i l  damage, and c e r t a i n  p l a n t  d i s e a s e s .  The 
modeling r e s u l t s  show t h a t  t h e  a n g l e s  o f  t h e  p o l a r i z a t i o n  a n a l y z e r  on a  
radiometer  o r  s a t e l l i t e - b o r n e  s e n s o r  measuring a  ground scene may be p r e d i c t e d  
from t h e  view and i l l u m i n a t i o n  d i r e c t i o n s .  

A p p l i c a b i l i t y  o f  t h e  model of t h e  canopy s p e c u l a r  r e f l e c t a n c e  should  extend 
t o  many s p e c i e s  because l e a v e s  - which s p e c u l a r l y  r e f l e c t  s u n l i g h t  - a r e  
u b i q u i t o u s ,  unconfined by geography o r  c l ima te .  

The modeling r e s u l t s ,  Fig.  1 ,  show t h a t  f o r  t h e  p r e d i c t i o n s  from t h e  model 
t h e  s i n g l e  v a r i a b l e ,  a n g l e  o f  i n c i d e n c e  (on t h e  l e a f )  o f  t h e  s u n l i g h t  s p e c u l a r l y  
r e f l e c t e d  t o  t h e  s e n s o r ,  e x p l a i n s  much o f  t h e  v a r i a t i o n ,  as a f u n c t i o n  of  view 
d i r e c t i o n  ( b o t h  z e n i t h  and azimuth) ,  f o r  a p l a n t  canopy wi th  a uniform 



( s p h e r i c a l )  l e a f  a n g l e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n .  For exangle ,  a t  any 
s p e c i f i c  angle  o f  inc idence ,  30 degrees ,  f o r  example, t h e  p red ic ted  R , Fig. 1 ,  
changes l i t t l e  f o r  z e n i t h  view ang les  l e s s  t h a n  about  40 degrees ,  on ly  changing 
s i g n i f i c a n t l y  f o r  a n g l e s  approaching 90 degrees .  The phys ica l  i n t e r p r e t a t i o n  o f  
t h i s  p r e d i c t i o n ,  Fig .  1 ,  is  t h a t  a t  any given a n g l e  o f  inc idence  t h e r e  a r e  more 
s p e c u l a r l y  r e f l e c t i n g  l e a v e s  i n  t h e  f i e l d  o f  view of t h e  s e n s o r  a t  l a r g e  z e n i t h  
view a n g l e s  near  90 degrees  than near  0 degrees .  For example, f o r  t h e  sun on 
t h e  hor izon  i n  t h e  e a s t  and f o r  view d i r e c t i o n s  va ry ing  from 0 d e g ~ l e e s  up t o  t h e  
hor izon t o  t h e  n o r t h ,  t h e  ang le  of inc idence  w i l l  be c o n s t a n t  a t  45 degrees  i n  
a l l  t h e s e  view d i r e c t i o n s ;  however, t h e  number o f  s p e c u l a r l y  r e f l e c t i n g  l e a v e s  
i n  t h e  f i e l d  of view o f  t h e  sensor  w i l l  be l e a s t  a t  0 degrees  z e n i t h  view angle  
and g r e a t e s t  a t  t h e  horizon.  

9. Leaf Moisture vs.  Ref lectance 

To i n v e s t i g a t e  i f  r e l a t i o n s h i p s  e x i s t  between r e f l e c t a n c e  and moisture- 
s t r e s s e d  v e g e t a t i o n ,  measurements were acqu i red  on t h e  l e a v e s  of corn ,  grown i n  
a f i e l d  under mois tu re - s t ressed  cond i t ions .  (A p h y s i o l o g i c a l  d i s t u r b a n c e  o f  a 
p l a n t  u s u a l l y  r e t q u l t s  i n  an i n c r e a s e  o f  r e f l e c t a n c e  i n  t h e  v i s i b l e  p o r t i o n  of 
t h e  spectrum.) Twenty-four hours  p r i o r  t o  r e f l e c t a n c e  measurements, a p o r t i o n  
of t h e  f i e l d  was f l o o d  i r r i g a t e d .  Leaves f o r  r e f l e c t a n c e  measurements came from 
(a) t h i s  i r r i g a t e d  t rea tment ,  (b) t h e  f ield-grown, s t r e s s e d  c o n d i t i o . ~ ~ ,  and ( c )  
l eaves  exc i sed  from p l a n t s  sub jec ted  t o  r a p i d  d e s i c c a t i o n .  The wate r  s t a t u s  o f  
each i n d i v i d u a l  l e a f  was q u a n t i f i e d  by measuring t h e  r e l a t i v e  wa te r  c o n t e n t  o f  
each l e a f  sampled f o r  l e a f  ref ' lec tance measurements. 

Fig. 2 d e p i c t s  t h e  r e f l e c t a r c e  i a  ;he r e d  wavelength band (650 nm) as a 
func t ion  o f  r e l a t i v e  water  con+ . The r e s u l t s ,  Fig. 2a, show t h a t  when 
t h e  RWC o f  t h e s e  corn  l e a v e s  i . , t h e  r e f l e c t a n c e  f a c t o r ,  R ,  tended t o  
decrease .  But w i t h i n  t h i s  range u f  r e l a t i v e  wa te r  c o n t e n t s  sampled (between 50% 
and loo%) ,  t h e  v a r i a t o n  i n  t h e  r e f l e c t a n c e  f a c t o r  is g r e a t  - making t h e  
u s e f v l n e s s  of t h e  r e f l e c t a n c e  measurements Tor p r e d i c t i n g  t h e  r e l a t i v e  wa te r  
con ten t  s l i g h t .  Fig.  2b shows t h e r e  i s  no r e l a t i o n s h i p  between t h e  p o l a r i z e d  
component of t h e  r e f l e c t a n c e  f a c t o r ,  R , and r e l a t i v e  wa te r  con ten t .  

But t h e r e  is  a r e l a t i o n s h i p  betweeg t h e  non-polarized component o f  t h e  
r e s l e c t a n c e  f a c t o r  and r e l a t i v e  water c o n t e n t ,  Fig.  2c ,  which i n c r e a s e s  l i n e a r l y  
( R  = 0.77) wi th  decreas ing  r e l a t i v e  water  c o n t e n t ,  Th i s  r e l a  t i o n s h i p  -.ippeai-ed 
v a l i d  even f o r  r e l a t i v e  water  c o n t e n t s  g r e a t e r  th:n 80%, a mois tu re  regime f o r  
which o t h e r  i n v e s t i g a t o r s  have found hemisphf:rical l e a f  r e f l e c t a n c e  ' >  be a poor 
e s t i m a t o r  o f  r e l a t i v e  water content .  The ran-po la r ized  component of +' 2 

r e f l e c t a n c e  f a c t o r  thus  appears  t o  be a b z t t e r  p r e d i c t o r  of r e l a t i v e  water  
c c n t e n t  than  t h e  r e f l e c t a n c e  f a c t o r .  

C. P l a n t  Canopy Angle of Incidence 

I n  f i e l d  exper iments  designed t o  provide comparisons between t h e  model 
p r e d i c t i o n s  and p o l a r i z a t i o n  d a t a ,  we measured two p l a n t  canopies ,  each i n  a 
v a r i e t y  o f  view d i r e c t i o n s  as t h e  sun moved, p rov id ing  i l l u m i n a t i o n  i n  a 
continuum of d i r e c t i o n s .  More than 200 s p e c t r a  were acqu i red  on two wheat 
canopies  i n  t h e  boo t  (preheaded) and dough (headed) s t a g e s  of' development, and 
on each d a t e  i n  each o f  33 view d i r e c t i o n s .  

The degree  o f  l i n e a r  p o l a r i z a t i o n  (Fig.  3) a t  a wavelength o f  9,66 urn i s  
p l o t t e d  f o r  19 June and 17 J u l y  f o r  f o u r  view z e n i t h  a n g l e s  and a n g l e  o f  
inc idence ,  gamma. Regardless of z e n i t h  o r  azimuth view ang les ,  t h e  d a t a  p o i n t s  
f o r  June 99 f a l l  w i t h i n  a narrow r e g i o n  d e f i n i n g  a n  :ire. On J u l y  17 t h e  s c a t t e r  
i n  t h e  d a t a o i s  g e n e r a l l y  g r e a t e r ,  a l though  t h o s e  d a t a  acqu i red  a t  a view z e n i t h  
angle  o f  60 d e f i n e  a fishhook-shaped curve. 



Fig.  3 shows t h a t  most of  t h e  v a r i a t i o n  on June 19 i n  l i n e a r  p o l a r i z a t i o n  a s  
f u n c t i o n  o f  t h e  two v a r i a h i e s ,  view z e n i t h  and view azimuth a n g l e s ,  is exp la ined  
by t h e  s i n g l e  v a r i a b l e ,  a n g l e  o f  inc idence ,  a  p r e d i c t i o n  of  t h e  
s p e c u l a r / p o l a r i z a t i o n  model. The ang le  o f  inc idence  i s  computed knowing t h a t  a  
smal l  a r e a  o f  s h i n y  l e a f  must be uniquely  d i r e c t i o n e d  t o  spec1uld21y r e f l e c t  
s u n l i g h t  t o  a n  obse rver .  For t h e  headed wheat of  J u l y  17, t h e  a n g l e  o f  
inc idence  e x p l a i n s  t h e  v a r i a t i o n  i n  t h e  l i n e a r  p o l a r i z a t i o n  a t  a  z e n i t h  view 
a n g l e  of  60' ( a l b e i t  t h e  arc-shaped r e l a t i o n s h i p  o f  June 19 i s  a f i shhook  on 
J u l y  17) but  less w e l l  a t  s m a l l e r  z e n i t h  view ang les .  The d e c r e a s e  i n  t h e  

0 degree  of  l i n e a r  p o l a r i z a t i o n  a t  l a r g e  a n g l e s  of inc idence  f o r  60 z e n i t h  view 
a n g l e s  on J u l y  17 ( t h e  hook of t h e  f i shhook)  i s  due t o  t h e  heads (poor  s p e c u l a r  
r e f l e c t o r s )  d e c r e a s i n g  t h e  v i s i b i l i t y  o f  t h e  f l a g  l e a v e s  t o  t h e  rad iomete r .  

V. Conclusions 

The s p e c u l a r  r e f l e c t i o n  p rocess  has  been shown t o  be a  key a s p e c t  of  
r a d i a t i o n  t r a n s f e r  by p l a n t  canopies .  P o l a r i z a t i o n  measurements have been 
demonstrated as t h e  t o o l  f o r  determining t h e  specu la r  and d i f f u s e  p o r t i o n s  o f  
t h e  cznopy r a d i a n c e .  The magnitude of  t h e  s p e c u l a r  f r a c t i o n  o f  t h e  r e f l e c t a n c e  
is s i g n i f i c a n t  compared t o  t h e  magnitude o f  t h e  d i f f u s e  f r a c t i o n .  There fo re ,  i t  
is  necessa ry  t o  c o n s i d e r  s p e c u l a r l y  r e f l e c t e d  l i g h t  i.n developing and e v a l u a t i n g  
l ight-canopy i n t e r a c t i o n  models f o r  t h e s e  two wheat canopies .  Models which 
assume Leaves are d i f f u s e  r e f l e c t o r s  c o r r e c t l y  p r e d i c t  on ly  t h e  d i f f u s e  f r a c t i o n  
of  t h e  canopy r e f l e c t a n c e  f a c t o r .  The s p e c u l a r  r e f l e c t a n c e  model, desc r ibed  
h e r e ,  when coupled w i t h  a  d i f f u s e  l e a f  model, would p r e d i c t  both  t h e  s p e c u l a r  
and d i f f u s e  p o r t i o n s  o f  t h e  r e f l e c t a n c e  f a c t o r .  The s p e c u l a r  model p r e d i c t s  and 
t h e  d a t a  a n a l y s i s  conf i rms  t h a t  t h e  s i n g l e  v a r i a b l e ,  ang le  o f  i n c i d e n c e  o f  
s p e c u l a r l y  r e f l e c t e d  s u n l i g h t  on t h e  l e a f ,  e x p l a i n s  much of  v a r i a t i o n  i n  t h e  
p o l a r i z a t i o n  d a t a  a s  a  f u n c t i o n  o f  v iew-i l luminat ion d i r e c t i o n s .  

Design o f  hardware t o  remotely  sense  t h e  p o l a r i z a t i o n  o f  t h e  l i g h t  r e f l e c t e d  
by a  canopy under  a  c l e a r  sky i s  s i m p l i f i e d  by t h e  r e s u l t s  o f  t h i s  r e s e a r c h .  
F i r s t ,  t h e  l a c k  o f  f i n e  s t r u c t u r e  i n  wavelength i n  t h e  p o l a r i z a t i o n  s p e c t r a  
s u g g e s t s  t h a t  a d e s i g n  w i t h  a  s i n g l e  wavelength band cover ing t h e  e n t i r e  v i s i b l e  
wavelength i s  a p o s s i b i l i t y .  Second, t h e  a n g l e  o f  t h e  p o l a r i z a e l o n  a n a l y z e r  on 
t h e  p o l a r i z a t i o n  s e n s o r  does  n o t  depend on t h e  d a t a  bu t  s o l e l y  on 
v iew/ i l lumina t ion  d i r e c t i o n s  and can be s e t  p r i o r  t o  d a t a  a c q u i s i t i o n .  
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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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Much o f  t h e  e a r l y  research i n  remote sensing fo l l ows  a long deve lop ing 
' spec t ra l  s i g n a t u r e s "  o f  cover  types. It was, however, found t h a t  a  
s i g n a t u r e  f rom an unknown cover  c l a s s  cou ld  n o t  be matched t o  a  c a t a l o g  
v a l u e  o f  known cover c lass .  T h i s  approach was abandoned and "superv ised 
c l a s s i f i c a t i o n "  schemes fo l l owed .  These were n o t  e f f i c i e n t  and r e q u i r e d  
e x t e n s i v e  t r a i n i o g .  I t has been p a t e n t l y  c l e a r  t h a t  da ta  acqu i red a t  a  
s i n g l e  t i m e  c o u l d  n o t  separa te  cover types.  

A l a r g e  p o r t i o n  o f  t h e  proposed research has concent ra ted on model ing t h e  
temporal behav io r  o f  a g r i c u l t u r a l  crops and on removing t h e  need f o r  any 
t r a i n i n g  da ta  i n  remote sens ing surveys-- the key t o  which i s  t h e  s o l u t i o n  
o f  t h e  s o - c a l l e d  " s i g n a t u r e  extensioni1 problem. 

A c l e a r  need t o  develop s p e c t r a l  e s t i m a t e r s  o f  c rop ontogen ic  stages and 
y i e l d  has e x i s t e d  even though va r ious  c o r r e l a t i o n s  have been developed. 
Cons iderab le  e f f o r t  i n  deve lop ing techn iques t o  es t ima te  these v a r i a b l e s  
was devoted t o  t h i s  work. 

The need t o  a c c u r a t e l y  e v a l u a t e  e x i s t i n g  canopy r e f l e c t a n c e  model ( s ) ,  
improve these  models, use them t o  understand t h e  "crop s ignatures , "  and 
es t ima te  l e a f  area i ndex  was t h e  t h i r d  o b j e c t i v e  o f  t h e  proposed work. 

The nex t  s e c t i o n  g i ves  a  synposis of t h i s  research e f f o r t .  

Techn ica l  Approach 

The t e c h n i c a l  approach c o n s i s t e d  o f  f i r s t  deve lop ing an accura te  model t h a t  
would d e s c r i b e  t h e  temporal  development o f  v a r i o u s  s p e c t r a l  t rans fo rms  w i t h  
tirne, hence fo r th  c a l l e d  a  p r o f i l e ,  t h a t  would depend p r i m a r i l y  on c rop  
c h a r a c t e r i s t i c s .  I t  would t h u s  pe rm i t  f e a t u r e s  t o  be e x t r a c t e d  f rom r e a l  
s p e c t r a l  da ta  t h a t  desc r ibes  a  s p e c i f i c  c rop  and would n o t  depend on e x t e r n a l  
v a r i a b l e s  such as row d i r e c t i o n ,  sun z e n i t h  angle,  t h e  atmospheric s ta te ,  
e t c .  Having e x t r a c t e d  a  ve ry  small  se t  o f  f e a t u r e s  use t h e  canopy r e f l e c t a n c e  
model ( s )  t o  ga in  ( a )  b e t t e r  understanding and 1  i m i t a t i o n s  o f  e x i s t i n g  canopy 
models, (b) use t h e  model ( s )  t o  accure a  deeper phys i ca l  unders tand ing o f  
why these f e a t u r e s  p e r m i t  c rop  separa t i on  and develop method ( s )  o f  dec id ing,  
a  p r i o r i ,  what f e a t u r e s  would pe rm i t  c rop separa t ion ,  and ( c )  e x p l o r a t e  t h e  
appl  i cabi  1  i t y  o f  t hese  model s  t o  n a t u r a l  f o r e s t  communities . 



Resu l t s  

The c u r r e n t  research e f f o r t  has shown t h a t  t h e  Kauth-Thomas (K-T) greenness, 
i r  t h e  s p e c t r a l  space o f  bo th  t h e  m u l t i s p e c t r a l  spectya! scanner o r  t h e  
themat i c  mapper, can be desc r ibed  by a  model of t h e  form, 

a/ 2 
a 

~ ( t )  = p0 3 (P, - Po) ( t:) ( t  - t o  Exp [ - ~ ( t  - (1 ) 

where p ( t )  t h e  K-T greenness as a  f u n c t i o n  o f  t ime, p,, t h e  maximum va lue  o f  
greenness reached a t  t i m e  o f  peak greenness 

p0 t h e  va lue  o f  s o i l  greenness a t  t imes  a t  and b e f o r e  emergence, to, and a 
and B a re  two c rop  and c o n d i t i o n  s p e c i f i c s  constant .  These two constant  a r e  
r e l a t e d  t o  t h e  i n f l e c t i o n  p o i n t s  o f  t h e  p r o f i l e  

T h i s  research e f f o r t  has e s t a b l i s h e d  t h a t  t h e  peak greenness above t h e  s o i l  
l i n e ,  GqaX = pm - PO, t h e  separa t i on  

and t h e  t i m e  o f  peak greenness, t p , ' a r e  t h r e e  c h a r a c t e r i s t i c s  o r  f e a t u r e s  
t h a t  c a r r y  95% o f  a l l  information ( F i s h e r  i n f o r m a t i o n  c r i t e r i a ' )  a v a i l a b l e  
i n  bo th  s p e c t r a l  and temporal  d a t a  and has l e d  t o  a  d r a s t i c  r e d u c t i o n  i n  
t h e  number o f  v a r i a b l e s  and a  simp1 i f i c a t i o n  of c l a s s i f i e r  design.  

F i g u r e  1  shows t h e  power o f  t hese  f e a t u r e s  i n  sep3ra t i ng  two summer crops, 
corn/soybeans, based on data  e x t r a c t e d  f rom t h e  tnemat ic  mapper. The a x i s  
o u t  o f  t h e  p l a n e  o f  paper i s  t h e  number s f  p i x e l s ,  t h e  o t h e r  two axes be ing  
Gmax and a i n  days. The d i s t r i b u t i o n s  a r e  more o r  l e s s  qaussian and p r o v i d e  
e x c e l l e n t  s e p a r a b i l i t y .  Not o n l j  has i t  been shown t h a t  t hese  fea tu res  (Gmax, 
o, and t p )  a r e  a p p l i c a b l e  t o  d i f f e r e n t  sensor systems b u t  a r e  t r u l y  
" s i g n a t u r e  ex tendab le"  over  v a s t  areas i n  t h e  Un i ted  S ta tes  and, f o r  t h e  
f i r s t  t i m e  eve r  i n  remote sensing, t o  areas i n  Argent ina.  I n  p a r t i c u l a r ,  
i t  has been found t h a t ,  ( i )  Gmax (soybeans) > Gmax (corn) ,  ( i i )  a (soybeans) < 
o ( co rn ) ,  and ( i i i )  tp (soybeans) > tp ( c o r n ) .  



It has been shown t h a t  t h e  ca rd i na l  p o i n t s  ti, tp, and t 2  are r e l a t e d  t o  
t h ree  s p e c i f i c  ontogenet ic stages of a  crop. Th is  has been shown t o  be 
case f o r  wheat, bar ley ,  corn, and soybeans and appears t o  be t r u e  f o r  
r i c e  also.  This, then permits,  a  p r i o r i ,  c a l c u l a t i o n  o f  these stages from 
an agrometeorol og i ca l  model and i n  complete automati on o f  c rop c l a s s i f i c a t i o n .  

It has a l so  been shown t h a t  i n t e g r a l ,  

which ac ts  i n  a  manner very s i m i l a r  t o  t h e  l e a f  area durat ion,  i s  s t r o n g l y  
co r re l a ted  t o  y i e l d  i n  t h e  case o f  bo th  corn and soybeans. More research 
i n  t h i s  d i k c t i o n  i s  c a l l e d  f o r ;  hoblever, t h e  p o t e n t i a l  o f  a  t r u e  in tegra ted ,  
automatic, and o b j e c t i v e  crop p roduc t ion  system app l i cab le  t o  g loba l  corn 
and soybean> areas seem w i t h i n  grasp. 

I n  order  t o  understand t h e  reasoning behind why Gmax (soybeans) > Gmax (corn)  
almost un i  versely,  t he  e x i s t i n g  canopy re f l ec tance  models were used. F igure  
2, shows a  two dimensional h istogram o f  t h e  Gma, and l e a f  area index, 
ca lcu la ted  us ing t h e  SAlL model, The d i s t r i b u t i o n  f o r  each crop was obta ined 
by vary ing s o i l  types (12 cover ing t h e  wor ld  s o i l  r e f l ec tances )  and four teen  
diffetmewt l e a f  angle d i s t r i b u t i o n  f o r  a  t o t a l  o f  168 d i f f e r e n t  c a l c u l a t i o n s  
i n  each d i s t r i b u t i o n .  These c a l c u l a t i o n s  show t h a t  i f  t h e  lea; area index 
o f  these crops i s  g rea te r  than about 4, t h e  pr imary reason o f  t h e i r  
s e p a r a b i l i t y  i s  because corn i s  Cq p l a n t  and soybeans i s  C3 p l a n t  and t h e i r  
l e a f  r e f l ec tance  and t ransmi t tance a re  i n t r i  n s i  c a i  l y  d i f f e r e n t  . Di f fe rences  
i n  s o i l  t ype  and l e a f  angle d i s t r i b u t i o n  s imply r equ i r e  a  somewhat l a r g e r  
d i f f e r e x e  i n  t h e  two l e a f  area i nd i ces  t o  get t h e  same separat ion.  These 
r e s u l t s  have a lso  es tab l i shed  t h a t  i f  t h e  i n p u t  t o  t h e  canopy model such as 
l e a f  o p t i c a l  p roper t ies ,  s o i l  re f lec tance ,  e tc .  f o r  two crops i s  known, a  
t ransform and optimum observat ion pe r i od  t o  p rov ide  a  g iven l e v e l  o f  
s e p a r a b i l i t y  can be ca lcu la ted,  a  p r i o r i  . 
The e x i s t i n g  canopy re f l ec tance  models had no t  been subjected t o  a  good 
t es t ,  p a r t i c u l a r l y  f o r  o f f - n a d i r  view angle. I n  order  t o  acqu i rz  3 degree 
o f  conf idence i n  t h e  models and t h e i r  p red i c t i ons ,  t h e  homogenous SUITS, 
SAIL, and CUPID canopy re f l ec tance  models wC-e very c a r e f u l l y  evaluated f o r  
canopies o f  corn and soybeans. A l l  o f  these models captured t h e  s a l i e n t  
features o f  t h e  canopy re f lec tance,  w i t h  t h e  SAIL model showing t h e  best  
o v e r a l l  performance. However, i t  was found t h a t  i t  i s  necessary t o  i nc l ude  
t he  specul a r  d i  r e c t i o n a l  c h a r a c t e r i s t i c s  o f  1  eaves i n t o  these models. 
F igure 3  shows t h e  performance o f  t h e  SAIL model be fo re  and a f t e r  t h e  
i n c l u s i o n  o f  l e a f  specular r e f l ec tance  systemat ic  angular de f i c i enc i es  o f  
t h i s  model a re  substant i  a1 l y  removed. Th is  should improvs :.IF \ iseful  ness 
of these models, t o    valuate key b iophys ica l  parameters, s r >  ?is l e a f  area 
index. Considerable e f f o r t  has been devoted i n  eva lua t i ng  ; ' i t35 models f o r  
coni Perous canopies such as G l  ack Spruce, Jack Pi  ne, Red Pine, White Pine, 
and Ponderosa Pine w i t h  1  i t t l e  success, p a r t l y  due t o  l a c k  o f  i n p u t  data on 
key i n p u t  parameters; however, t h e i r  performance on Aspen and B i r c h  canopies 
appear t o  be much be t t e r .  We have a l s o  found t h a t  t h e  temporal p r o f i l e  o f  
an Aspen canopy can be adequately represented by an equat ion s f  t h e  form 
(1 ). The meaning o f  t he  tl, tp, and o would of course be very d i f f e r e n t .  



Si g n i  f i c a , m  -- 
( 1 )  For  t h e  f i r s t  t i m e  i n  remote sensing, c rop  f e a t u r e s  have been found 

t h a t  a r e  t r u l y  " s i g n a t u r e  extendable." I n  case o f  co rn  and soybeans 
t h e y  have been s h ~ w n  t o  be a p p l i c a b l e  t o  vas t  geographic reg ions  o f  
t h e  U n i t e d  S ta tes  f o r  f o u r  yea rs  1978, 1979, 1980, an3 1982 and a r e  
ex tendab le  t o  Argent ina .  Based on SAIL canopy r e f l e c t a n c e  model, t h e  
reasons f o r  t h i s  appl  i cab i  1 i t y  have been understood. 

( 2 )  It has been shown t h a t  c r i t i c a l  on togene t i c  c rop  stages can be es t ima ted  
f rom s p e c t r a l  da ta .  Based on t h i s  work and more d e t a i l e d  work, i t  i s  
suggested t h a t  i t  may be more accu ra te  t o  es t ima te  c rop  phenology 
u s i n g  s p e c t r a l  d a t a  than c u r r e n t  methods. 

( 3 )  P r e l i m i n a r y  evidence suggests t h a t  t h e  area o f  greenness p r o f i l e  f rom 
t i  (when new l e a f  development s tops)  t o  t 2  (den t )  i s  s t r o n g l y  c o r r e l a t e d  
t o  y i e l d .  

The above t h r e e  r e s u l t s  have made i t  p o s s i b l e  t o  s e r i o u s l y  cons ide r  an 
automat i  c and o b j e c t i  vn c rop  p r o d u c t i o n  system. 

( 4 )  An improved canopy r e f 1  ectance model has been developed t h a t  i n c l u d e s  
t h e  l e a f  specu la r  component. 

( 5 )  The e f f e c t i v e n e s s  o f  t hese  models i n  e s t i m a t i o n  o f  l e a f  a rea i n d e x  
o f  wheat, corn, and soybeans and r e c e n t l y  i n  s t u d j  o f  f o r e s t  species 
s e p a r a t i o n  and aspen l e a f  area e s t i m a t i o n  has been demonstrated. 

Fu tu re  

Most o f  t h e  c u r r e n t  work on f e a t u r e  e x t r a c t i o n ,  on togene t i c  s tage and y i e l d  
has been done on co rn  and soybean. Some s t a r t  was made on wheat, ba r ley ,  
and oa ts .  The work on s p r i n g  g r a i n s  shou ld  be i n t e n s i f i e d .  C u r r e n t l y ,  
no techn ique  c x i s t s  t o  separa te  t h e  t h r e e  crops. A d d i t i o n a l  work on 
on togene t i c  s tagc  and y i e l d  o f  c o r n  and soybeans s t i l l  needs t o  be done. 

The performance o f  e x i s t i n g  canopy models on f o r e s t  canopies has been found 
t o  be sad ly  l a c k i n g ,  much more so f o r  c o n i f e r o u s  f o r e s t  t han  f o r  decidous 
f ~ n s t .  Major  improvements i n  these  models a r e  c a l l e d  f o r  and a cor respond ing 
adequate i n p u t  d a t a  s e t  must be c o l l e c t e d .  Techniques t o  e s t i m a t e  l e a f  
area i n d e x  o r  phytomass o f  v e g e t a t i o n  cannot  be developed r e a l i a b l y  w i t h o u t  
such an e f f o r t .  
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1. Background - S a t e l l i t e  radiance d a t a  a r e  measures of s o l a r  r a d i a t i o n  
t h a t  has been r e f l e c t e d  by t h e  Earth 's  s u r f a c e  and s c a t t e r e d  and absorbed by 
atmospheric gases  and a e r o s o l s .  O f  concern t o  geo log i s t s  a r e  t h e  su r face  
r e f l e c t a n c e  and t h e  degrading e f f e c t s  on sur face  r e s o l u t i o n  and albedo 
c o n t r a s t  introduced by atmospheric phenomena. The o b j e c t s  of the  presently- 
descr ibed resea rch  have been t o :  (1) provide an empir ical  r e l a t i o n s h i p  
between scanner rad iance  and ground r e f l e c t a n c e  allowing i n t e r p r e t a t i o n  of t h e  
s a t e l l i t e  da ta  i n  terms of t h e  su r face  parameter, (2) a s s e s s  the  p rec i s ion  
wi th  which s u r f a c e  s p e c t r a l  r e f l e c t a n c e  may be recovered from Landsat-4 !Dl 
da ta  i n  t h e  presence of pezturbing atmospheric and ins t rumental  f a c t o r s .  Our 
approach is  f i e l d - o r i e n t e d ,  and u t i l i z e s  ground observat ions  of s u r f a c e  
s p e c t r a l  r e f l e c t a n c e  wi th  por table  spectrometers and radiometers t o  develop 
t h e  required empi r ica l  r e l a t i o n s h i p s .  

2. Method - For a s a t e l l i t e  scanner system over l o c a l l y  uniform ground 
w-fth homogeneous atmosphere above t h e  upward d i r e c t e d  rcidiance is given %y 
(Chandrasekhar, 1960; Gordon, 1976; Pearce, 1977). 

where the  f irst  term (1 ) r e p r e s e n t s  r a d i a t i o n  from the  atmosphere a lone,  and I t h e  second term r a d i a t i o n  t h a t  i n t e r a c t s  both wi th  the atmosphere and the  
su r face .  R is t h e  uniform Larnbertian s u r f a c e  r e f l e c t a n c e ,  s is a parameter 
desc r ib ing  t h e  o v e r a l l  p r o b a b i l i t y  of b a c k s c a t t e r  from t h e  atmosphere a f t e r  
r e f l e c t i o n  by t h e  ground, and I2 t h e  o v e r a l l  p robab i l i ty  OF t ransmiss ion by 
t h e  atmosphere a f t e r  r e f l ec t j -on  by the ground. A l l  q u a n t i t i e s  i n  (1) a r e  
func t ions  of wavelength. me d e t e m i n a t i o n  of R from equat ion (1)  r e q u i r e s  
measurement of t h e  func t ions  11, I , and s. I n  p r inc ip le  t h i s  may be c a r r i e d  
out by t h e o r e t i c a l  s tudy  of moiel atmos pheres , provided i n £  ormation is  
a v a i l a b l e  on concen t ra t ion  and d i s t r i b u t i o n  of ae roso l s  a s  we l l  as t h e  
absorbing gas s p e c i e s  present.  These da ta  are not however genera l ly  a v a i l a b l e  
f o r  t h e  times and places of s a t e l l i t e  da ta  a c q u i s i t i o n .  

We i l l u s t r a t e  he re  an a l t e r n a t i v e  method wherein the  required parameters 
of equat ion (1) a r e  determined empi r ica l ly  us ing ground-based measurements of 
spectral r e f l e c t a n c e .  'Ihe image d a t a  s e t  used is  t h e  nJI scene f o r  Wind River 
Basin, Wyoming (acqu i red  November, 1982). m e  scene covers an a r e a  of 32,400 
km2 of c e n t r a l  Wyoming. Ihe atmosphere is l a r g e l y  f r e e  of clouds and haze,  
whfch i s  t y p i c a l  of scenes o r d i n a r i l y  used f o r  geologic  remote sensing.  Snow 
b lanke t s  h igher  p a r t s  of mountains surrounding t h e  bas in .  

3.  Resu l t s  -- f o r  -- Surface  S p e c t r a l  Ref lectance - Fie ld  s p e c t r a l  
measurements of s u r f a c 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  were made f o r  s e l e c t e d  
t a r g e t s  throughout t h e  Wind River TM scene us ing a por table  r e f l e c t a n c e  
s pectrometer ( Canel, et a l e ,  1985). Image radiance va lues ,  expressed i n  
d i g i t a l  number (3N) were determined fo r  each of the  f i e l d  s i e e s .  S c a t t e r  
p lots  of image DN ve rsus  s u r f a c e  r e f l e c t a n c e  averaged over bandpasses of t h e  



'I'M were prepared and a r e  shown i n  f i g u r e  1. After  conversion of the  DN t o  
energy u n i t s  t h e  term is obtained a s  the  i n t e r c e p t  value  a t  R = 0 ,  and t h e  
v a l u e  of I2 from t h e  slope.  These p l o t s  a r e  found t o  be l i n e a r  with 
c o r r e l a t i o n  c o e f f i c i e n t s  of 0.96 o r  g r e a t e r  f o r  a l l  channels of the  TM. It i s  
a l s o  poss ible  t o  o b t a i n  good f i t s  us ing parabol ic  equat ions .  Quasi-parabolic 
func t iona l  bet-,avior would i n d i c a t e  a c o n t r i b u t i o n  t o  the  radiance from t h e  
m u l t i p l e  r e f l e c t i o n  f a c t o r  - R s )  and would provide a means f o r  
determinat ion of s d i r e c t l y  from the  curva tu re  term. Based on s t a t i s t i c a l  
a n a l y s i s  of these  va r ious  p s s i b l e  f i t s  t o  t h e  d a t a ,  the presence of nonl inear  
terms i n  equat ion (1) cannot be e s t a b l i s h e d .  For the  atmospheric cond i t ions  
p reva i l ing  dur ing time of s a t e l l i t e  d a t a  a c q u i s i t i o n  we conclude t h a t  the  term 
s is n e g l i g i b l e  compared t o  un i ty ,  and t h a t  t h e  l i n e a r i z e d  form of equat ion 
(1 )  i s  appropr ia te .  

To i l l u s t r a t e  a p p l i c a t i o n  of t h e  method f o r  recovery of ground 
r e f l e c t a n c e  o u t s i d e  t h e  c a l i b r a t i o n  a r e a s  we present a comparison between 
image-derived s p e c t r a  and measured f i e l d  r e f l e c t a n c e  s p e c t r a  f o r  f i v e  a r e a s  
throughout t h e  Wind River IM scene (Figure  2).  'Ihe chronology of events  f o r  
ga ther ing  t h e  d a t a  was a s  follows: (1)  t h e  o r i g i n a l  TM scene was obtained i n  
November, 1982, (2) f i e l d  measurements were obtained i n  November of 1983 and 
used t o  cons t ruc t  t h e  c a l i b r a t i o n  l i n e s  of Figure 1 ,  ( 3 )  f i e l d  measurements 
us ing por table  spectrometers  and a hand-held broadband radiometer of t h e  
a d d i t i o n a l  "unknown" a r e a s  were obta ined i n  J u l y ,  1984. Thus the  comparisoris 
involve measurements spanning a period of approximately two years.  Agreement 
between the  two s e t s  of observat ions  is  e x c e l l e n t  t o  good. It is expected 
t h a t  the  comparisons could be improved i f  t h e  time i n t e r v a l  between s a t e l l i t e  
and f i e l d  measurements could be shortened.  Two a d d i t i o n a l  f h c t o r s  undoubtedly 
c o n t r i b u t e  t o  the  d i f f e r e n c e s  observed. F i r s t ,  f i e l d  s i t e s  were chose1 t h a t  
were homogeneous and (except f o r  River ton High School lawn) unvegetated. 
Despite precautions the  bes t  n a t u r a l  t a r g e t s  a r e  always inhomogeneous a t  t h e  
l e v e l  of a few p r c e n t  r e f l e c t a n c e ,  and we must r e l y  upon a l i m i t e d  sampling 
t o  provide r e p r e s e n t a t i v e  r e f l e c t a n c e  da ta .  Second, some t a r g e t s  a r e  smal l  
and i t  is o f t e n  d i f f i c u l t  t o  l o c a t e  them accura te ly  i n  t h e  images. Factors  
t h a t  a r e  l i k e l y  t o  c o n t r i b u t e  second order  e f f e c t s  inc lude  those of so-called 
adjacency e f f e c t s ,  phaco e f f e c t s  i n  t h e  su r face  r e f l e c t a n c e ,  and t h e  
compa~ison  of b i - d i r e c t i o n a l  ve rsus  Lambertian s u r f a c e  r e f l e c t a n c e  
funct-ions. Adjacency e f f e c t s  reduce c o n t r a s t s  between contiguous a reas  of 
d i f f e r i n g  s u r f a c e  r e f l e c t a n c e .  Kaufman and Jose& (1982) have provided some 
numerical  examples. These problems can be minimized by making measurements 
f a r  from the  edges of l a r g e  a r e a s  of d i f f e r i n g  albedo, but t h i s  i s  not u s u a l l y  
poss ib le  i n  pract ice .  For o p t i c a l l y  t h i n  cond i t ions  ( o p t i c a l  Cepth on t h e  
o rder  of 0.2 o r  less?) the  e f f e c t s  may amount t n  a r e l a t i v e  change i n  
br ightnebs  of a percent ( s e e  Uufman and Joseph, 1982). Re la t ive  e f f e c t s  of 
t h i s  magnitude w i l l  be d i f f i c u l t  t o  d e t e c t  ( see  below) l e t  a ~ o n e  c o r r e c t  f o r  
i n  image data .  I h t s e  e f f e c t s  may in f luence  both  the  c a l i b r a t i o n  r e l a t i o n s h i p s  
a s  well  a s  the  determined b r igh tness  va lues  f o r  i s o l a t e d  p ixe l s  i n  t h e  
scene. Phase e f f e c t s  i n  t h e  s u r f a c e  r e f l e c t a n c e  can be minimized by taking 
f i e l d  measurements a t  the  same phase angle  and s o l a r  e l e v a t i o n  a s  c h a r a c t e r i z e  
t h e  s a t e l l i t e  observat ions .  Ihe  t h i r d  problem of i n t e r p r e t i n g  s a t e l l i t e -  
determined r e f l e c t a n c e  a s  b i -d i rec t iona l  i s  not considered s e r i o u s  f o r  t h e  
present  observat ions  s i n c e  t h e  atmosphere, e s p e c i a l l y  at longer wavelengths, 
was o p t i c a l l y  t h i n .  



Consid.ering t h e  poss ib le  complicat ions ,  agreement between measured and 
sa te l l i t e -de te rmined  r e f l e c t a n c e  p roper t i e s  is  remarkably good. This l ends  
support  t o  t h e  assumption, i m p l i c i t  i n  Equation 1, of homogeneity of the  
atmosphere over l a r g e  a r e a s  of the  scene dur ing the  time of s a t e l l i t e  d a t a  
a c q u i s i t i o n .  The measured s u r f a c e s  a l s o  appeared t o  have been s t a b l e  over the  
time span of s a t e l l i t e  and f i e l d  da ta  a c q u i s i t i o n .  

4. S e n s i t i v i t y  of t h e  TM-derived measurements of r e f l e c t a n c e  - By -- 
d i f f e r e n t i a t i n g  Equation (1) with respect  t o  R (Gordon, 1976) a b a s i s  i s  
provided f o r  determining what d i f f e r e n c e s  i n  s p e c t r a l  r e f l e c t a n c e  AR may be 
obtained from 'IM scanner d a t a ,  including e f f e c t s  of both  atmosphere and 
p rec i s ion  of scanner i r r a d i a n c e  measurements A I .  The 'IM system signal-to- 
noise  r a t i o  ( i . . ,  I / A I ~  f o r  a l l  v i s i b l e  and near i n f r a r e d  bands can be 
expressed a s  a l i n e a r  func t ion  of the  i r r a d i a n c e  I (Barker, e t  a l . ,  1.983), 
i .e.,  I / A I ~  = A f B I  where the  A and B a r e  known cons tan t s ,  and A I N  is the  
noise-equivalent f r r ad iance  of the  scanner. An expression f o r  AR including 
the s i g n a l l n o i s e  r a t i o  can then be w r i t t e n  down. Figure 3 shows the  r e s u l t s  
of c a l c u l a t i o n s  f o r  such noise-l imited r e f l e c t a n c e  d i f f e r e n c e s  f o r  a l l  bands 
of t h e  7M scene of Wind River Basin. The values  of I1 and I2 a r e  derived from 
t h e  d a t a  given i n  Figure  1. Based on these  c a l c u l a t i o n s ,  t h e  i n t r i n s i c  
s e n s i t i v i t y  of the  'IM system t o  d e t e c t i o n  of changes i n  r e f l e c t a n c e  everywhere 
i n  t h e  scene l e s s  than about 1%. 

The a c t u a l  d e t e c t a b l e  r e f l e c t a n c e  d i f f e r e n c e s  may be l i m i t e d  by 
ins t rumental  ga in .  These d i f f e r e n c e s  AR' a r e  given by AR' = l / ( d ~ N / d ~ ) ,  which 
i s  t h e  r e c i p r o c a l  s lope  of a c a l i b r a t i o n  l i n e  i n  Figure 1. The va lues  of hR' 
obtained i n  t h i s  way f o r  the c a l i b r a t i o n  da ta  i n  Figure 1 a r e  comparable t o  
those  obtained accounting f o r  t h e  measured pre-fl ight s i g n a i / n o i s e  r a t i o  of 
the TM system toge ther  with t h e  atmospheric a t t e n u a t i o n  f a c t o r s  (Figure  3 ) .  
The present g a i n  s e t t i n g s  of t h e  'IM system a r e  thus  cons i s ten t  with the  a c t u a l  
noise  c h a r a c t e r i s t i c s  of t h e  TM. 

5. S ign i f i cance  of Resu l t s  - We have employed an approximate a n a l y s i s  of 
the  r e a l  t e r r e s t r i a l a t m o s p h e r e  and s u r f a c e  (embodied i n  Equation 1) t o  
i n v e s t i g a t e  t h e  quest ion of recovering s u r f a c e  r e f l e c t a n c e  from TM radiance 
da ta ,  and t o  es t imate  t h e  u n c e r t a i n t i e s  present i n  such determinat ions .  It 
was shown t h a t  t h e  s u r f a c e  r e f l e c t a n c e  could i n  t h e  bes t  examples be recovered 
to  wi th in  a few percent,  and it is expected t h a t  these  estimates could i n  
p r i n c i p l e  be improved by b e t t e r  sampling procedures. 'Ihe t h e o r e t i c a l  l i m i t  on 
such determinat ions  was shown t o  be about a percent f o r  the  TM system. 
Equation 1 and i t s  empi r ica .11~  determined cons tan t s  can be used i n  conjunct ion 
with s h a r p  edges i n  t h e  image t o  es t imate  the  atmospheric portion of the  
system modulation t r a n s f e r  func t ion  (MTF). I1 arid I2 i n  Equation 1 can be 
thought of as func t ions  of t h e  o p t i c a l  depth  and phase func t ion  f o r  a 
homogeneous model, and the  numerical values  obtained a s  s lope and i n t e r c e p t  
use6 t o  e s t i m a t e  these  parameters f o r  an o p t i c a l l y  t h i n  atmosphere. These 
determinat ions  have been made f o r  the  present da ta  s e t ,  but  space has not 
permitted a d i scuss ion  of the  r e s u l t s .  They along with o ther  r e s u l t s  w i l l  be 
s e t  o u t  i n  forthcoming papers. It a l s o  appears poss ible  t o  provide 
independent es t imates  of o p t i c a l  depth and s c a t t e r i n g  albedo using the  so- 
c a l l e d  "two-halves" method of Kaufman (1982), which w i l l  provide an 
i n t e r e s t i n g  comparison wi th  the  present r e s u l t s .  



6. Future  Research - Despite emp1;asis placed on i n t e r p r e t a t i o n  of 
s a t e l l i t e - a c q u i r e d  scanner d a t a ,  a i r c r a f t  sckilner systems l i k e  TMS and AIS 
cont inue t o  provide e s s e n t i a l  da ta  s e t s  f o r  t h e  study of many geologic  and 
geobotanical  problems. The ?.ircraft: observat ions  provide u s e f u l  high s p a t i a l  
r e s o l u t i o n  and ( f o r  TMS) encom;~,:. 2 wide range of s u r f a c e  viewing 
d i r e c t i o n s .  We w i l l  s tudy  the  prob l..-m of cor rec t ing  a i r c r a f t  da ta  f o r  
atmospheric e f f e c t s ,  and provide metho*'.: f o r  looking a t  d i r e c t i o n a l  p roper t i e s  
of the  su r face  independent of the  atr~ctsphere f o r  one o r  two t e s t  s i t e s .  m e  
a pproach w i l l  emphasize " f i e l d "  d e t e m - i n a t i o n  of atmospheric parameters along 
l i n e s  ind ica ted  above, toge ther  with observat ion of d i r e c t i o n a l  atmospheric 
s c a t t e r i n g  from t h e  a i r c r a f t  d a t a  themr;elves a s  inpu t s  t o  modeling programs. 
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8. Figure Captions 

Figure 1: DN vs. Ref lectance Calibratioi; Curves. TM-4, Wind River Basin, 
Wyoming, Nov., 1982. 

Figure 2: Comparison of TM-4 and Fie ld  Spectra ,  Win6 River Basin, Wyoming. 

Flgure 3: Noise-Limited Uncer ta in ty  W Derived from LM-4, Wind River Basin, 
Wyoming. 
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JUSTIFICATION 
Remotely sensed thermal  i n£  r a r e d  s p e c t r a l  d a t a  have g r e a t  p t e n t i a l  t o  

improve rock type d i s c r i m i n a t i o n  i f  t h e  f a c t o r s  t h a t  c o n t r o l  thermal i n f r a r e d  
s p e c t r a l .  r e f l e c t i o n  and emiss ion  can be b e t t e r  unders tood.  Improved rock type  
d i s c r i m i n a t i o n  i n  t u r n  l e a d s  t o  b e t t e r  and more e f f i c i e n t  geo log ic  mapping 
which i s  c a r r i e d  ou t  i n  t h e  e x p l o r a t i o n ,  assessment  and documentat ion of 
minera l  r e sources  and g e o l o g i c  hazards .  Geologic map; a l s o  c o n t r i b u t e  
s i g n i f i c a n t l y  t o  t h e  unders tanding  of t h e  n a t u r a l  h i s t o r y  of t h e  e a r t h  and 
ne ighbor ing  p lanetary  bod ie s .  

The p a r t i c u l a r  g o a l  is  t o  s tudy t h e  s p e c t r a l  emiss ion  and r e f l e c t i o n  
behavior  of rock m a t e r i a l s  ( r o c k s ,  rock weather ing  products and s o i l s )  a s  a 
f u n c t i o n  of e a r t h - l i k e  environment and occurance .  Some of t h e  impor tant  
envi ronmenta l  v a r i a b l e s  t h a t  i n f l u e n c e  t h e  e a r t h ' s  near  s u r f a c e  thermal regime 
and hence i t s  thermal  emis s ion  a r e  sky  t empera tu re ,  sky f i e l d  of  view, 
microc l imato logy,  time of day and season of t he  year .  In  a d d i t i o n ,  chemica l  
and phys i ca l  f a c t o r s ,  minera logy,  p r t i c l e  s i z e ,  s u r f a c e  roughness ,  presence  
of  d e s e r t  v a r n i s h  and rock weather ing ,  play a r o l e .  

APPROACH 

The approach invo lves  both f i e l d  and l a b o r a t o r y  i n v e s t i g a t i o o s .  The 
f i e l d  work is  d iv ided  between a i r b o r n e  and ground based s t u d i e s .  Remotely 
sensed  mid- inf rared  s p e c t r a l  d a t a  of t he  e a r t h  can  be acqu i r ed  by t h e  a i r b o r n e  
Thermal I n f r a r e d  MuZtis pect r a l  Scanner (TIMS) (Kahle and Goetz 1983; P a l l u c o n i  
and k e k s ,  1985). TIMS measures normal s p e c t r a l  r ad i ance  of t h e  e a r t h ' s  
s u r f a c e .  It has  s i x  channe l s  from 8 t o  1 2  pn and i s  flown i n  a  NASA Lear 
J e t .  (With in  t h i s  range t h e  t r ansmis s ion  of t h e  e a r t h ' s  atmosphere is  good 
and i n t e n s e  a b s o r p t i o n  f e a t u r e s  a r e  present  i n  s u r f a c e  s i l i c a t e  m a t e r i a l s . )  
Computer image enhancement r e sea rch  i s  a s i g n t f i c a n t  p a r t  of TIMS 
i n v e s t i g a t i o n s .  

h e  ground based f i e l d  work is c a r r i e d  o u t  wi th  t h e  P o r t a b l e  F i e l d  
Emission Spectrometer  (PFES) which is used t o  make normal s p e c t r a l  r a d i a n c e  
measurements from 3 t o  14 ~m. This JPL-bui l t  ins t rument  i s  mounted and 
c a r r i e d  by backpack. The PFES h a s  a  s p e c t r a l  r e s o l u t i o n  of approximate ly  
. 2  pm which makes i t  an impor tant  t o o l  t h a t  can be used i n  i n t e r r : ~ .  t i n g  TIMS 
d a t a .  

However, some s c i e n t i f i c  q u e s t i o n s  i n  t h i s  s u b j e c t  r e q u i r e  t h e  k ind  of 
exper imenta l  c o n t r o l  t h a t  can only  be providsd in t h e  l a b o r a t o r y .  For 
example, t h e  i n f l u e n c e  of e a r t h - l i k e  near  s u r f a c e  thermal  g r a d i e n t s ,  d e s e r t  
v a r n i s h ,  rock we ' h e r i n g ,  p a r t i c l e  s i z e  and s u r f a c e  roughness on t h e  s p e c t r a l  
emis s ion  of rock nnterials ~ e e d s  t o  be unders tood and can  only be s t u d i e d  i n  



a n  environment  t h a t  i s  f r e e  from v a r i a t i o n s  i n  sky  t empera tu re ,  
microc l imoto logy,  and sky f i e l d  of view and une f f ec t ed  by t h e  season  of t h e  
y e a r  or t h e  t i m e  of day.  

The re fo re ,  w e  a r e  deve lop ing  thn c a p a b i l i t y  t o  measure i n  t h e  l a b o r a t o r y  
t h e  normal l p e c t r a l  r a d i a n c e  o r  rock m a t e r i a l s  a t  ambient tempera tures  (-. 
2 0 ' ~ ) .  ' Ihis i n v o l v e s  t h e  c a r e f u l  d e s i g n  and c o n s t r u c t i o n  of a sample 
a c c e s s o r y ,  c a l l e d  t he  e m i s s i v i t y  co ld  box, f o r  a commercial F o u r i e r  Transform 
i n f r a r e d  s p e c t r o m e t e r  t h a t  a l l ows  c o n t r o l  and s t a b i l i z a t i o n  of  sample 
t c q p e r a t u r e  w h i l e  s h i e l d i n g  i t  from bactcground r a d i a t i o n ,  (Brown and Young, 
1975; Aronson and E n s l i e ,  1973; Logan and  Hunt, 1970; Conel,  1969; L o w  and 
Coleman, 1966; Lyon, 1965).  A schemat ic  diagram of the  sample acces so ry  i s  
shown i n  F igu re  1. 

L iquid  n i t r o g e n  w i l l  be used t o  c o n t r o l  t h e  t empera tu re  of t h e  wa l l s  of 
the  c o l d  box and d ry  gaseous  n i t r o g e n  w i l l  c o n t r o l  the  sample tempera ture .  
The t empera tu re  of t h e  gaseous  n i t r o g e n  w i l l  be c o n t r o l l e d  by a l i q u i d  ba th .  
A s e p a r a t e  l i q u i d  b a t h  w i l l  be used t o  c o n t r o l  t h e  tempera ture  of gaseous 
n i t r o g e n  t h a t  p l r g e s  t h e  spectrome t e r '  s o p t i c  bench. 

h e  cold  box w i l l  t ake  t h e  place of the  s p e c t r o m e t e r ' s  s o u r c e  m i r r o r  
d u r i n g  t h e  measurement oE sample r ad i ance .  F lodi f ica t ions  t o  t h e  spec t rome te r  
t h a t  a l l ow  t h i s  a r e  a l r e a d y  complete .  Furthermore,  t h e  spec t rome te r ' s  
s t a n d a r d  p y r o e l e c t r i c  d e t e c t o r  has  been r ep l aced  by a more s e n s i t i v e  l i q u i d  
n i t r o g e n  cooled mercury-cadmium-telluride d e t e c t o r .  

With t h i s  c o n f i g u r a t i o n  t h e  sample r a d i a n c e  a t  t h e  d e t e c t o r  can he 
c h a r a c t e r i z e d  as 

where L(X,T1) = r a d i a t i o n  a t  d e t e c t o r  

TI = t empera tu re  of sample 

K( A) = i n s t rumen t  r e sonse  f u n c t i o n  

E ( X )  = e m i s s i v i t y  of sample 

W(X,T1) = b l a c k  body r a d i a t i o n  a t  t empera ture  T I  

R(X) = r a d i a t i o n  r e f l e c t e d  by sample 

S(X) = background r a d i a t i o n  

then  by making t h e s e  a d d i t i o n a l  measurements ,  



where T2 = temperature of sample d i f f e r e n t  from T1 

TLN2 = temperature of l i q u i d  n i t r o g e n  

B(X,T1) = r a d i a t i o n  a t  d e t e c t o r  from blackbody a t  

temperature T1 

t h e  sample e m i s s i v i t y  can be c a l c u l a t e d  a s  fo l lows.  

All  values i n  equat ion 5 a r e  e i t h e r  measured o r  c a l c u l a t e d  from Plank's Law 
once t h e  temperature of t h e  sample i s  known. 

techniques w i l l  be used t o  determine the  sample's temperature.  
F i r s t ,  thermocouples w i l l  be loca ted  on o r  n e a r  the  t o p  and bottom s u r f a c e s  of 
the  sample. Second, t h e  su r face  temperature w i l l  be computed from t h e  
rad iance  a t  t h e  sample's Chr i s t i ansen  frequency (Conel, 1969; Arenson e t  a l . ,  
1969). 

RESULTS 

An example of TIMS d a t a  from Death Val ley ,  C a l i f o r n i a  i s  g iven i n  Figure 
2. These images show v a r i a t i o n  i n  emit tance  ac ross  pa r t  of the  Panamint 
Mountains, v a l l e y  f l o o r  and part  of the Funeral  Mountains. The l i g h t  a r e a s  
i n d i c a t e  high emit tance  and the  dark  low e m i t t ~ n c e .  The values  u p n  which t h e  
images a r e  based were c a l c u l a t e d  from Platik's Law and TIMS da ta .  These d a t a  
have been used t o  make l i t h o l o g i c  m a p  of bedrock and a l l u v i a l  f ans  i n  Death 
Valley (Kahle and Goetz, 1983; G i l l e s p i e ,  Kahle and Pa l lucon i ,  1984). 

Figure 3 shows PFES d a t a  from Death Valley.  The s i l i c a t e  absorp t ion  
doub le t  from 8 t o  10 pm can be c l e a r l y  seen i n  the  q u a r t z i t e  sp2ctt-a. This 
f e a t u r e  is  only h in ted  a t  i n  the spe.ctra of the  volcanic  rocks.  The presence 
of t h e  absorp t ion  f e a t u r e s  a t  6.5 and 11.5 c l e a r l y  i n d i c a t e  t h e  carbonate  
na tu re  of the dolomite example. 

FUTURE PROSPECTS 

We w i l l  e v a l u a t e  t h e  geologic  u t i l i t y  of m u l t i s p e c t r a l  thermal i n f r a r e d  
d a t a  us ing TIMS, and we w i l l  determine the l i t h o l o g i e s  t h a t  can be e f f e c t i v e l y  
d i sc r imina ted  on the  b a s i s  of TIMS measurements, e i t h e r  a lone  o r  i n  
combination with o t h e r  remotely sensed da ta  s e t s .  Our l a b o r a t o r y  s t u d i e s  w i l l  
be d i r e c t e d  towards understanding the  s p e c t r a l  emission behavior of Earth 
s u r f a c e  m a t e r i a l s  so  a s  t o  optimize the  i n t e r p r e t a t i o n  of TIMS d a t a .  
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1. Justification and Objectives 

Among the tools used in passive remote sensing of Earth resources in the visi- 
ble and near-infrared spectral regions are measurements of spectral signature and 
bidirectional reflectance functions (BDRFs). Determination of surface pr3perties 
using these observables is complicated by a number of factors, including (a) mixing 
of surface components, such as soil and vegetation, (b) multiple reflections of 
radiation due to complex geometry, such as in crop canopies, and (c) atmospheric 
effects. Differences in surface conditions, spectral coverage, viewing and illumi- 
nation geometry, and atmospheric conditions make comparison of observations obtained 
in the laboratory, in the field, and from aircraft and spacecraft extremely diffi- 
cult. In order to bridge the diversity in these different approaches, there is a 
need for a fundamental physical understanding of the influence of the various effects 
and a quantitative measure of their relative importance. In particular, we consider 
scene complexity effects using the example of reflection by vegetative surfaces. 
The interaction of sunlight with a crop canopy and interpretation of the spectral 
and angular dependence of the emergent radiation is basically a multidimensionai 
radiative trsnsfer problem. In the first step of the radiation historp, sunlight 
is directly and diffusely transmitted downward through the Earth's atmosphere. The 
downward radiation field then interacts with the plant canopy. Each element of the 
canopy (leaves, srems) reflects (and transmits) light according to its intrinsic 
bidirectional reflectance (and transmittance) properties. The comylex canopy geo- 
metry, underlying soil cover, and presence of diffuse as well as collimated illumi- 
nation will modify the reflectance characteristics of the canopy relative to those 
of the individual elements. Finally, upwelling radiation emergent £rum the canopy 
will be directly and diffusely transmitted by the atmosphere to space, and some 
contamination of the spectral signature with radiation reflected from neighboring 
surface regions will occur due to scattering associated with the adjacency effect. 
The intent of this research program is to develop some of the tools needed in order 
to achieve a quantitative understanding of such phenomena, using a combination of 
experimental and theoretical methods. 

2. Technical Approach 

The tools which are needed in order to study this radiative transfer problem 
include (a) knowledge of the bidirectional scattering properties of individual 
canopy elements, primarily leaves, as well as of the canopy as a whole, (h) a 
model describing the intaraction of radiation wich the canopy, and (c) a radiative 
transfer algorithm for describing the interaction of a nonuniform radiation field 
with the atmosphere. In order to obtain realistic leaf bidirectional ref 1-ectance 
functions for incorporation into canopy and scene models, we are using laboratory 
spectrogoniometry to study the intrinsic scattering properties of individuai leaves. 
These measurements provide a data set which obviates the need for nonphysical model 
assumptions, such as Lambertian leaf BDRFs. We have been using a goniometer located 



at the University of California, Los Angeles to obtain spectra of individual leaves 
for a variety of illumination and viewing geometries. The instrument operates in 
the spectral range 0.4 to 2.5 ym. The illuminating source may be placed at an 
inclination of 0 to 90' relative to che surface normal and essentially the entire 
range of emission and azimuth angles may be measured, inclading near-zero, grazing, 
and high phase angles. An important attribute is the ability obtain data out o 
the principal plane of scattering. The leaf BDRFs obtained in this manner will be 
made available to other researchers for incorporation into canopy models. With 
regard to atmospheric effects, including extinction (absorption and scattering); 
addition of path radiance; multiple reflections between atmosphere and ground; and 
adjacency effects (whereby radiation reflected from surface regions not in the 
field of view are scattered into the line of sight), we have been developing compre- 
hensive computational tools for solving multidimensional radiative transfer prob- 
lems. Our technique incorporates a two dimensional spatial Fourier transform of 
the radiative transfer equation, and the resulting expressions for each Fourier 
component of the radiation field are computed. The full 3-D intensity field is 
then reconstructed using the inverse Fourier transform. The mathematical descrip- 
tion is of general form so as to include consideration of non-Lambertian BDKFs. 
Our technique has been specifically designed to overcome some of the approximations 
employed in previous methods and has been implemented on a minicomputer. The method 
is nearly as general as Monte Carlo but has the advantage of providing deterministic 
solutions for the upwelling and downwelling radiations fields at many altitudes, 
zenith argles, and azimuths from a single computer run. 

3. Research Results - 
Experimental data have been acquired using the UCLA goniometer on camellia, 

cuc~mber, and cauliflower leaves. In order to aonitor the effect of using cut lea.?es 
versus leaves still attached to the plant, the reflectance of a cucumber leaf was 
monitored for several hours fqllowing clipping. Xeflectivity at 0.98 pm increased 
during this period, indicating sater stress and a decrease in the strength of the 
water band. To study spectral dependence of leaf BDRF, we obtained spectra of a 
camellia leaf at view angles of 0 and 30 degrees for illuminati-on at normal inci- 
dence. The ratio of these spectra in the 0.4 - 0.9 ym region is displayed in Fig. 
1. The increased noise level at the short wavelength end is due to lower detector 
response and decreased source light levels. This plot shows that the leaf BDRF 
deviates markedly from Lambertian behavior in a spectrally dependent fashion. The 
greatest departure from Lamber:ian reflectance is observed in the 0.68 um chloro- 
phyll absorption feature, possibly as a result of a decrease in the amount of 
multiple scattering within the leaf. 

As an example of the success .:.f our multidimensional radiative transfer algo- 
rithm, we consider the albedo step function problem, in which two semi-infinite 
fields of differing albedo are adjacent to 3ne another. This model is useful in 
that it provides (a) an evaluarion of :he diffusion of radiation across the sharp 
albedo boundary separating the two regions, and (b) the ability to verify that the 
solution asymptotically appr.3aches the correct result For a homogeneous surface at 
large distances from the boundary. This surface model nay be considered to repre- 
sent a coastal boundary, in which s lnrge expanse of low llbedo water borders a 
broad land area of higher reflectivity. We compare results obtained using the 
?ourier transform method with Monte Carlo results for an atmospheric model consist- 
ing of 3 clear atmospher? with a scale height of 8 km and an optical depth of 0.189, 
corresponding to Rayleigh scattering at 0.47 urn. The ti10 half-planes are Lambertian 
with albedos of 0.0 and 0.6, and the solar zenith angle is 40°. This set of condi- 



tions is referred to as Model 1. Figure 2 shows the .~,ults of calculations for 
Model 1 using the Fourier transform technique, along wit1 selected points from the 
Nonte Carlo results. The total upwelling intensities are shown as the sum of the 
diffuse (multiply scattered) radiation field and the direct field, which consists 
of photons transmitted to space without being scattered. The agreement between 
the two methods appears to be excellent. We also show at large distances from the 
boundary the intensities calculated using the one-dieensional matrix operator 
method for uniform albedos of 0.0 and 0.6, demonstrating that the Fourier transform 
results approach the expected values away from the boundary. In the vicinity of 
the boundary, the adjacency effect is apparent. Due to scattering within the atmo- 
sphere, the upwellirig intensities on either -'ide of boundary are affected by photons 
reflected from the gurface on the opposite side of the boundary and then scattered 
into the line of sight. In effect, the atmosphere "blurs" the boundary with a point 
spread function whose width is a few kilometers. The Fourier transform technique 
is useful in that its underlying mathematical formalism demonstrates how the atmo- 
sphere filters high spatial frequency information from the upwelling radiation 
field. This filtering can be described by the computation of atmospheric modulation 
transfer functions (MTFs). Figure 3 is a comparison of MTFs calcillated using our 
technique for a Rayleigh atmosphere and an aerosol laden (hazy) atmosphere, each 
of total optical depth 0.3 and 5 km scale height. These MTFs indicate that the 
more highly forward scattering haze phase function results in a greater observabil- 
ity of the adjacency effect. 

Another area in which the 3-D radiative transfer algorithm is proving useful 
is in the development of a technique for determining atmospheric transmittance 
from surface inages acquired at off-nadir view angles. The basis of the nethcd is 
as follows: As shown in Fig. 2, the total upwelling radiance is the sum of a direct 
and diffuse component. Radiation directly transmitted to space is proportional to 
the surface albedo distribution, and a sharp discontinuity in the surface albedo 
gives rise to a similar discontinuity in the direct field. The diffuse field, on 
the other hand, while exhibiting a qualitative similarity to large scale variations 
in surface albedo, exhibits a much smoother character, owing to che filtering effects 
of the atmosphere, as discussed above. The direct field, which is also proportional 
to atmospheric transmittance exp(-~/~), where T is the optical depth and p is the 
cosine of the view angle, thus has a very different spatial character from the 
diffuse field. If we compute the spatial Fourier transform of upwelling radiances 
within an image, the spatial "smoothness" of the diffuse field means that it will 
make a negligible contribution at high spatial frequencies. Thus, if we eliminate 
iow frequency Fourier components we are left with a measurement tnat is directly 
proportional to the atmospheric transmission factor exp(-T/~). By obtaining images 
of the same surface region at several view angles, it should in principle be possible 
to solve for T, provided non-Lambertian surface effects can be minimized. Our cal- 
culations suggest that acqaisition of images in the vicinity of 60" off-nadir should 
be sufficient to accomplish this and recover atmospheric transmittance with an accu- 
racy of 5-LO%. 

4. Significance of Results and Future Directions 

Xany investigators have studied the spectral properties of a wide variety of 
crop samples. The spectral reflactance of the foliage is modified by changes in 
the internal structure of the leaves associated with various forms of stress, such 
as water or mineral stress. The specularity of the reflected radiation increases 
at wavelengths where increased absorption occurs, presumably due to reduced depth 
of penetration of the incident radiation into the leaf resulting in fewer multiple 



reflections between layers. Therefore, we expect changes in leaf structure result- 
ing from stress to affect the angular as well as spectral reflectance properties. 
Thus, it is important to incorporate realistic (non-Lambertian) leaf bidirectional 
reflectance functions into canopy and scene models. The spectrogoniometric leaf 

measurements will provide such data. 

The Fourier transform radiative transf~r algorithm which we have developed is 
a useful tool for studying the effect of the atmosphere on high spatial resolution 
imaging of the Earth's surface. As discussed above, the sharpness of the adjacency 
effect in the vicinity of albedo boundaries is dependent upon the vertical distribu- 
tion of the atmospheric scatrsrers. We are using our radiative transfer method to 
perform a systematic study of the variation of atmospheric point spread functions 
with aerosol vertical distribution, phase function, single scattering albedo, and 
optical thickness. The results of such calculations will permit evaluation of the 
possibility of observing atmospheric blur directly in high resolution images of 
the Earth's surface, with the goal of determining aerosol properties. Conversely, 
these calcuilations will lead to techniques for removing spectral contadnation 
associated with the adjacency effect. 

Further work is necessary in order to demonstrate thc feasibility of implement- 
ing the multiple view angle optical depth retrieval techiiique on a space platform. 
The major uncertainty at present is the manner in which the unknown angular reflec- 
tance properties of the surface should be taken into account. For the model BDRF we 
used in our simulations, off-nadir imaging near 600 appears appropriate to compensate 
for lack of a prioriknowledge of the shape of the surface BDRF. Whether this range 
is appropriate for natural surfaces can only be determined by experimentation in the 
field. A number of portable field spectrometers are available for obtaining BDRF 
measurements. The success of this technique would be significant because it provides 
a means of monitoring tropospheric opacity, which is important not only for atso- 
spheric studies brrt also because it is one of the most important parameters govern- 
ing the effect of the atmosphere on surface images. An extension of the optical 
depth retrieval technique is to near infrared spectral regions where water vapor 
absorption occurs. In its current form, the technique relies on the assumption that 
atmospheric transmittance variesias exp(-~/~). In the water vapor bands, any finite 
bandwidth spectral channel will incorporate many individual lines and this law may 
not be foll.owed. In order to study the view angle dependence of transmittance in 
such regions, we are developing a radiative transfer algorirhm which permits calcu- 
lation of broadband radisnces for channels containing uany absorption lines in the 
presence of aerosol scattering. 

Finally, we plan to investigate the applicability of our 3-D radiative trans- 
fer method to scattering in plant canopies. In principle, our algorithm is appli- 
cable to heterogeneous media and has the advantage of providing a true solution 
to the multidimet~sional radiative transfer equation. In addition, solutions are 
obtained at many view and illumination angles and azimuths, thus providing the 
fr~ll canopy BDRF. Variation of the BDRF of the individual leaves will permit 
study of the effect of changing reflectanc? ?roperties of the individual canopy 
dements on the canopy angular and spectral reflectance as a whole. Such calcula- 
tions will mesh nicely with the goals of the experimental portion of this investi- 
gation. 



CAMELLIA LEAF 

F i g .  1. Ratio of reflected i n t e n s i t y  a t  30' view angle  t o  0' view angle  for  camel l ia  l e a f .  
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I .  INTRODUCTION 

The Earth's atmosphere has a significant bearing on the quality of images of the Earth's 
surface as observed from space by reflected sunlight. This atmospheric effect is caused by absorp- 
tion and scattering of sunlight by molecules and aeroso!~. The molecular effects can be accounted 
for, but the aerosol effects are variable and poorly known during satellite observations. The op- 
tical parameters used to compute the atmospheric el'lfects are: its optical depth to determine the ex- 
tinction of light; the sing!e scattering albedo, which is the fraction of light scattered from total ex- 
tinction; and the scattering phase function giving the probability of scattering in a particular 
direction. 

The atmosphere tends to make dark surfaces appear brighter and bright surfaces darker, but 
the resultant effect depends on the surface reflectance pattern itself. Atmospheric scattering dif- 
fuses the boundaries between adjacent fields. This effect, called the adjacency effect, is due to 
light reflected from the ground surrounding a sensor's field-of-view and then scattered into the 
field-of-view. The adjacency effect depends on the above mentioned opticai parameters and on the 
depth of the aerosol layer. 

Theoretical analyses of atmospheric effects, ground-based measurenients of atmospheric 
parameters, and analysis of satellite data are reported on here. This work occurred during the 
period 1982-4. 

2. JUSTIFICATION, OBJECTIVES, AND APPROACH 

2. I. Justification 

Recently developed theoretical models of radiative transfer in the atmosphere can be used to 
perform atmospheric corrections for known aerosol characteristics. The developnlent of correction 
algorithms requires testing the models against measuremerits to investigate the main atmospheric 
characteristics that affect certain remote sensing techniques, and to develop methods to measure 
these characteristics from ground and from space. 



2.2. Objectives 

To study the atmospheric effect on remote sensing by theoretical niodeling and to measure 
this effect. To relate the effects of the atmosphere to the aerosol characteristics in order to deter- 
mine which are the main characteristics that affect a given remote sensing function. The specific 
goals are: 

a. Laboratory simulation and analysis of field measurement of the atmospheric effect to study 
the effect and to validate theoretical models. 

b. Development of a theoretical model that can simulate the atmospheric effect over any variable 
surface. 

c. Study the atmospheric effect on the spatial resolution of satellite images of the surface and on 
classification of surface features. 

d. Analyze the relative importance of zerosol scattering and absorption on remote sensing of the 
surface in order to determine if atmospheric corrections based on the optical thickness alone 
are feasible. 

e. To measure the atmospheric characteristics that are important for atmospheric corrections: op- 
tical thickness, path radiance, scattering phase function, and single scattering albedo, and find 
the relations between them in order to establish the minimum information required for at- 
mospheric corrections, 

2.3 Approach 

a. In order to measure the atmospheric effect and test theoretical models, a field and controlled 
laboratory experiments are performed in the presence of nonuniform surface reflectance. 

b. The simulation of the atmospheric effect over a general varying surface reflectance is perform- 
ed by the calculation of the atmospheric Modulation Transfer Function (MTF) and application 
of two-dimensional Fourier Transforms for the calculation. 

c. Analyze the aerosol effect on spatial reduction and classification by means of the atmospheric 
MTF and application of the 2-D Fourier Transform technique. 

d. Radiative transfer computations are used to derive the relative importance of aerosol scattering 
and absorption on remote sensing of the surface albedo, vegetation index, and classification. 

e. A system is developed to measure simultaneously from the ground the optical thickness, the 
path radiance, the scattering phase hnction, and the single scattering albedo. The covariance 
between these parameters is studied. Inversion procedures are developed to derive from the 
observations the aerosol optical-thickness, scattering phase function, and absorption. 



3. RESEARCH RESULTS 

3.1. Measurement of the atmospheric effect 

A laboratory experiment [6] was conducted in which a half white, half black plate repre- 
sented the nonuniforn~ surface and a dish with hydrosol of latex spheres represented the hazy at- 
mosphere. A solar simulator irradiated the dish and a detector scanned the upward radiance across a 
line perpendicular to the border between the white and black area. Fig. 1A shows an example of 
the measured radiance and the theoretical fit [I] as a function of the distance from the boundary 
X (normalized by the hydrosol height H). In this experiment the adjacency effect (the effect of a 
bright object on the radiance above a nearby dark object) was measured as a function of hydrosol 
optical thicknesses for nadir and off nadir observation directions. Good agreement was found be- 
tween theory and experiment. The measured adjacency effect had an amplitude 20% higher than 
the theoretical one, and a range 25% shorter than in theory. 

A field experiment was also conducted [8] in which the upward radiance above and below the 
haze layer was measured simultaneously with ground and airborne measurements of the at- 
mospheric characteristics. Fig. 1B shows an example of the upward radiance from the nadir below 
and above the base. The radiances are measured over the dark water as a function of the distance 
from the bright vegetated land (the wavelength is 773 nm). The reflectance of the vegetated surface 
was approximately 0.35. A comparison with theory shows similar good agreement as in the 
laboratory study, with the adjacency effect somewhat stronger and narrower than in theory (as 
was found in the laboratory study). This difference can be due to the approximations in the theory 
and due to errors in accounting for very large particles. 

3.2. Resolution and classification 

The experimental verification of the radiative transfer theory and the application of Fourier 
Transform [7] to generalize the theory so that the upward radiance can be simulated for any 2-D 
varying surface, enables the application of the theory to study the atmospheric effect on spatial 
resolution and classification of surface features [3], [5] and [7]. It was found (see Fig. 1C) that the 
atmospheric effect reduces the spatial resolution substantially. For the Thematic Mapper (TM) the 
spatial resolution of 30m (defined for Modulation transfer value of 0.35) is reduced to lOOm by a 
hazy atmosphere (aernsol optical thickness =0.5, X =  550nm). An atmospheric correction that ig- 
nores the adjacency effect can correct the resolution to 50m. Similarly, significant effects were 
found on classification of surface features [3] and on separability between field classes [7]. 

3.3 Scattering versus absorption 

A theoretical study was conducted 19, 121 to test the comnion hypothesis that the atmospheric 
effect depends mainly on one atmospheric parameter-the optical thickness (TA). An increase in 
the amount of aerosol tends to brighteo dark surfaces and darken bright surfaces (see Fig. 2A). In 
the brightening process aerosol scattering has a dominant effect and absorption is of secondary 
importance; but in the darkening process the absorption has an important role. For a given bright 
surface the atmospheric effect car] be of brightening or darkening depending on the ratio of 
aerosol scattering and extinction optical thicknesses (w,). A reliable estimate of such effects can 
not be made until more is known about atmospheric absorption and its variability. However, Fig. 
2B shows that remote sensing of contrast such as vegetation index is weakly affected by absorp- 
tion, but still affected by changes in the optical thickness. The vgetatiori index is a function of the 
slope of a line in this figure and thus does not change appreciably with absorption (from model I 
to 2 and from model 3 to 4). Figure 20 also shows how the reflectance of the earth-atmosphere 
system is altered by the atniospliere. 



3.4 Grouad-based experinlent 

In order to learn about the optical characteristics of the atniopshere as they affect remote 
sensing, a ground experiment is being performed in order .to collect and analyze a substantial data 
base. Sin~ultaneous measurements in the visible and near infrared spectrum are made of the solar 
transmission, the sky radiance in the direction of the North Star and also in the almucantar 
through the sun and the degree of polarization of the skylight. The aerosol optical thickness is 
derived from the solar transmission. The path radiance is measured in the direction of the North 
Star in order to minimize geometric effects and observe changes associated with aerosols. During a 
day the angle between the observer, sun, and North Star is essentially constant, 

Attempts have been made to relate atmospheric corrections to only one parameter-namely 
the aerosol optical thickness, in only one spectral band. Figure 3A shows the strong correlation 
between path radiance (at 870nm) and optical thickness (at 610nm). 94 percent of the radiance 
variance is associated with optical thickness variance for these wavelengths. The correlation bet- 
ween the radiance at 870nm and the optical thickness at 610nm was bigger than the correlation 
with optical thickness at 870nm. This is due to a different size dependence of the radiance and the 
optical thickness. The correlation between path radiances in two spectral bands (Fig. 3B) shows 
the accuracy of estimating the path radiance in one band from that : another band. The radiance 
at 870nm can explain 74 percent of the radiance variance at 48011s kid 62 percent of the radiance 
variance at 1670nm. 

The aerosol scattering phase function is derived from the radiance of the skylight in the solar 
almucantar. The inversion proceeds by an iterative method to account for molecular and multiple 
scattering. An inversion of radiances computed for a model atmosphere is shown in Fig. 3C. The 
true aerosol phase function of scattering angle is given by P,. P would be the estimated phase 
function derived from the radiance, if only molecular scattering was accounted for. Po is the first 
guess of the aerosol phase function, which is used to estimate the radiance of multiple scattering. 
This value is subtracted from the measured value to obtain the PI-estimate of the aerosol phase 
function. The procedure is repeated with this new value of the phase function (PI). After two 
more such iterations, the curve P, is obtained, and it is nearly identical to the true value (P,). 
Although the simulated radiances are free of errors, an analysis of the error budget has been 
made. This inversion method has been applied to measured radiances. Eventually, these functions 
will be compared with those derived from solar transmission data. 

5. CONCLUSION 

Radiative transfer theory (RT) for an atmosphere with a nonuniform surface is the basis for 
understanding and correcting for the atmospheric effect on remote sensing of surface properties. 
In the present work the theory was generalized and tested successfully against laboratory and field 
measurements. There is still a need to generalize the RT approximation for off-nadir directions 
and to take into account anisotropic reflectance at the surface. 

The adjacency effect results in a significant n~odification of spectral signatures of the surface, 
and therefore results in modification of classifications, of separability of field classes, and of 
spatial resolution. For example, the 30m resolution of the Thematic Mapper is reduced to lOOm by 
a hazy atmosphere. The adjacency effect depends on several optical parameters of aerosols: optical 
thickness, depth of aerosol layer, scattering phase function, and absorption. Remote sensing in 
general depends on these parameter, not just adjacency effects, but they are not known well 
enough for making accurate atmospheric corrections. It is important to establish methods for 
estimating these param-eters in order to develop correction methods for atmospheric effects. Such 
estimations can be based on climatological data, which are not available yet, correlations between 
the optical paranieters and meteorological data, and the same satellite measurements of radiances 
that are used for estimating surface properties. Our knowledge about the atmospheric parameters 
important for remote sensing is being enlarged with current measurements of them. 
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Fig.  1: Measurement o f  t h e  atmospheric 
e f f e c t  on remote sensing over a  nonuni- . - 
fp rm i  t y  i n  t h e  surface r e f 1  ectance. SPATIAL FREQUENCY (CIKM) 
Fo i s  the s o l a r  spec t ra l  i r r a d i a n c e  
and eo=arccos ine(~o) ,  t h e  s o l a r  
z e n i t h  angle. 
A - Laboratory s i ~ n u l a t i o n  f o r  o p t i c a l  th ickness 0.3, nad i r  observat ion.  The - 
t h e o r e t i c a l  f i t  (.,. . )  and t he  sur face re f lec tance  ( -  - - )  are ind icated.  X i s  
t h e  distance frorn the b r i g h t  area and H t he  h i g h t  of t he  s c a t t e r i n g  medium. 
B - F i e l d  measurernents f o r  aerosol  o p t i c a l  th ickness 0.5. The a i r c r a f t  measurements 
T-) and theory  (. . . . ) a re  ind ica ted .  
C - The atmospheric e f f e c t  on s p a t i a l  r e s o l u t i o n  of the Landsat Thematic Mapper (M). - 
The modulation t r a n s f e r  f unc t i ons  f o r  the  TM(-) alone, w i t h  atmospheric e f f e c t  (. . . .) 
and w i t h  co r rec t i on  t h a t  ignores the  adjacency e f fec t  ( -  - - )  are shown. The o r i g i n a l  
r eso lu t i on  (30m) i s  reduced t o  50m by the  adjacency e f f e c t  and t o  l O O m  by the t o t a l  
atmospheric e f f e c t .  



RADIANCE (L1- CLEAR DAY 

F i g .  2: A - S c a t t e r  d iagram o f  t h e  rad iance  from a  
Landsat i inage on a  hazy day as a  f u n c t i o n  o f  t h e  
rad iance  on a  c l e a r  day taken  ove r  Washington, DC; 
f o r  700-800nm band. The rad iance  i s  no rma l i zed  t o  
r e f  1 ectance u n i t s .  

RADIANCE (820) 

B - Hadiance of models o f  t h e  ear th-atmosphere system. 
The s u r f a c e o c o n s i s t s  o f  dense a l f a l f a .  The s o l a r  z e n i t h  
ang le  i s  LO ; t h e  d i r e c t i o n  o f  o b s e r v a t i o n  i s  g i ven  by 
t h e  p o l a r  ang le  0 ,and az imuth  4 f ro in t h e  d i r e c t i o n  o f  
p ropaga t i on  of  i n c i d e n t  s u n l i g h t .  The number besides 
t h e  p l o t t e d  p o i n t s  r e f e r  t o  t h e  ae roso l  models: 

JI1UDEL uo ~ ~ 6 0 n m  - T A (820nrn 
I 1  0.96 U. 487 0.200) - J 
1 2  0.88 0.287 0.200 1 
1 3  0.96 0.861 0.600 1 
1 4  0.88 - 0.861 0.600 L 
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Fig .  3: Exarnl~le o f  dnd l ys i s  o f  ground ~neasclrernents o f  the  sky radiance. 
A - The r e l a t i o n  between the o p t i c a l  th ickness T, at(610nm) and the sky radiance (at. 870nm) - 
i n  the  d i r e c t i o n  o f  the  North s t a r .  Each symbol represents a d i f f e r e n t  observat ion da ,~ .  
U - The c o r r e l a t i o n  between t h e  sky radiance a t  480nm and 870nm; and 870nm and 167nnm. - 
C An example o f  i n v e r s i o n  o f  the  alniucantar s imulated radiances f o r  t h e  aerosol s c a t t e r i n n  - 
phase func t ion .  
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Improvements in remote sensing capabilities hinge very directly 

upon attaining an understanding of the physical processes contributing 

to the measurements. In order to devise new measurement strategies and 

to learn better techniques for processing remotely gathered data, we 

need to understand and to characterize the complex radiative 

interactions of the atmosphere-surface system. In particular, it is 

important to understand the role of atmospheric structure, ground 

reflectance inhomogeneity and ground bidirectional reflectance type. 

Our goals, then, are tc model, analyze, and parameterize the observable 

effects of three dimensional atmospheric structure and composition and 

two dimensional variations in ground albedo and bidirectional 

reflectance. 

To achieve these goals, we employ a Monte Carlo radiative 

transfer code to model and analyze the effects of many of the 

complications which are present in nature. We can, for 'example, treat 

finite clouds as well as vertical atmospheric structure. We can model 

the effects of two dimensional structure in ground albedo and 

directional reflectance. We can examine alternate data acquisition 

strategies perhaps involving variations in detector viewing direction, 

solar illumination direction, or polarization sensitivity. Most 

importantly, for the purposes of analysis and characterization, we can 

divide the detected radiance into components. The radiance transmitted 

directly through the atmosphere from the ground to the detector is the 



component which c a r r i e s  t h e  most s i g n i f i c a n t  informat ion about the  

c h a r a c t e r  of t h e  s u r f a c e .  The rad iance  a r i s i n g  s o l e l y  from atmospher ic  

s c a t t e r i n g  is  a term which, i n  e f f e c t ,  should be s u b t r a c t e d  froro. t h e  

d a t a  a s  it  has  no bea r ing  on t h e  s u r f a c e  charac te r .  L a s t l y ,  t h e r e  is a  

ground d i f f u s e  component comprised of r a d i a t i o n  which, having s c a t t e r e d  

from t h e  ground, i s  a tmospher ica l ly  s c a t t e r e d  p r i o r  t o  d e t e c t i o n .  This 

l a s t  term i s  r e s p o n s i b l e  f o r  non-local adjacency e f f e c t s .  Its i n f l u e n c e  

on the  d a t a  u s u a l l y  may be desc r ibed  by an atmospheric spread func t ion .  

S p e c i f i c a l l y ,  thn  o b j e c t i v e s  of the  p resen t  s tudy  a r e  t o  

5.nves t i g a t e  t h e  s e n s i t i v i t y  of t h e  radiance  components and t h e  

atmospheric spread f u n c t i o n  to :  v a r i a t i o n s  i n  t h e  v e r t i c a l  a e r o s o l  

p r o f i l e ;  v a r i a t i o n s  i n  t h e  a e r o s o l  s i z e  d i s t r i b u t i o n  (and,  hence, i t s  

s c a t t e r i n g  d i s t r i b u t i o n ) ;  v a r i a t i o n s  i n  t h e  d e t e c t o r  look d i r e c t i o n  and 

s o l a r  i l l u m i n a t i o n  d i r e c t i o n ;  v a r i a t i o n s  i n  ground r e f l e c t a n c e  type and 

b i d i r e c t i o n a l  r e f l e c t i v i t y ;  the presence of clouds i n  t h e  v i c i n i t y  of 

the  po in t  of view. 

RESULTS 

A s  t h e  modal r a d i u s  of the  a tmospher ic  a e r o s o l  s i z e  d i s t r i b u t i o n  

i n c r e a s e s ,  the a s s o c i a t e d  s c a t t e r i n g  phase func t ion  is  enhanced both i n  

the  forward and backward d i r e c t i o n s .  For remote sens ing ,  i t  is  the  

changes i n  the forward s c a t t e r i n g  peak which a r e  more important .  Our 

s imula t ions  show s i g n i f i c a n t  s e n s i t i v i t y  i n  t h e  i n n e r  regions  of t h e  

spread func t ion  (wi th in  250 meters of t h e  point  of view). Figure  1 

i l l u s t r a t e s  t h i s ,  showing t h e  atmospheric modulation t r a n s f e r  f u n c t i o n ,  

o r  MTF ( t h e  F o u r i e r  t r ans fo rm of t h e  atmospheric l i n e  spread f u n c t i o n )  

f o r  t h r e e  log-normal s i z e  d i s t r i b u t i o n s  wi th  modal r a d i i  of 0.13,  0.26, 

and 1.04 micrometers (bottom curve ,  middle curve ,  and top curve ,  

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



For Lambertian ground r e f l e c t a n c e ,  t h e r e  is  r e l a t i v e l y  l i t t l e  

s e n s i t i v i t y  t o  d e t e c t o r  nad i r  angle f o r  nad i r  angles  less than about 

40 degrees.  For l a r g e r  n a d i r  ang les ,  however, t h e  atmospheric l i n e  

spread f u n c t i o n  becomes asymmetric and depends upon t h e  i l l u m i n a t i o n  

angle.  Figure  2 shows t h e  atmospheric l i n e  spread f u n c t i o n  f o r  a 

d e t e c t o r  nad i r  ang le  of 50 degrees ( d e t e c t o r  po in t ing  roughly i n t o  the  

sun) ,  whi le  the  dashed curve is  f o r  180 degree r e c e i v e r  azimuth. The 

s o l a r  z e n i t h  ang le  f o r  both cases  is  47 degrees.  The l i n e  spread 

func t ion  here  is computed from the  g r a d i e n t  of the  i n t e n s i t y  i n  a scan 

ac ross  a. f i x e d  a lbedo boundary. The asymmetry is due p r imar i ly  t o  the  

forward-backward asymmetry of the  a e r o s o l  s c a t t e r i n g  phase funct ion.  

Var ia t ions  i n  t h e  form of the v e r t i c a l  a e r o s o l  d e n s i t y  p r o f i l e  

tend t o  s c a l e  t h e  range of t h e  atmospheric spread func t ion .  This 

s c a l i n g  appears t o  be roughly l i n e a r  i n  the  average a e r o s o l  a l t i t u d e .  

Clouds i n  t h e  v i c i n i t y  of the po in t  of view can i n f l u e n c e  tile 

de tec ted  radiance .  I n  p a r t i c u l a r ,  the  shadow of a cloud produces much 

t h e  same i n t e n s i t y  g r a d i e n t  when scanning ac ross  i t s  edge a s  is  obtained 

f o r  a high c o n t r a s t  ground a lbedo boundary. Figure  3 shows a d e t a i l e d  

comparison of the  rad iance  components f o r  two cases .  The s o l i d  l i nes  
show (from top t o  bottom on the  r i g h t  s i d e  of the  Eigura) t o t a l  

radiance ,  ground d i r e c t  radiance  and atmospheric radiance  as de tec ted  

from n a d i r  whi le  scanning ac ross  a Lambertian albedo boundary (albedou 

0.4 and 0.07). The symbols correspond t o  a s i m i l a r  scan ac ross  a cloud 

shadow boundary ( t h e  ground a lbedo i s  0.4, the s o l a r  z e n i t h  ang le  i a  

47 degrees ,  and t h e  a l t i t u d e  of the cloud top is 7 km.). The  p'liiacs 

i n d i c a t e  t o t a l  r ad iance ;  t h e  s o l i d  squares  show the  ground d i r ec t  

radiance;  t h e  open squares  show the  ground d i f f u s e  component; and tlw 

crosses  mark the  atmospheric radiance .  Here, the  atmospheric component 

v a r i e s  because t h e  cloud shades t h e  s c a t t e r i n g  atmosphere a s  well as tire 

ground. The ground d i r e c t  r ad iance  v a r i e s  l e s s  ab rup t ly  on the  dark 

s i d e  of t h e  shadow due t o  cloud t ransparency and t r ans lucence ,  The 
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MULTIDIMENSIONAL MODELING OF ATMOSPHERIC EFFECTS 
AND SURFACE HETEROGENEITIES ON REMOTE SENSING 

S.A.W. Gerstl, C. Simmer, and A. Zardecki 

Theoretical Division 
Los Alamos National Laboratory 

The overall goal of this project is to establish a modeling capability that 
allows a quantitative determination of atmospheric effects on remote sensing 
including the effects of surface heterogeneities. This includes an improved 
understanding of aerosol and haze effects in connection with structural, 
angular, and spatial surface heterogeneities. One important objective of our 
research is the possible identification of intrinsic surface or canopy charac- 
teristics that might be invariant to atmospheric perturbations so that they 
could be used for scene identification. Conversely, an equally important 
objective is to find a correction algorithm for atmospheric effects in satel- 
lite-sensed surface reflectances. 

Our technical approach is centered around a systematic model and code 
development effort based on existing, highly adva-ced computer codes that k-re 
originally developed for nuclear radiation shielding applications. 
Computational techniques f o ~  the numerical solution of the radiative transfer 
equation were adapted on the basis of the discrete-ordinates finite-element 
method which proved highly successful for one- and two-dimensional radiative 
transfer problems with fully resolved angular representation of the radiation 
field . 

Results of the initial phases of our research project, namely, the 
implementation and verification of computer codes and modern atmospheric data 
bases, have been published and proved highly successful. In the next step, a 
coupled atmosphere/canopy model was developed that allowed us to perform a 
sensitivity analysis and to quantify how satellite-sensed spectral radiances are 
affected by increased atmospheric aerosols, by varying leaf area index, by 
anisotropic leaf scattering, and by non-Lambertian soil boundary conditions: 
Our numerical results allow the following conclusions: 

1. Atmospheric perturbations are the major contributors to 
Landsat PISS bands 1 and 2 (visible), while they play only a 
minor role in MSS bands 3 and 4 (near-IR) for remotely 
sensed images of vegetative surfaces. The Kauth-Thomas 
greenness parameter is found nearly proportional to the 
atmospheric optical depth over uniform vegetative surfaces. 

2. The inclusion of anisotropic leaf scattering character- 
istics in our canopy model is significant to explain 
reflectance measurements directly above the canopy but 
produces only negligible effects on satellite-measured data 
above the atmosphere at nadir. 



3. Non-Lambertian and specular surface reflectance charac- 
teristics (BRDF) affect satellite measurements at nadir only 
insignificantly but can make large differences for off-nadir 
observations. 

TRe details of these results are also published and led us to our most recent 
investigations of how typical non-Lambertian angular canopy reflectance charac- 
teristics may be used for scene identification. 

Identifiers for horizontally homogeneous vegetated surfaces that may be 
used in remote sensing are the spectral distribution and the angular 
distribution of radiances above the canopy. The spectral distribution is 
determined by the optical properties of the constituents of the particular 
canopy, e.g., leaves and stems, while the angular distribution is created mainly 
by the canopy architecture. While the spectral characteristics of most canopy 
components are very similar for most plants, the canopy architecture aay be most 
dissimilar. This fact leads to intrinsic canopy angular reflectance patterns 
that may be typical for certain classes of plant canopies. Thus, the 
atmospheric perturbations of the angular reflectance pattern of a Lambertian, a 
mixed Lambertian/specular surface, and of the measured BRDFs of savannah and 
coniferous forest canopies were studies using aerosol-free and polluted 
atmospheres. 

Two typical results of our calculations are shown in Figs. 1 and 2, where 
measured angular reflectance patterns above real canopies are computationally 
"transported" through a mildly aerosol-loaded atmosphere to a hypothetical off- 
nadir satellite sensor. These results show that maxima, like the canopy "hot 
spot" (a dominant peak when viewing in the direction of the sun with the sun at 
observer's back), are still detectable above the atmosphere even if observed 
through heavily aerosol-loaded atmospheres. It appears that especially those 
patterns that vary with the azimuth angle are better preserved than variations 
with view zenith angles. Note, in particular, how the shape of the reflectance 
pattern along the 180° azimuth changes when transported through the atmosphere, 
while variations with the azimuth along the 30' zenith remains basically the 
same. The underlying cause for this effect is obviously the constant path 
length through the atmosphere for all directions with the same view zenith 
angle. Thus, strong azimuthal variations typical for any surface or canopy 
reflectance pattern undergo only minor perturbations by the atmosphere, while 
the angular patterns for varying view zenith angles are much more perturbed by 
atmospheric effects. This finding suggests that off-nadir satellite 
observations with varying view azimuth angles may contribute significant new 
data that is expected to be valuable for crop identification. 

In our search for an effective new atmospheric correction algorithm, we are 
presently performing exploratory calculations with the objective of recon- 
structing, from radiance distributions above the atmosphere, a typical angular 
reflectance pattern as measured directly above a canopy. Figs. 1 and 2 
demonstrate clearly the severe atmospheric perturbations that are cumulatively 
added to the upwelling radiance distributions, especially in the visible 
wavelength region and for large view zenith angles. However, we show in Fig. 3 
the result of a simple correction algorithm applied to the coniferous forest 
data (see also Fig. 1) for an aerosol-polluted, rural atmosphere of horizontal 
visual range of 23 km, equivalent to vertical optical depth at 0.55 pm of 0.45 



for the entire atmosphere. The top half of the iso-radiance contour plots give 
Kriebel's measured data directly above the forest canopy while the bottom half 
shows our reconstructed radiance distributions from values above the atmosphere 
but corrected for atmospheric perturbations. This correction is based on a 
simple subtraction of the atmospheric path radiance component as determined from 
an independent additional radiative transfer calculation assuming purely 
Lambertian surface reflectance but with the same albedo as that of the real 
canopy. For our forest canopy, we have a = 11% at 0.85 pm. The comparison in 
Fig. 3 shows an agreement within approximately 10% between the measured and re- 
constructed radiance distributions for view zenith angles lower than 60' and all 
view azimuth angles. The hot spot is almost perfectly retrieved after this 
simple atmospheric correction. These results are both surprising and 
encouraging, because the correction apparently works very well even at the 
visible wavelength where atmospheric effects dominate the canopy signal by far. 

The next logical step in our research project must be a two-pronged 
approach. First, the analysis of our (as yet) simple atmospheric correction 
algorithm must be broadened and studied in depth. Secondly, our physical 
understanding of how certain typical canopy reflection patterns are correlated 
with measurable biophysical canopy parameters must also be deepened. To achieve 
this latter goal, we propose to build a simulated vegetative canopy structure 
using only artificial (non-living) structure elements for leaves, stalks, 
branches, etc., that provides a weil-defined and fully reproducible testbed for 
verification and testing of instruments and theoretical models in remote 
sensing. Since every natural vegetation canopy changes through growth, and its 
canopy components and architecture are intrinsically variable, reproducibility 
is seriously limited and measurements of biophysical parameters, such as leaf 
area index and leaf angle distributions, are prone to large uncertainties. In 
contrast, the artificial canopy provides a facility for "ground truth" measure- 
ments, testing and calibration of instruments, verification, and sensitivity 
testing of theoretical models as well as specific instruments. A synopsis of 
this proposal is attached. 

If our preliminary findings about the invariance of typical local extremes 
in surface reflectance patterns to atmospheric perturbations can be further 
substantiated, then important conclusions should be drawn for the operation of 
future earth observing satellites. This result leads to the recommendation that 
off-nadir satellite observations in the near-infrared may contribute additional 
valuable information to crop identification as well as other scene identifica- 
tion when enough non-Lambertian (e.g. specular) reflectance is present. For 
crop identification it might be sufficient to swing an MSS or TM type scanner 
into the downward sun direction to observe the hot spot, and then rotate the 
instrument around a 360° azimuth for the constant solar zenith angle. 
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F i g u r e  2. Los Alamos C a l c u l a t i o n s ,  November 1984 ,  Ssvannah:  Bottom boundary c o n d i t i c n  i s  measured 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  F u n c t i o n  (BRDF)  o f  Savannah by  K x i e b e l  ( 1 9 7 7 ) .  Atmospher ic  model :  F i d - l a t i -  
t u d e  summer, r u r a l  boundary l a y e r  a e r o s o l  w i t h  v i s u a l  r a n g e  V, = 50 km, t o t a l  o p t i c a l  d e p t h  o f  a tmosphere  
T = 0 . 2 5 .  S u r f a c e s  r e f e r  t o  0 . 0 ,  1 . 0 ,  and 70 km from bo t tom t o  t o p .  S u r f a c e s  show t h e  u p - w e l l i n g  r a d i -  
a n c e  d i s t r i b u t i o n  a t  0 . 6 5  ( l e f t )  and 0 .85  pm ( r i g h t )  f o r  s o l a r  z e n i t h  a n g l e  29.3 ' .  Sun d i r e c t i o n  and 
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Figure 3. Upwelling radiance distribution of coniferous forest at surface (upper half) compared with 
radiance ~t top of the atmosphere, corrected for the atmospheric perturbation (lower half). 
Vo = 23 km. 



SCATTERING MODELS AND BASIC EXPERIMENTS 
I N  THE MICROWAVE IVGIME 

Fung, A.K. and A.J .  Blanchard 
Wave S c a t t e r i n g  Research Center  
E l e c t r i c a l  Engineering Department 
U n i v e r s i t y  o f  Texas a t  Ar l ington 
Ar l ing ton ,  Texas 76019 

The o b j e c t i v e s  o f  t h e  resea rch  over  t h e  nex t  t h r e e  y e a r s  a re :  
(1) To develop a  rarldomly rough s u r f a c e  s c a t t e r i n g  model which is 
a p p l i c a b l e  eve-r t h e  e n t i r e  frequency band. 
( 2 )  To development computer s i m u l a t i o n  method and a lgor i thm t o  
s imula te  s c a t t e r i n g  from known randomly rough s u r f a c e s , Z ( x , y ) .  
( 3 )  To des ign  and perform l a b o r a t o r y  experiments  t o  s t u d y  
geometric and p h y s i c a l  t a r g e t  parameters  of  an inhomogeneous l a y e r .  
( 4 )  To develop s c a t t e r i n g  models f o r  an inhomogeneous l a y e r  which 
accounts  f o r  near  f i e l d  i n t e r a c t i o n  and m u l t i p l e  s c a t t e r i n g  i n  
both  t h e  coherent  and t h e  incoheren t  s c a t t e r i n g  components. 
( 5 )  Comparison between t h e o r e t i c a l  models and measurements o r  
numerical s imula t ion .  

Although va r ious  new approaches i n  rough s u r f a c e  s c a t t e r i n g  
have appeared i n  t h e  l i t e r a t u r e , t h e y  a r e  g e n e r a l l y  r e s t r i c t e d  t o  
e i t h e r  low o r  high f requency regions  becausedof t h e  s i m p l i f y i n g  
assumptions used. General  t h e o r i e s  which a r e  n o t  r e s t r i c t e d  by 
such s i m p l i f y i n g  assumptions a r e  s o  complex t h a t  e i t h e r  no 
e x p l i c i t  s o l u t i o n s  a r e  a v a i l a b l e  o r  o n l y  t h e  s c a t t e r e d  f i e l d  is 
a v a i l a b l e  because t h e  average  s c a t t e r e d  power is t o o  involved t o  
compute. I n  o r d e r  t o  o b t a i n  a  g e n e r a l  s c a t t e r i n g  model f o r  
randomly rough s u r f a c e  which is  e x p l i c i t  and s imple  t o  use  it is 
necessary t o  de termine  a  s u f f i c i e n t l y  a c c u r a t e  s u r f a c e  c u r r e n t  
inc luding j u s t  enough m u l t i p l e  s c a t t e r i n g  terms t c  have t h e  
c o r r e c t  behavior  over  t h e  e n t i r e  frequency band bu t  n o t  t o o  
involved t o  deny an e x p l i c i t  s o l u t i o n .  Th i s  is our  g o a l  f o r  a 
rough s u r f a c e  s c a t t e r i n g  model. I n  volume s c a t t e r i n g  problems 
most t h e o r i e s  a r e  r e s t r i c t e d  t o  e i t h e r  a  s p a r s e l y  popula ted  medium 
o r  coherent  s c a t t e r i n g  i n  a  dense  medium. Incoherent  s c a t t e r i n g  
which is of major i n t e r e s t  i n  remote s e n s i n g  has been i n v e s t i g a t e d  
mainly by e i t h e r  t h e  Born o r  t h e  d i s t o r t e d  Born approximation 
i n  t h e  f i e l d  approach and t h e  r a d i a t i ~ e ~ t r a n s f e r  fo rmula t ion  i n  t h e  
i n t e n s i t y  approach. Other  methods a r e  needed t o  inc lude  m u l t i p l e  
incoherent  s c a t t e r i n g  i n  t h e  f i e l d  approach and techniques  a r e  
needed t o  de termine  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  i n  t h e  coheren t  
f i e l d  c a l c u l a t i o n  i n  dense  inhomogeneous medium. C u r r e n t l y ,  t h e  
use of  Percus Yevick approximation and t h e  a s s o c i a t e d  p a i r  
d i s t r i b u t i o n  f u n c t i o n  f o r  hard spheres  i n  coheren t  s c a t t e r i n g  
computation l e a d s  t o  nonphysica l  r e s u l t s  when t h e  volume f r a c t i o n  
of t h e  medium is  around 0.6. 

A l l  t h e o r e t i c a l  s c a t t e r i n g  models invo lve  some s i m p l i f y i n g  
assumptions. To v e r i f y  t h e s e  models it is b e s t  t o  have 
c o n t r o l l e d  experiments  s o  t h a t  t a r g e t  parameters  can be  v a r i e d  and 



any given experiment can be repeated. I n  the  case of random 
surfaces it is possible  t o  use computer simulation. T h i s  i s  n o t  
only eos t  e f fec t ive  compared with f u l l  sca le  f i e l d  measurements 
but it is a l so  more convenient t o  change t a rge t  parameters than 
in  any control led experiment. 

2. Approach 

The approach t o  be used t o  develop the proposed random sutface 
model is t o  use the  in teg ra l  equation method. We have used t h i s  
method successful ly  t o  develop a  sca t te r ing  model f o r  a  perfect ly  
conducting surface i n  the  pas t  year and we intend t o  generalize it 
t o  d i e l e c t r i c  surfaces.  To perform computer simulation fo r  the 
rough surface problem we intend t o  invest igate  f i r s t  the 
generation of a  two- dimensional random surface with specified 
autocorrelat ion function. This is a  major e f f o r t  because 
algorithms and techniques f o r  t h i s  purpose have been res t r ic ted  t o  
one-dimensional surfaces.  From the  numerical point of view t h i s  
is a l so  a  la rge  job requiring la rge  capacity computer. Past 
experience on a  one-dimensional surface indicates  t h a t  it is 
des i rable  t o  have a t  l e a s t  a  10,000 point surface t o  insure 
convergence of s t a t i s t i c a l  parameters and it is des i rable  t o  have 
a  50,000 point surface t o  allow sca t t e r ing  computation a t  
d i f f e r e n t  frequencies. Once the  surface i s  ava i lab le  the standard 
moment method w i l l  be used fo r  sca t t e r ing  coeff ic ient  
computations. Here again it is  necessary t o  generalize from one kn 
two dimensions and numerically t h i s  is  a  problem because we cannot 
allow t h e  computation-size t o  increase l i k e  a square. 

The measurement program w i l l  be d iv ided  i n t o  two majar 
tasks,  (1) the design and construction of a v e r s a t i l e  volumetric 
t a r g e t  s t r u c t u r e ,  and ( 2 )  t h e  measurement of radar  b a c k s c a t t e r  
c ross  sect ion a s  a  function of system and t a rge t  parameters. The 
t a r g e t  i s  designed and c o n s t r u c t e d  t o  s i m u l a t e  v e g e t a t i o n  type 
s t ructures .  The t a r g e t  can be used t o  provide a  va r i e ty  of bo th  
geometric and e l e c t r i c a l  c h a r a c t e r i s t i c s  t o  include, l e a f  density 
i n  three dimensions, l e a f  or ien ta t ion  and locat ion,  l e a f  s i z e  and 
shape,and p e r m i t t i v i t y  c h a r a c t e r i s t i c s  of t h e  v o l u m e t r i c :  
s t r u c t u r e  including r e l a t i v e  pe rmi t t iv i ty  and conductivity. The  
t a r g e t  is  designed t o  allow a  number of d i f f e ren t  parameters t o  
b e  e v a l u a t e d  w h i l e  m a i n t a i n i n g  t h e  b a s i c  t a r g e t  s h a p e .  
Measurements w i l l  i n c l u d e  t h e  e f f e c t s  of l e a f  d i s t r i b u t i o n ,  
shape, o r i e n t a t i o n  and l o c a t i o n  on radar  backsca t t e r .  I n i t i a l  
experiments  w i l l  minimize t h e  e f f e c t s  of t h e  s t a l k  s t r u c t u r e s l  
however ,  f u t u r e  measurement programs c o u l d  i n c l u d e  these 
i n t e r a c t i o n  e f f e c t s  a s  w e l l .  The measurements w i l l  be made ili 
an indoor Radar Cross Sec t ion  Range. The measurements w i l l  
i n c l u d e  ampl i tude  and phase measurements a t  X band,K b a n d ,  
i n c i d e n t  a n g l e s  from 0 t o  5 0  degrees ,  and t h e  f o u r  l i ~ r e n r  
transmit/receive polar iza t ion  s t a t e s .  

I n  view of the  d i f f i c u l t i e s  with the  current theore t i ca l  
approaches a s  s t a t e d  i n  the  introduction t o  the  volume sca t te r ing  
problem, w e  propose t o  use the  eikonal approximation fo r  incoherent 
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REMOTE SENSING OF EARTH TERRAIN 
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1. Objective 

The objective of this research is to develop theoretical models that are useful and 
practical in the remdte sensing of the earth environmect including the earth terrain, the 
lower and the upper atmospheres. We have been very successful in developing various mod- 
els applicable to the microwave remote sensing of vegetation, snow-ice, m d  atmospheric 
precipitation. We shall extend such studies to the higher frequency range to unify the 
optical band and the microwave theoretical foundations. We shall also extend our study, 
which had an emphasis on vegetation canopy to include all terrain media, <and the whole 
earth environment. A data base will be developed to generate scene radiation characteris- 
tics which will benefit the studies of global inhabitability, meteorological applications, and 
crop yield. 

2. Technical A~proach 

The radiative transfer theory has been fully developed to treat the volume and rough 
surface scattering effects. The combined random rough surface and volunle scattering ef- 
fects have been studied by employing a Gaussian random surface and applying the slnall 
perturbation methods which are modified with the use of cumulant techniques. The rough 
surface effects are incorporated into the radiative transfer equations by modifying the 
boundary conditions for the intensities. The T-matrix method, which utilizes vector spher- 
ical wave functions for the expansion of incident, scattered, and surface fields is used to 
derive the extinction niatrix and the phase matrix for the radiative transfer equations. 
Densely distributed spherical dielectric scatterers is studied with the qlxmtum mechanical 
potential approach. The quasi-crystalline approximation is applied to truncate the hier- 
archy of multiple scattering equations and the Percus-Yevick result is used to represent 
the pair distribution function. The modified radiative transfer theory is studied with the 
Feynman diagrammatic representation. Atmospheric precipitation is also studied with the 
vector radiative transfer equations by making use of the Mie scattering phase functions and 
incorporating the rain-drop size distributions. To study scattering by anisotropic medium 
modelling sea ice arid vegetation field with row structures, the dyadic Green's function is 
first derived and used in conjunction with the first-order Born approxilnation to calculate 
the backscattering coefficients. 



3. Research Results 

In active n~icrowave remote sensing, a two-layer anisotropic random mcdium model 
has becn developed to investigate the anisotropic effect of sea ice in which, due to the 
flow of sea water, the brine ilclusions are tilted 'and to study the aziniuthally anisotropic 
behavior of vegetation canopy which is attributed to the orientations of the vegetation 
stalks. In this scheme, the dyadic Green's function for a two-layer anisotropic medium is 
developed 'md used in conjunction with the first order Born approximation to calculate the 
backscattering coefficients. I t  is shown that strong cross-polarization occurs in the single 
scattering process and is indispensablc in the interpretation of radar measurements of sea 
ice at  different frequencies, polarizations, and viewing angles. The effects of anisotropy on 
angle responses of backscattering coefficients are also illustrated. For passive microwave 
remote sensing of a two-layer anisotropic random niedi:lm, the principle of reciprocity is 
invoked to compute the brightness temperatures. The bistatic scattering coelficients are 
first calculated with Born approxilnation and then integrated over the upper hemisphere 
to be subtracted from unity, in order to obtain the ernissivity for the random medium 
layer. The theoretical results are illustrated by plotting the emissivities as functions of 
viewing angles and polarizations. They are used to interpret remote sensing data obtained 
from vegetation canopy where the aniostropic random mediunl model applies. Field mea- 
surements with corn stalks arranged in various configurations with preferred azimuthal 
directions arc successfully interpreted with this model. 

The problem of microwave scattering from periodic surfaces is solved by using a rig- 
orous niodal technique which conserves energy, obeys reciprocity, and takes into account 
the multiple scattering and shadowing effects. The theorctical results have been applied 
to the calculation of the radar backscattering cross sections in active remote sensing and 
the brightness temperatures in passive rernote sensing, and used to match field data from 
soil moisture measurements. The angular behavior of the brightness temperatures has 
becn cxplaincd with the threshold phenomenon 'oy considering the appearance and dis- 
appearance of the various Floquet modes. The Kirchhoff approximation is used to study 
the scattering of electuronlagnetic waves from randomly perturbed quasi-periodic plowed 
fields. The narrow-band Gaussian random variation around the spatial frequency of the 
sinusoidal variation is used to introduce the quasiperiodicity. The physical optics integral 
is evaluated to obtain closed form solutions for coherent and incoherent bistatic scatter- 
ing cocficiex~ts. In the geometrical optics limit, it is shown that the bistatic scattering 
coefficients are proportional to  the probdbility of the occurrence of the slopes which will 
specularly reflect the incident wave into the observation direction. The theoretical results 
are illustrated for the various cases by plotting backscattering cross sections as a func- 
tion of the incident angle. It is shown that there is a large difference between the cases 
where the incident wave vector is parallel or perpendicular to the row direction. When 
the incident wave vector is perpendicular to the row direction, the nlaximunr value of the 
backscattering cross section does nut necessarily occur at  normal incidence. The scattering 
coefficients can be interpreted as a convolution of the scattering patterns for the sinusoidal 
and for the random rough surfaces. For the backscattering cross sectiolis we observe the 
occurrence of peaks the re'iative magaitudes and locations of which are explained in terms 



of the scattering patterns for sinusoidal surfaces. The combined random rough sc~face 
and volun~e scattering eifects have been studied by en~ploying a Gaussian random surface 
and applying the small perturbation methods which are modified with the use of cumulant 
techniques. The rough surface effects are incorporated into the radiative transfer equations 
by modifying the boundary conditions for the intensities. The radiative transler equations 
are then solved nunlerically using the Gaussian quadrature method and the results are 
illustrated and compared with experimental data. 

The radiative transfer theory is applied to calculate the scattering by a layer of ran- 
domly positioned and oriented nonspherical particles. The scattering amplitude functions 
of each individual particle are calculated with M'at,erman's T-matrix method, which uti- 
lizes vector spherical wave functions for the expansion of Incident, scattered, and surface 
fields. The orientation of the particles is described by a probability density fu~lction of the 
Eulerian angles of rotation and a rotation matrix is used to relate the T-matrix of the prin- 
cipal frame to that of the natural frame of the particle. The extinction and phase matrices 
for the radiative transfer equations are expressed in. terr~ls of the T-matrix elements. The 
extinction matrix for nonspherical particles is generally nondiagonal. I t  is shown that; there 
are only two attenuation rates in a specified direction of propagation. The scattering of a 
plane wave obliquely incident on a half space of densely distributed spherical dielectric scat- 
terers is studied with the quantur~l ~nechanical potential approach. Tlre quasi-crystalline 
approximation is applied to truncate the hierarchy of multiple scattering equations and 
Pertus-Yevick result is used to represent the pair distribution function. While results a t  
high frequencies are calculated numerically, closed form solutions are obtained in the low 
frequency limit for the effective propagation constants, the coherent reflected wave and the 
bistatic scattering coefficients. 

In the strong fluctuation theory for 2 bounded layer of random discrete scatterers, the 
second liloments of the fields in the second order distorted Born a,pproximation me obtained 
for co-polarized fields. The backscattering cross sections per unit area are czlculated 
by including the mutual coherence of the fields due to the coincident ray paths, and 
those due to the opposite ray paths, corresponding to  the ladder and cross terms in the 
F e y n m a ~ ~  diagrammatic representation. It  is proved that the contributio~~s fro111 laclder 
and cross t e r m  for the co-polarized backscattering cross sections are the same, while the 
contributions for the cross-polarized backscattering cross sections are of the same order. 
The bistatic scattering coefficients in the second order approximation for both the ladder 
and cross terms are also obtained. The contributions from the cross terms explain the 
enhancelnent in the backscattering direction. 

Both passive and active remote sensing of atmospheric precipitation are studied with 
the vector radiative transfer equations by making use of the Mie scattering phase fucctions 
and incorporating the rain drop size distributions. For passive remote sensing we enlploy 
the Gaussiali quadrature method to solve for the brightness temperatures, 'and for active 
renlote sensing an iterative approach carryied out to second order in albedo is used to 
calculate the bistatic scattering coefficients and the backscattering cross sections per unit 
volume. 



4. Significance of Results 

The anisotropic medium model that has been developed is now able to account for 
the like as well as cross polarization measurements of the backscattering cross sections in 
active remote sensing of sea ice. The same model applies to the interpretation of data  
from the passive remote sensing of vegetaiion field. Extending this two-layer medium 
model to multilayered configuration will facilitate the interpretation for more complicated 
scene radiation characteristics. 

The strong fluctuation theory has been successfully developed to account for the 
volume scattering effects, not only for earth terrain media such as vegetation and snow-ice 
fields, but also for the remote sensing of atmospheric precipitation. The periodic rough 
surface theory provides a rigorous approach that satisfies both the principle of reciprocity 
and the principle of energy conservation. 

5. Next Maior Steps 

There are three major steps: 1) To extend our study to include the effects of the upper 
atmosphere such as the troposphere, the ionosphere, and the magnetosi>here. Our initial 
snccess with the usage of the random medium model applied to atmospheric precipitation 
serves as a solid starting point. 2) To extend our study to other earth terrain medium 
co~figurations such as canopy-covered soil moisture investigation, snow-covered fields, and 
layered-medium model including both volume scattering and rough surface scattering ef- 
fects. 3) To extend our study to unify the theoretical foundation for the microwave and 
the optical spectra. The starting point is the application of the radiative transfer theory, 
which has been developed in both frequency ranges rather independently. 
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1. I n t r o d u c t i o n  
Microwave r e m o t e  s e n s i n g  o f  v e g e t a t e d  t e r r a i n  has  been s t u d i e d .  

Vegeta t ion is modeled s o  t h a t  b a c k s c a t t e r e d  r a d a r  s i g n a l s  can be used t o  
i n f e r  p a r a m e t e r s  which c h a r a c t e r i z e  t h e  v e g e t a t i o n  and u n d e r l y i n g  
g round .  The v e g e t a t i o n  is  modeled by d i s c r e t e  l o s s y  d i e l e c t r i c  
s c a t t e r e r s  w i t h  p r e s c r i b e d  c h a r a c t e r i s t i c s .  The goa l  of  t h e  modeling 
e f f o r t  is t o  remotely s e n s e  v e g e t a t i o n  t y p e  ( c l a s s i f i c a t i o n ) ,  g rowth  
s t a g e ,  and  plant/qround mois ture .  Th i s  informat ion can then be used a s  
inpu t  i n t o  a g r i c u l t u r a l ,  f o r e s t r y  and g l o b a l  c i r c u l a t i o n  mode l s .  The 
microwave frequency spectrum, p a r t i c u l a r l y  L and C bands, a r e  e s p e c i a l l y  
a p p r o p r i a t e  f o r  t h i s  purpose s i n c e  t h e  wavelength is comparable t o  p l a n t  
l e a f  and stem s i z e .  The r e s u l t i n g  r e s o n a n t  i n t e r a c t i o n  l e a d s  t o  
b a c k s c a t t e r e d  d a t a  h i g h l y  depend on p l a n t  s h a p e  and o r i e n t a t i o n .  I n  
a d d i t i o n ,  t h e  t r a n s p a r e n t  n a t u r e  o f  t h e  atmosphere i n  t h i s  frequency 
regime a l lows  f o r  a lgor i thm development which r e q u i r e s  no a t m o s p h e r i c  
c o r r e c t i o n .  

2. Technical  Approach 
The m o d e l i n g  a p p r o a c h  c h a r a c t e r i z e s  t h e  v e g e t a t e d  t e r r a i n  a s  a  

l a y e r  o f  p l a n t  growth over  a  p o s s i b i y  rough  s u r f a c e .  The p l a n t s  a r e  
viewed a s  composites of l e a v e s  and s tems which a r e  modeled by d i e l e c t r i c  
d i s c s  ( n o t  n e c e s s a r i l y  c i r c u l a r )  and r o d s .  The d i s c s  and r o d s  a r e  
p l a c e d  a t  random l o c a t i o n s  t h r o u g h o u t  t h e  l a y e r ;  t h e i r  s i z e  and 
o r i e n t a t i o n  s t a t i s t i c s  a r e  chosen t o  correspond t o  t h e  v e g e t a t i o n  b e i n g  
modeled. 

Once t h e  d i s c r e t e  s t o c h a s t i c  model has  been s p e c i f i e d ,  t h e  average 
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 r e  computed f o r  b o t h  l i k e  and c r o s s  
? o l a r i z a t i c r n s .  The calculation i s  made amenable  t o  a n a l y s i s  by t h e  
presence o f  a  smal l  parameter - t h e  f r a c t i o n a l  volume of  vege ta t ion .  I t  
is then p o s s i b l e  t o  employ t h e  d i s t o r t a d  Born approximation or  t r a n s p o r t  
t h e o r y  ( d e p e n d i n g  on a l b e d o  s i z e )  t o  c a l c u l a t e  t h 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 .  This  c o n s t i t u t e s  t h e  formulat ion o f  t h e  d i s c r e t e  probleni, 
i . e . ,  g iven  t h e  d i s t r i b u t i o n  of  s c a t t e r e r  s i z e s  and o r i e n t a t i o n s ,  t h e  
backsca t t e red  power can b e  computed. The f i n a l  s t e p  i n  t h e  procedure t o  
o b t a i n  a  remote sens ing  a lgor i thm is t o  i n v e r t  t h i s  d i r e c t  problem. The 
performance o f  t h e  i n v e r s i o n  assumes t h a t  t h 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  
is given a s  a  Function o f  a n g l e  o f  i n c i d e n c e  and /o r  f r e q u e n c y .  From 
t h i s  d a t a ,  t h e  s t a t i s t i c a l  c h a r a c t e r i s t i c s  o f  t h e  s c a t t e r e r s  a r e  
computed. Th i s  c a l c u l a t i o n  i s  o f t e n  n u m e r i c a l l y  i l l - c o n d i  t i o n e d  and 
needs s p e c i a l  t r ea tment .  



3 .  Research R e s u l t s  
Over t h e  t h r e e  year p e r i o d ,  r e s u l t s  have been ob ta ined  i n  a l l  a r e a s  

needed f o r  a lgor i thm development.  E l e c t r o m a g n e t i c  m o d e l i n g  o f  p l a n t  
e l e m e n t s  h a s  been  a d d r e s s e d ,  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  h a v e  been 
c a l c u l a t e d  and i n v e r s i o n  a lgor i thms  have been developed. 

S i m p l e  p l a n t  canop ies  such a s  soybeans can be modeled by r e p l a c i n g  
t h e  p l a n t ' s  l e a v e s  an3 stems by d i e l e c t r i c  d i s c s  and r o d s  r e s p e c t i v e l y  
a s  is  shown i n  F i g .  1.  The 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  used f o r  the  
d i s c s  and  r o d s  i s  t h e  e q u i v a l e n t  d i e l e c t r i c  c o n s t a n t  o f  t h e  p l a n t  
m a t e r i a l .  The u s e  o f  t h i s  e q u i v a l e n t  d i e l e c t r i c  n e g l e c t s  s c a t t e r i n g  
e f f e c t s  caused by i n t e r n a l  v a r i a t i o n s  wi th in  t h ~ e  p l a n t .  T h i s  i s  s m a l l  
however, because o f  t h e  long wavelength involved.  

S c a t t e r i n g  ampl i tudes  have been computed f o r  both t h e  d i s c  and stem 
e l e m e n t s .  The r e s u l t i n g  f o r m u l a s  f o r  t h e  s c a t t e r i n g  ampl i tudes  a r e  
p a r t i c u l a r l y  s imple  because they  t a k e  a d v a n t a g e  o f  t h e  s m a l l  r a t i o  o f  
t h i c k n e s s  t o  r a d i u s  i n  t h e  c a s e  o f  t h e  d i s c s  and r a d i u s  t o  l e n g t h  i n  t h e  
c a s e  o f  t h e  rods.  The s i m p l e  f o r m u l a t i o n  i s  p a r t i c u l a r l y  i m p o r t a n t  
s i n c e  t h e  r e s u l t s  must  b e  a v e r a g e d  o v e r  b o t h  i n c l i n a t i o n  and s i z e  
d i s t r i b u t i o n s .  

B a c k s c a t t e r i n g  from t h e  modeled p l a n t  canopy h a s  been t r e a t e d  by 
two techniques:  t h e  d i s t o r t e d  Born a p p r o x i m a t i o n  and t h e  t r a n s p o r t  
t h e o r y .  The two methods  a r e  e q u i v a l e n t  when t h e  a l b e d o  o f  t h e  
s c a t t e r e r s  is  smal l  and no coheren t  ( p l a n a r )  boundar ies  a r e  p resen t .  I t  
h a s  b e e n  shown f o r  t h e  c a s e  o f  a  f l a t  ground t h a t  t h e  t r a n s p o r t  theory  
n e g l e c t s  c e r t a i n  c o h e r e n t  i n t e r f e r e n c e  terms which a r e  t a k e n  i n t o  
a c c o u n t  by  t h e  d i s t o r t e d  Born approximation.  It  should be noted t h a t  
t h i s  e f f e c t  is  a  law frequency (L-band) phenomenon b e c a u s e  a t  h i g h e r  
f r e q u e n c i e s  t h e  s u r f a c e  a p p e a r s  r o u g h e r ,  and a s  a  r e s u l t ,  coherence 
e f f e c t s  d i sappear .  S ince  t h e  d i s t o r t e d  Born method is a p p l i c a b l e  i n  t h e  
L band f r e q u e n c y  r e g i m e ,  s i n c e  i t  c o n t a i n s  t h e  i n t e r f e r e n c e  t e rms  and 
s i n c e  i t  i s  r e l a t i v e l y  s i m p l e  i n  f o r m u l a t i o n  a s  compared t o  v e c t o r  
t r a n s p o r t  theory ,  it h a s  been used almost  e x c l u s i v e l y ,  t o  c a l c u l a t e  t h 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 p p l i c a t i o n  o f  t h e  d i s t o r t e d  Born theory  t o  t h e  modeling o f  c rops  
such a s  soybeans h a s  y ie lded  i n t e r e s t i n g  r e s u l t s .  Fig. 2 shows some o f  
t h e s e  r e s u l t s  f o r  a  frequency o f  1.5 GHz. The f i g u r e  is  a p l o t  o f  cr;, 
v e r s u s  a n g l e  o f  inc idence .  An examination o f  t h e  f i g u r e  shows t h a t  f o r  
v e r t i c a l - l i k e  p o l a r i z e d  r e t u r n s  t h e  l e a v e s  a r e  dominant a t  low ang les  
and t h e  stems a r e  most important  a t  l a r g e  ang les  o f  inc idence .  T h i s  i s  
n o t  s u r p r i z i n g  s i n c e  t h e  e l e c t r i c  f i e l d  is  a l igned  with most s tems a t  
l a r g e  a n g l e s  of  incidence.  

The model whose r e s u 1 . t ~  a r e  shown i n  F i g .  2 c o n s i s t s  o f  l e a v e s  
having r a d i i  of  2.5, 3.5 and 5.0 cm. Each o f  t h e s e  l e a f  t y p e s  h a s  a  
d e n s i t y  o f  333/m . The s tems a r e  a l l  taken t o  be  20 cm long and with a  
d e n s i t y  o f  1000/m . The l e a f  and stem s i z e  c h a r a c t e r i s t i c s  were 
o b t a i n e d  b y  t h e  p r i n c i p a l  i n v e s t i g a t o r  who made o n - s i t e  measurements a t  
B e l t s v i l l e .  

Al though  F i g .  2 j u s t  shows t h e  v e r t j z a l - v e r t i c a l  b a c k s c a t t e r i n q  
c o e f f i c i e n t ,  s i m p l e  e x p r e s s i o n s  were  o b t a i n e d  f o r  t h e  
h o r i z o n t a l - h o r i z o n t a l  c a s e  a s  w e l l  a s  t h e  c r o s s  p o l a r i z e d  r e t u r n s .  
These appear t,o b e  v a l i d  f o r  f r e q u e n c i e s  below 4 GHz a s  l o n g  a s  t h e  
c o r r e c t  d i e l e c t r i c  c o n s t a n t s  For t h e  d i s c s  and rods  a r e  used. The de- 
Loor  f o r m u l a  h a s  been  u s e d  f o r  t h e  c a l c u l a t i o n  o f  d i s c  and s t em 
d i e l e c t r i c  c o n s t a n t s  however ,  a t  l o w e r  f r e q u e n c y  (=  1-2 GHz) a  
conduct ive  c o n t r i b u t i o n  should  be  inc luded .  



The f i n a l  s t e p  i n  a n y  r e m o t e  s e n s i n g  problem is t h e  i n v e r s i o n  
process .  R e s u l t s  i n  t h i s  a r e a  have beed obta ined t h i s  year.  A t t e n t i o n  
h a s  b e e n  f o c v s e d  on t h e  r e l a t i o n s h i p  be tween  t h 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  5hh  and t h e  j o i n t  p r o b a b i l i t y  d e n s i t y  o f  d i s c  r a d i i  and 
i n c l i n a t i o n  a n g l e s .  The e x p r e s s i o n  d e r i v e d  by t h e  d i s t o r t e d  Born 
a p p r o x i m a t i o n  h a s  been used. An examination shows t h a t  it  is non l inea r  
i n  n a t u r e .  The r e l a t i o n s h i p  has  been l i n e a r i z e d  i n  t h e  1-2  GHz r e g i o n  
where t h e  s k i n  d e p t h  i s  l a r g e .  The l i n e a r i z e d  e x p r e s s i o n  ( a  Born 
a p p r o x i m a t i o n )  is a  Fredho lm i n t e g r a l  e q u a t i o n  o f  t h e  f i r s t  k i n d .  
I n v e r s i o n  problems o f  t h i s  type  are u s u a l l y  i l l - c o n d i t i o n e d  and must be 
r e g u l a r i z e d .  

To s i m p l i f y  t h e  i n v e r s i o n  p r o c e d u r e  f u r t h e r ,  it has  been assumed 
t h a t  t h e  r a d i i  and i n c l i n a t i o n  ang le  d e n s i t i e s  a r e  i n d e p e n d e n t .  IV i t  
is assumed t h a t  t h e  d e n s i t y  o f  one v a r i a b l e  is known, then  t h e  o t h e r  can 
b e  found  t h r o u g h  t h e  i n t e g r a l  e q u a t i o n  w i t h  t h e  knowledge o f  t h 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 o r  v a r i o u s  a n g l e s  o f  inc idence .  Such an 
i n v e r s i o n  is shown i n  Fig.3. Here t h e  l e a v e s  have f ixed  r a d i u s  o f  4 cm. 
The i n c l i n a t i o n  a n g l e s  d e n s i t y  is shown by t h e  s o l i d  l i n e  i n  Fig. 3 .  
The combined j o i n t  d e n s i t y  is  t h e n  used  t o  g e n e r a t e  f o r  va r ious  
a n g l e s  o f  i n c i d e n c e .  The c a l c u l a t e d  v a l u e s  o f  t h 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  a r e  c o r r u p t e d  by n o i s e  and a  Phi l l ips-Twomey i n v e r s i o n  
a lgor i thm is used t o  compute t h e  i n c l i n a t i o n  a n g l e  d e n s i t y  a t  c e r t a i n  
d i s c r e t e  p o i n t s .  The r e s u l t s ,  which  a r e  good ,  a r e  shown by s m a l l  
c i r c l e s ,  s q u a r e s  and s t a r s  i n  Fig .  3. 

The Phi l l ips-Twomey mehhod h a s  a l s o  been appl ied  t o  the  i n v e r s i o n  
o f  t h e  complete two-dimensional d e n s i t y  of  r a d i i  and i n c l i n a t i o n  ang les .  
Here i t  h a s  been  assumed t h t  b a c k s c a t t e r i n g  d a t a  is known a t  d i f f e r e n t  
angles  o f  inc idence  and f o r  d i f f e r e n t  f r equenc ies .  

4. S i g n i f i c a n c e  o f  R e s u l t s  
The r e s u l t s  j u s t  p r e s e n t e d  p r o v i d e  a  d i r e c t  r e l a t i o n s h i p  between 

t h 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  and t h e  d e t a i l e d  p a r a m e t e r s  t h a t  
c h a r a c t e r i z e  t h e  s c a t t e r e r s .  T h i s  means t h a t  by remote L band radar  
measurements  a t  d i f f e r e n t  a n g l e s  o f  i n c i d e n c e  and f o r  d i f f e r e n t  
f r e q u e n c i e s ,  such q u a n t i t i e s  a s  l e a f  i n c l i n a t i o n  angle  d i s t r i b u t i o n  and 
l e a f  a r e a  d i s t r i b u t i o n  can b e  determined.  These d i s t r i b u t i o n s  c a n  t h e n  
be d i r e c t l y  used t o  e s t i m a t e  g r o w t h  s t a g e  by knowledge o f  t h e  a r e a  
d e n s i t y  o f  l e a v e s  and t o  e s t i m a t e  s t r e s s ,  d u e  t o  l a c k  o f  w a t e r ,  by 
knowledge o f  t h e  i n c l i n a t i o n  angle  d e n s i t y .  

5. F u t u r e  Work 
The model d e v e l o p e d  t h u s  f a r  h a s  been  d i r e c t e d  towazd l e a f y  

a g r i c u l t u r a l  c rops  such a s  soybeans. By incorpora t ing  o t h e r  s c a t t e r i n g  
t y p e s  o f  a  more complex n a t u r e ,  o t h e r  c rops  and f o r e s t s  can be modeled 
and i n v e r s i o n  a lgor i thms  developed. F u t u r e  s c a t t e r e r  development should 
i n c l u d e  t h e  mode l ing  o f  n o n - p l a n a r  l e a v e s ,  b r a n c h e s  and s t a l k s  with 
p e r i o d i c  nodes (corn)  . 

An e x p e r i m e n t  s h o u l d  b e  p l a n n e d  s o  t h a t  t h e  t h e o r e t i c a l  
developments can be t e s t e d .  The exper imenta l  approach is p a r t i c u l a r l y  
i m p o r t a n t  i n  t h e  i n v e r s i o n  a l g o r i t h m  deve lopment  s i n c e  equ ipment  
l i m i t a t i o n s  can f o r c e  c o n s i d e r a t i o n  o f  d i f f e r e n t  i n v e r s i o n  t echn iques  



F i g .  1. Vege ta t i on  Laye r  Modeled by Leaves  and Stems 
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A v c g e t s r f s n  csnapy  i~ a h i g h l y  inhamageneous medxum .&E 
m r c r a v s v c  E r e g u e e c i c s ,  a n d  b e e s u s e  ~ h c  s c a t  E e r i n g  e%emeaes  
Q l ~ s v e x s ,  s&alks, & r u i ~ s ,  and  b r a n c h e s 1  have  s uganwniforaw 
d l ~ t r i b u E i s n  i n  s r i e n k a t f o n ,  t h e  canopy i s  I x ke 'Ly  &a e x h i b i t  
n a n t % o k r o p i e  a E E e n u a t x s n  p r o p e s c i c s ,  Hn some c a n o p i e s ,  c h c  
s l ;&lk  may csnt&in k h e  okr@rwheh$$hing m a j o r i t y  of t h e  p l a n k ' s  
b i a s n s ~ s ,  which  s ~ g g o s t s  t haL  aa incidew81 8 .  i a r  wave wsufb be 
d k E F e r e n & i s l i y  a E t e f i u a t c d  by ehe canopy d ~ p e ~ d r n g  a n  e h e  
d i r e c t i o n  o f  Che i ncxdan6 eXecrrtc E i s t d  r e l s k i v e  to t h e  o t s X k ~ "  
o r f e n e a t i o n ,  The p r o p a g a t a o n  p r a p e r c a e s  o f  w vegetse ian canagy 
p l a y  a c c n t r a l  r o l e  in m o d e * %  i n g  $o&h Lhs h a c k s c a k t e r i n g  k e h a v ~ a r  
~ b s e r v & d  b y  &fi imaging r a d a r  and  th& a n z s s z a n  o b s e r v e d  b y  s 
r ad iomek~r ,  T h e s e  p r o p a g a & i o n  p r o ~ e r g i e s  a r e  i n  t u r n  g o v e r n e d  b y  
$he di .a le@&f%e properties and @he sax* ,  s h a p e ,  and 
alsgadis$+ibo&ions aF k h s  scst&erdzrs, Ln s p i c e  of t h c  c t i C a c a k  
nscd f o r  csnspy p r a p a g s k i s n  models  nnd e x p e r x m e n t s l  d a t a ,  v e r y  
f e w  i n v e s t i g s t i o n s  had h ~ e n  cawdue t sd  lpriat t o  t h i s  s t u d y  b bo 
Q e C e r m i n a  t h e  e x t i n c t i o n  p r n p e f r i e a  of  v e g c k a r i o n  c a n n p i c s ,  
e f&her  by c ~ n ~ t ; i k u e n L  & y p e  <l%sf1ves,  a t s l k r ,  e t c ,  B o r  aa a w h a l e ,  

W s h r e e - E a c e r e d  & p p r a & c h  *as  tiwdertaksn i n  k k i s  s e d y  
c a n s i s c i n g  sf  comp&xwen&asy I f i v c s t i g s k i o n s  v x t h  ear11 providing 
B n s u e r s  ko s p e c k F i ~  s ~ p e ~ t s  a f  t h e  overall queskdorl ,  The Flryt 
Facet caasise~d af Q i e ' l e ~ t r l c  m e a a a r e r n e n t g  t h a t  were coaduc&ed 
aver %he 1-10 G H z  $ant,? Ixo d a E ~ r r r r ~ n e  khe v & r r s t i o n s  o f  the 
d i e 3 . s c t r i c  p e r m i t t i v i e y  a n d  Pas$ Facear a $  s Functxon aE vaeer  
content and a s X i n i k y ,  D x & L ~ c t r k c  mixing m o d e f  3 were c i ~ v e l o p e d  
&nd e v a l u a t e $  a g s i n % &  the e w p c ~ i m e n t a E  dacs for i n d z v z d u a l  p f a n C  
p a r t 3  bZe~%se%, d k a l k s ,  E ~ - u ' i t >  QF ~%?~a? r sZ  hjfJ*PBS sf p l a n k s  ( w h ~ a k ,  
carn, and  s o y b e a n s l ,  80 example  i s  shawn xn F i g ,  I . ,  

$he s a e o ~ 8  f a c e t  o f  the study conaisged a& dxrecc 
me&%uremankg oE canopy  a L b e n u a I x x s n ,  Usxng t ruck-mounted  r a d a r s  
a s  t r a n s m i t t i n g  s o u r c e s  p s s i k x u n s d  above  t h e  c a n o p y ,  and small 
recci aakefinas a s u n E e d  on f%&sr$Xass +fa 11% underneaEA &he 
e s n o p y  $ow t h e  s a i l  s u r f a c e d ,  a t & c n u s K i s n  msaswrements #ere 
conducked a a  a EuncEion oE i n c i d e n c e  angle C r e l a t i v e  $a n a d i r % ,  
m i e r a w a v e  Freyueney ,  snd p o l a r i z a t i o n  canExgutarisn, In 
a&dil;ian, %lpecic92 E a p e r l m @ n r %  weyo ~ a a d a ~ k e d  t ~ f  $%rkgluatb & h e  
r@%aE.iue csntribatEona a f  t h e  v a r i o u s  canspy  c s n s e i t u e n t s  Che 
t a b a l  loss  for  a k c a n a a k a a n b  f ~ c t o r  a$ & h e  canopy ,  Thesc  ineXudc8 
wheak decspf%a&isn axpec imewla ,  i n  wh ich  massaremcnes a E  t h e  
c a n o p y  l a s s  f a c t o r  w e a @  m a d c  $@Ease and a f t e r  cukting a f f  &nd 
r emoving  rhe v h e ~ t  h e s d s ,  and s a y b e a n  d e f s l r a t ~ o n  expErirnengs 



w h i c h  p r s v i d s d  camysarx%on a f  The ~xt.snc$iorn Idttss due ?.a k h a  
~ k a 2 k s  a l o n e  w i X h  %he to&&%% l o a s  d u ~  ?.eo the s k a l k ~  and leavgs 
cogsther, Accardzng Eo Pig, 2, &he ~ E a ' I k s  a c c o u n k  f o r  & h e  
r n a j a r k k y  of ehe propagBt ion  Loss a w  a soybean8 c a n o p y  f o r  
v c r C i c s 2 l y  p a l a r i z e d  waves, whereas Ehe l eavss  are %ha domiw%n% 
sbsorbers $or horizantal polarizakion, 

a cEznspy pYOp%gB% kBW model id&$ c ~ Q v @ ~ Q ~ @ Q ~  C O R E Z ~ L  0% t h r e e  
$ a ? r m s :  {a1 ZlcegE lo rm that acso-punts far sbsorption hy  rawdrlassrly 
o r i e n & a d  d i s c - a h ~ p c d  leaves, < $ I  a stalk kerm tha% &cc r j un t s  far 
abaorpkion by a u n z s x s s f  crystal c a f i s i s t i n g  OF Chis, vertsca2, 
l s a s y  c y l s n d o r ~  i n  sn air b a c k g r o u n d ,  and Cc) a b r a n c h  t e r m  e h a t  
a c c o u n t 8  F a r  tane Iss% by a m s d i r t r n  contaxning randamly orxeneed 
n e e d l e - s h a p e d  b r a n c h e s ,  The El r s t  a n d  khrrd terms are 
g o $ a r i z & k . ~ o n - i n C i l ~ p ~ f i d ~ f e t  and vary w i t h  i o c x d e a ~ ~  angle ;r% sdc 3: . 
The s&alk term has a slrong d~pendsnce  on bath p n l a r i z a f i s n  and 
insrdenca angle, The m a d s %  u s s  f o u n d  to be tn goad agreement 
w h t h  @wp@ram@nt&% ab5s9-wat ions .  O n e  or $he key p&ramakem.& i n  the 
madgk is the dzckeetric conscan8 a F  the v e g e k 8 x & i a n  rnakerxal, 
w h i c h  was c a l e u l a t c ~  u%xng Lhe t l l a h e c t r r c  r rn~axing  ~lodels devclhgpcd 
in Z h @  f i r s t  Escet  a f  % h i s  investig&lion, The c s m b x n s t i s n  sf kha 
dae1ecF.ri.c mixing made2 and the c s n a p y  p r o p a g a r i s n  m a d e l  provides 
&he means ro esmputc  she lass f a c t o r  of k h e  canegy i F  g i v e n  ehe 
w ~ k e r  c a n b e n t %  and v&kume F r d ~ E i a n ~  b f  the ~ a a ~ p y  uunstatuents 
sod % h e  canopy he%gh&, T h c  model  a c e a u n t ? s  f a r  t h e  d e p e n d e n c e  an 
f asc i dance  a n g X e ,  polar azer non a n t i  w a v e l e n g t h ,  

f n  khe n e x %  f a c e t  oB e h i s  y c u d y ,  w e  sttemptvd t o  r s l a L c  t,ha 
resul&s obtained abovg L o  ~ h c  remo8e sensine prob1@m, In order  
to Eecus the s t u d y  era e h e  canopy i t s e " t  and a v o z d  p r a b l e m s  
a g s o c a a t e d  w i % h  uari~'tisas i n  t h e  sail b s c k g r n u n d ,  it was decid~d 
&a caver &he sail s u c E a c e  w i t h  screen w i r e  and mekg pwssive 
m a c r s u a v e  a l a @ r v a t s o n s  a s  a fuactlon o f  trme o v e r  Fhe  growing 
cyc ' lo ,  The  scnae~ ware, w h - a l e  1 %  h a s  no  d ~ ~ ~ e t g " 8 i b - s l e  e E 8 - ~ ~ t  ~ f i  

& h ~  graukh B F  the p l d n t ~ ,  ~ C E B  a6 8 C C > ~ ~ Q I C $ ,  i n %  s u ~ f d c c  w i t h  a 
near-z~ro emiasivity, Thus, s a r i  rnozsrure vsriaerons e x e r c r s e  na 
1n5luance an the c a h a p y  e m r s s r o n ,  Thxs technique was used ta 
h w v s s t i g ~ t e  % h e  v s r l a k i a n  a& t h e  Rsashtnexs t e m p e r a k u t ~  of  the 
c s n a p y  with l o o k  d r r e e r t l o r t  brclarmve t ~ 9  the r o w  d ~ r ~ c g l a s n l ,  
a n c i d e a c t z  s n g l c ,  a ~ d  p n f @ r ~ z w t . i o n  confxgura&ron Bar wheat, 
soybeans, a n d  c o r n  canopies, A radia~ivc Lransfer mode l  we5 aged 
to re%ate & h e  brightness t@mperaturc ta b x a p h y s i c a l  pnrametets uE 
the c a n o p y  t h r s u g k  t h e  canspy  loss f a c t o r ,  vxgu rc  3 shows GhaL 
the experrmenkal ahscrvstions are  in good a g r e e a e n z  w z C h  T ~ E  
model predieeions, A second see aF radzometcr sbs@rval%one were 
made For c a n o p i e s  under n a t u r w l  condtgzons ( n u  screen u s e d 8 ,  The 
r a d x a t x v e  LP S n s F c r  msdet was er r$enc1~d t o  i n c l u d e  :l sorid-mlraiaEurc 
b e r m  C A R L  ~ C C O U ~ ~ T S  f o r  t k ~  e m i s s t a n  and  rcFlac&ean by the  s o x 1  
surEacc, Again goad agreement ,  w s s  f o u n d  between theory swd 
expa'rrme?n&, 

The m a j s r i k y  0% rnkcrouavc s c a t L c r  xng s n d  emtss ion models 
r s p u r t e d  k n  Che T i % ~ r a L u x = ~  have Lceated the canopy  as w n  
isots~plc medium, T h i s  rmglies t h w t  the &rtenuat.scm coeff/cren$ 
i s i n~ ; f epen f i cnC  of pd41ar t Z A ~ S O $ % +  3 iOc i ~ 1 ~ 8 a r & t l  a w g l e ,  srrd l a s k  
dxrect~on t nn a % l m u L h ) ,  The yses@?wk study has shown @..hat. an m w s r  



c a s e s ,  none o f  t h e  above  a s s u m p t i o n s  a r e  v a l i d .  C o n s e q u e n t l y ,  
m o d e l e r s  w i l l  h a v e  t o  i n c a r p g r a t e  t h e  a n i s o t r o p i c  c h a r a c t e r  o f  
t h e  canopy i n  t h e i r  m o d e l s ,  which  i s  l i k e l y  t o  l e a d  t o  more 
a p p l i c a b l e  mode l s  f o r  t h e  b a c k s c a t t e r i n g  and e m i s s i o n  f rom 
v e g e t a t i o n  t h a n  now e x i s t s .  

The work conduct -ed  t o  d a t a  h a s  e s t a b l i s h e d  t h e  o v e r a l l  
f u n c t i o n a l  r e l a t i o n s  be tween t h e  p r o p a g a t i o n  c o e f f i c i e n t s  o f  a  
v e g e t a t i o n  canopy  and i t s  b i o p h y s i c a l  and g e o m e t r i c a l  p r o p e r t i e s .  
The r e s u l t s ,  however ,  a r e  b a s e d  on  a  number o f  s p e c i f i c  
e x p e r i m e n t s  t h a t  were c o n d u c t e d  f o r  a  s p e c i f i c  s e t  o f  c r o p s  a t  
s p e c i f i c  s t a g e s  o f  g r o w t h .  The  g o a l  o f  t h e  n e x t  p h a s e  o f  t h i s  
s t u d y  i s  t o  d e v e l o p  a  g e n e r a l  p r o p a g a t i o n  model  t h a t  may b e  
a p p l i e d  t o  a  wide  r a n g e  o f  canopy  t y p e s  and c o n d i t i o n s .  The 
e x p e r i m e n t a l  component  o f  t h e  s t u d y  w i l l  b e  d e s i g n e d  a c c o r d i n g l y .  



Figure 1. Measured Dielectric Behavior of corn 
1 cakes . 
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F igure 2. Comparison o f  a t t enua t i on  measurements 
made f o r  soybeans canopy be fo re  and 
a f t e r  d e f o l i a t i o n  f o r  v e r t i c a l  and 
ho r i zon ta l  p o l a r i z a t i o n s .  



F igu re  3. Coriparison o f  t he  tetzporal reco rd  of t he  b r i g h t n e s s  temperature 
o f  soybeans canopy w i t h  model p r e d i c t i o n .  

- 
- 

- 

- fy/ F 
I E. A i_l 'a x 

.' m 
SOYBEANS OVER SCREEN 
2.7 GHz 

I v polarization 
e =  10 j ? Measured 
A Predicted 

I L I I l I l l ~  I I I I  1 1 1 1 1 1 1 1 1 1 1 1 l 1  

5 G  175 200 225 250 275 300 
DAY OF YEAR 



DETERMINATION OF BACKSCATTERING SOURCES I N  VARIOUS TARGETS 
R.K. Moore, P r i n c i p a l  I n v e s t i g a t o r  

R. Zoughi and L.K. GJu, Co-Invest igators  
Remate Sensing Laboratory  

U n i v e r s i t y  of Kansas Center f o r  Research, Inc.  
Lawrence, Kansas 66045-2969 

OBJECTIVES 

The o b j e c t i v e s  of t h i s  r e sea rch  a r e  t o  i d e n t i f y  the  primary cor l t r ibu to r s  
t o  10-GHz radar  b a c k s c a t t e r  from var ious  n a t u r a l  and man-made s u r f a c e s  and 
o j j e c t s ,  and t o  use t h i s  informat ion i n  developing new and b e t t e r  models f o r  
the  s c a t t e r .  When the  t r u e  sources  a r e  known f o r  the s c a t t e r i n g  t h a t  l e a d s  t o  
v a r i a t i o n  i n  i n t e n s i t y  on radar  images, t h e  images (and s e t s  of them) may be 
i n t e r p r e t e d  more meaningfully i n  terms of the  v a r i a t i o n  of parameters of 
i n t e r e s t  f o r  sc ience  or  a p p l i c a t i o n .  For example, b e t t e r  i n t e r p r e t a t i o n  of 
vege ta t ion  images may be poss ib le  fo r  y i e l d  f o r e c a s t i n g  and s t r e s s  d e t e c t i o n .  

APPROACH 

Backscat t e r i n g  c o e f f i c i e n t  (a0)  measurements from c rops ,  s o i l ,  snow, e t c .  
have been conducted f o r  over t h r e e  decades, but only a  minimal e f f o r t  has been 
focused on determining t h e  sources  of b a c k s c a t t e r i n g  i n  those  t a r g e t s .  Tlsing 
a  pulse r a d a r ,  Graf and Rode 119821 i n  Germany used a  s o l i t a r y  f i r  t r e e  t o  
determine i t s  major sources  of backsca t t e r ing .  Tllaby e t  a l .  [1982],  us ing a  
d e f o l i a t i o n  technique,  conducted s c a t t e r i n g  measurements on s e v e r a l  types of 
crops.  The only  p rev ious ly  repor ted  e x t e n s i v e  d i r e c t  measurements of sources  
of s c a t t e r  have been conducted by the Remote Sensing Laboratory a t  the  Univer- 
s i t y  of Kansas through t h i s  r e sea rch  i n  1983 [Zoughi e t  a l . ,  1885; Wu e t  a l . ,  
13851. The approach and t h e  r e s u l t s  of t h e s e  experiments provided the  primary 
g u i d e l i n e s  f o r  the  1984 experiments.  

To measure t h e  r e l a t i v e  backscat tered energy from var ious  c o n s t i t u e n t s  i n  
a  t a r g e t  ( i . e . ,  corn cob, s t a l k ,  l e a v e s ) ,  a  r adar  system with a  f i n e  range 
r e s o l u t i o n  and a  smal l  f o o t p r i n t  a t  the  t a r g e t  range i s  required.  Measure- 
ments conducted dur ing  1983 u t i l i z e d  an a v a i l a b l e  FM-CW radar  system adapted 
s o  t h a t  i t s  t ransmi t t ed  frequency swept over a  wide band t o  produce a  range 
r e s o l u t i o n  of about 11.0 cm. A focused p a r a b o l i c - r e f l e c t o r  antenna system was 
used t o  provide narrow beamwidths i n  both  the  azimuth and the  e l e v a t i o n  d i r e c -  
t i o n s ;  t h i s  r e s u l t e d  i n  a  f o o t p r i n t  of 15 x 18 cm a t  the  range of 4  m. Asso- 
c i a t e d  wi th  t h i s  system were r e l a t i v e l y  h igh range-sidelobe l e v e l s  which made 
t a r g e t  d e t e c t i o n  ambiguous a t  times. There fo re ,  funding f o r  a s p e c i a l i z e d  
radar  system was requested and zpproved. Consequently, a  short-range very- 
f i n e  r e s o l u t i o n  FM-a4 r adar  system was designed and b u i l t .  This r adar  system 
(SOURCESCAT) a l s o  provides  a  range r e s o l u t i o n  of 11 cm, but  i t s  range-sidelobe 
l e v e l s  a r e  apprec iab ly  reduced. The same focused antenna system used i n  1983 
was used wi th  the  SOURCESCAT. 

Targe t s  examined dur ing the  1984 growing season included corn ,  soybeans, 
wheat, a l f a l f a ,  s h o r t  g r a s s ,  t a l l  p r a i r i e  b luegrass  and s e v e r a l  types of 
t r e e s .  To determine the  main sources of b a c k s c a t t e r i n g  i n  these  t a r g e t s ,  
c o n s t i t u e n t  d e f o l i a t i o n  ( i .e . ,  f o r  corn and t r e e s )  and layer-by-layer d e f o l i -  
a t i o n  ( i . e . ,  soybeans and t a l l  g r a s s )  were implemented. A l l  t he  measurements 
were conducted a t  inc idence  angles  of 30' and 50'. 



RESULTS 

For an i n d i v i d u a l  corn p l a n t ,  backsca t t e red  energy is  mainly due t o  t h e  
heaves; s c a t t e r i n g  from t h e  cobs and the  s t a l k  is n e g l i g i b l e ,  as  shown i n  
Figure  1. For a  canopy, echoes from the  upper 1 - 1.5 m por t ion  of the p l a n t s  
dominate t h e  t o t a l  echo. Energy re turned from the  ground i s  i n s i g n i f i c a n t  due 
t o  the  two-way a t t e n u a t i o n  of the radar  s i g n a l  through t h e  canopy. 

So;rbeans a r e  very  lossy  volume s c a t t e r e r s .  The two-way l o s s  through one 
row of p l a n t s  ranges from 20 t o  15 dR a t  30° and 50°, r e s p e c t i v e l y .  Backscat- 
t e r e d  energy from the  upper 30 cm of the  p l a n t  dominates the  re turned s ig-  
n a l .  The energy re tu rned  from t h i s  p o r t i o n  is about the  same a t  both inc i -  
dence ang les .  Layer-by-layer d e f o l i a t i o n  i n d i c a t e s  t h a t  the  unattenuated 
h a c k s c a t t e r i n g  from var ious  leaves  i n  the  canopy is  about the same. 

The b a c k s c a t t e r  from wheat is dominated by t h e  heads i n  both the  e a r l y  
and l a t e  s t a g e s  of the  growth. Hackscat ter  from heads remains almost constant  
a t  d i f f e r e n t  s t a g e s ,  but a t t e n u a t i o n  through the  heads i s  considerably  more a t  
t h e  e a r l y  s t a g e s  of growth due t o  i ts  higher  mois ture  content  a t  t h i s  s t age .  
This shows backscat  t e r  L n s e n s i t i v i t y  t o  mois ture  content  but  d i r e c t  l o s s  due 
t o  moisture content  of the  heads. 

I n d i v i d u a l  a l f a l f a  p l a n t s  of about 40 c m  t a l l  were observed wi th  no 
d e f o l i a t i o n  performed. I n  the presence of the p l a n t s ,  the  r e t u r n s  due t o  t h e  
e n t i r e  p l a n t s  dominated the  radar  s i g n a l  ( i n d i v i d u a l  p a r t s  of the a l f a l f a  
p l a n t s  a r e  too smal l  t o  r e so lve ) .  The r e t u r n s  i n  t h i s  case  were s l i g h t l y  
h igher  a t  30' than a t  50" incidence angles .  With the  p l a n t s  removed, back- 
s c a t t e r  from the r o o t s  was observed a t  the  depth of 5  t o  12.5 cm beneath t h e  
ground. 

Two d i f f e r e n t  t a l l  p r a i r i e  g r a s s e s  (50 crn high)  were examined. The f i r s t  
s i t e  was an undisturbed and n a t u r a l  s i t e  which contained the  dead g r a s s  matern- 
i a l  from t h e  previous year  on top of the  s o i l .  The second s i t e  had t h i s  dead 
m a t e r i a l  i n t e n t i o n a l l y  burnt  off the  s o i l  be fo re  the  growing season. There- 
f o r e ,  the  l a t t e r  s i t e  containe4 Pcss s o i ?  mois ture  than the  former s i t e .  The 
r e s u l t s  of our measurements were a l s o  i n  agreement with t h i s  f a c t .  I n  both  
c a s e s ,  a  volume of g r a s s  about 15 cIn t h i c k  and about 25 cm above t h e  s o i l  gave 
the  s t r o n g e s t  backscat tered energy. This experiment was conducted i n  c o l l a -  
bora t ion  w i t h  i n v e s t i g a t o r s  from Kansas S t a t e  l ln ive r s i ty .  

For p ine  t r e e s ,  the needles  showed the  s t r o n g e s t  b a c k s c a t t e r ,  and caused 
t h e  s t r o n g e s t  a t t e n u a t i o n  i n  the  radar  s i g n a l ,  Cones, el though i n s i g n i f i c a n t  
c o n t r i b u t o r s  to  the  t o t a l  b a c k s c a t t e r ,  e x h i b i t e d  more backsca t t e r ing  than 
a t t e n u a t i o n  p roper t fes .  Figure  2 i l l u s t r a t e s  these  r e s u l t s .  

Four types  of deciduous t r e e s  were examined. Leaves were a  s t r o n g  cause  
of backsca t t e r ing  and a t t e n u a t i o n .  However, removing the  leaves  and keeping 
t h e  l e a f t a i l s  and smal l  twigs and branches reduced the  backscat tered energy 
very  l i t t l e .  Theref o r e ,  t h e i r  c o n t r i b u t i o n  t o  t h e  t o t a l  b a c k s c a t t e r  cannot be 
ignored.  

These r e s u l t s  a r e  i n  g r e a t  agreement with t h e  r e s u l t s  of the 1983 exper<- 
ments, but  t h e r e  is mote confidence i n  these  r e s u l t s  because a  g r e a t e r  number 
of independent samples were observed and the  ambigui t ies  caused by range 
s ide lobes  were much l e s s .  



nISCITSSION 

To o b t a i n  a  complete  unde r s t and ing  of  t h e  wave-target  i n t e r a c t i o n  pro- 
c e s s ,  expe r imen t s  need t o  be conducted and models developed i n  each of t he  
f o l l o w i n g  a r e a s  : 

(1) T a r g e t  D i e l e c t r i c  P r o p e r t i e s :  To model a  v e g e t a t i o n  canopy, t h e  
d i e l e c t r i c  c o n s t a n t  of canopy c o n s t i t u e n t s  ( l e a v e s ,  s t a l k s ,  f r u i t s ,  
e t c . )  a s  a  f u n c t i o n  of t empera tu re  and water-volume f r a c t i o n  needs 
t o  he known. 

( 2 )  Target .- At tenua t ion  P r o p e r t i e s :  For media such  a s  snow, f o r e s t s ,  and 
vege;:tttion canop ie s ,  a t t e n u a t i o n  p r o p e r t i e s  of t h e  medium a r e  essen-  
t i a l  i n  modeling. 

( 3 )  T a r g e t  Volt.xn$ Geometry: Methods need t o  be developed t o  measure t h e  
three-d imens ional  s t a t i s t i c a l  d i s t r i b u t i o n  of o r i e n t a t i o n  and den- 
s i t y  of s c s t t e r e r s  w i t h i n  t h e  volume. 

( 4 )  T a r g e t  S c a t t e r i n g  P r o p e r t i e s :  E x t e n s i v e  measurements need t o  be 
conducted  on t h e  s c a t t e r i n g  behav io r  of (a)  t a r g e t s  under n a t u r a l  
c o n d i t i o n s ,  and (b )  t a r g e t  c o n s t i t u e n t s .  

I n f o r m a t i o n  from a l l  of t h e s e  f o u r  a r e a s  e n t e r  i n t o  a s c a t t e r i n g  model. 
The e x i s t i n g  s c a t t e r i n g  models i n  many c a s e s  assume o r  e s t i m a t e  t he  c o n t r i -  
b u t i o n  of  some of t h e s e  parameters  t o  t h e  whole model. To develop  comple te  
models,  t h e s e  assumptions and e s t i m a t i o n s  must ve ry  c l o s e l y  c o i n c i d e  w i th  t h e  
t r u e  s t a t e  of t h e s e  parameters .  T h i s  can o n l y  he achieved  through sound 
expe r imen t s  i n  t h e  above a r e a s .  

By modeling t h e  s c a t t e r i n g  p r o p e r t i e s  of t a r g e t  c o n s t i t u e n t s  sfid u s i n g  
our  exper iment  r e s u l t s  t o  cross-check the  models ,  we  may be a b l e  t o  model 
c o r r e c t l y  t h e  s c a t t e r i n g  p r o p e r t i e s  of t h e  t a r g e t  a s  a  whole. 

A method-of-moments s o l u t i o n  is  proposed t o  compute t h e  s c a t t e r i n g  from 
t h e  i n d i v i d u a l  p l a n t  p a r t s ,  which may be modeled a s  d i e l e c t r i c  c y l i n d e r s ,  
e l l i p s o i d s  o r  smooth-curved d i e l e c t r i c  s l a b s  of a r h i t r a r y  shapes .  The 
a n a l y s i s  i s  based on t h e  LeVine-Schwinger i n t eg ru -d i f f e . : en t i a l  e q u a t i o n ,  
de r ived  from t h e  e q u i v a l e n t  p o l a r i z a t i o n  c u r r e n t .  The s o l u t i o n  f o r  t h e  t o t a l  
f i e l d  is o b t a i n e d  numer i ca l ly .  The fa r -zone  approximat ion  is a p p l i e d  t o  t h e  
i n t e g r a l  equa t ion .  Given t h e  t o t a l  f i e l d  i n s i d e  t h e  d i e l e c t r i c  s c a t t e r e r ,  we 
can c a l c u l a t e  t h e  s c a t t e r e d  Eie ld  and ,  t h e r e f o r e ,  t h e  s c a t t e r i n g  c ros s -  
s e c t i o n .  

Vore c o n c e n t r a t e d  expe r imen t s  and r e s e a r c h  i n  t h i s  a r e a  a r e  needed t o  
answer a l l  t h e  r e l a t e d  q u e s t i o n s  r a i s e d  and t h o s e  t h a t  may be i n t roduced  a s  
t h e  r e s e a r c h  p rog re s se s .  Exper iments  on mote n a t u r a l  t a r g e t s  and man-made 
t a r g e t s  ( such  as b u i l d i n g s )  w i l l  c o n t i n u e  i n  1985, a long  wi th  e x t e n s i v e  
e f f o r t s  on deve lop ing  s c a t t e r i n g  models. 
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Jet Fectpulafon k b o r a t c t r y  

Jusel t f$catfon,  B o t e a e i a l  u s e r s  of r a d a r  i m g e r y  need a  b e t t e r  farndansentaf. 
uadere t and ing  s f  t h e  c a p a b i l i t  f e e  OF r a d a r  systems f o r  v e g e t a t l a n  a  t u d i e s  than 
paae s t u d i e s  provide,  &e approach is t h e  use  ctf t h e a r e k i e a l   odel la te, p r e d f e t  
obeasrvatiPle a c t i v e  d e r s w a o a  p r a p e r t f e a  aF vege ta t ion ,  % f a  I n  t u r n  r a q u i r e s  
Beetarate a'trsa~v~ztlorms e,f b a c k s c a t t e r i n g  e a e f f  i e i e a t s  and aeher  a c t i v e  ntirrowalse 
p r o p e r t i e a  i n  f h & d  researcks s t u d f a % ,  The b e k g r o u n d  dostarn~nt Car t h e  SRABC 
program e m p k a s i ~  9 t h e  need t o  r e l a t e  e l e c t r o w g n e c f c  parameter$ t o  a l a s ~ i c a l .  
bLapFsyaical dcscr ig i ta r s  anel Lo bonderstand t h e  ka le  of p t > % a r i r a t f o n ,  e @ p e e i a l f y  
e r a s s - p o k a r i t a t l s n .  Coa ls*  The bread goa t  s f  sttxdy is t o  i n c r e a s ~  t h e  
unders tand ing  of t h e  ef  f e e t s  of canopy a t t t s s t u r e  ors t h e  a c t  i v e  mfcomave 
p r o p e r t f e s  ctf v e g e t a t i o n  cenopfes,  with parciear lar  atkeslkfon t o  p o ~ a r i a a r b o n .  

En t h e  f i r s t  y e a r l  I s t u d i e d  a l r e ~ e f k  radar  $GatEQrOWt@r 
atrraaurewnta of e a r n  and soybean f f e l d s  f n  Iowa re, detertnfne t h e  proper tkes  of 
t h e s e  m t t s s e  f i e l d 8  st L-band 619 ent) and C-baad ( 6  cnt) arid a t  s e n s o r  Look- 
a n g l e s  f ro% 5 t o  50 dagrese,  kag t h e  secctfld year ,  X used t h e  Cloud Model 
(Ref, 1) with a s e t  of X-band <J em) and K-bkaad (2 cnt) truck-based r a d a r  
eca t te roo te te r  like-potazfzatiaosa deea f a r  corn f a  Kana@@ t o  extend t h e  ntode$ and 
t o  r e l a t e  the m d e l  parastreters trs bictphy$icaI c h a r a c t e r f ~ t i e s  of tht* corn. Far 
the t h i r d  end ctsrrent  year ,  Z uaed a  6-bn.8 d u a l - p a l a r i ~ a t i a n  trtxek s c a t t e r -  
o w e e r  a t  the U n t v a r s l t y  of CaliCoraka Gamey AgrkeuktoxsaX Canter  t o  m a s u r e  
the a c t l v e  ntlsrctwave p r o p e r t i e s  ~f  t r e e s  i n  ~ ~ ~ f % a r d ~ a  Using t h e  @loud Xadel,  1 
was a b l e  t o  e a t i m t e  no: lmly t h e  h c k s c a t t e r i n g  c o e f f i c i e n t ,  btxt a l s o  t h e  
a t t e n u a t i o n  c o e f f i c f e n t ,  t h e  d e n s i t y  of b a c k s c a t t e r i n g  c r o s s  sectiamla, and t h e  
transmittermee, Ttre r e s e a r c h  a s r i v i t y  lead ta s new procedure irm us ing  aoxrh 
trsetlk-based radar  s c a t t e r a e t : e r  d a t a  f o r  t h i c k ,  v o t ~ ~ ~ 1 @  a e a t t e r l n g  nsedia, 

P i r a t  I c a r ,  I n  t h e  f i r s t  year ,  1. found t h a t  mttxre corn and soybean F i e l d s  
esu ld  best  s e p a r a t e d  with eke use of C-band c r o s s - p o l a r i z a t i o n  [RV"tata a t  
90 dagreas ,  Ho s e p a r a t i o a  e x f a t e d  f o r  C-band l i k e - p a l a r k z a t i a v  ( H R ) ,  A t  
1,-band, thp  taeparatfon of e a r n  and soybeans was bes t  f o r  Ifke-palari~atfctrm (%(8>, 
baxt was% not a% goad a s  I t  wa8 f a r  C-'brano W d e a r  E;Bo s e p a r a t i a ~ ~  e x i ~ t e d  i n  
L-baa& c r o a a - p o l a r t ~ a t m  d a t ~ ,  I rsksk~rved s i g n i f i c a n t  row directfarm e f f e c t @  
f o r  a e n e o r  laok-eagle near  I S  degrees  when like-pctlarizatfo.81 was used# These 
e f f e c * ~  @ere s t ranges t :  a t  Z-band* 220 r w  diz@etiorr  ef  f e e t s  e x i s t e d  f o r  c ross -  
p o l a r f z a t i o n  f a r  e i t h e r  h a d ,  PiaaZly,  1 observed t h a t  t h e  presence rsf wet s o i l  
a n d / c ~ r  wet canopy due ko r a i n  reduced t h e  s e p a r a t i o n s  of corn  and soybeans and 
pradaxeed ~ d % ( n l f i e a n t  fncreatae isr h c k s c a t t e r ,  e s p e c f a f l y  near  1 5  d e g r ~ e s .  

deeand "fear. Xn alzslgaining t h e  Cloud Bodel,  T found t h a 4  he wdeL form was 
e ignf f fean tXy d i f f e r e n t  For e r o s s - p a l a r l z a t k a n  than i t  For usua l  Xike- 
p o l a r f ~ n t i o o  f o r m u l a t i a n ,  Alaa, E Found t h a t  t h e  use of t h e  r a t f s s  s F  back- 
s c a t t e r i n g  e n e f f i c d e n t s  f o r  t h e  v a r i o u s  poParfzatPon eomhinatlona (VV, NH* W 
%ad W) could Lead t o  t h e  i s a l a e i o n  of canopy angula r  o r k e n t a t i o n  . r a p e r t t e & ,  



I%$@ allowed a new i n t e r p r e t a r l o n  aX t h e  eorn end soybean d a t a  atudlied i n  t h e  
f l  rst yaarr  S i m i l a r  s e p a r a t i a n s  e x i s t e d  f n t h e  d c p o l a r i z a t  2oa r a t 2  a {eras&- 
p a l a s f a a t i o n  d i v i d e d  by l i k e - p o l a r i ~ a t i a n )  such a s  e x i s t e d  independently En t h e  
Xratter of rhe two ~hannie l s .  F t n a l l y ,  by apply ing  t h e  Gleltdt Modal t o  thraugh- 
the-aeagon, tswek-based r a d a r  a c a t t e r u m e t e r  masuresnent8 * T eaexld e s t i m a t e  t h e  
b a e k b a e s t t ~ r i n g  end ext l rrct  ton c r o s s  8ectPorrs af average Icavas,  X. Partnd t h a t  
t h e  lo raex  mi+ a s 1 ~ p 4 e  pazjer-law E a t n c t i ~ n  of corn Leaf a r e a  br2 of D,9?') 
tkrroetghnut the season ,  

Tkfrrd x%&r, I: used t h e  Mierawave S c a t t e r o m t a r  C-band (WBC), o l  loan from t h e  
m a h a s m  Spac~l  Center ,  mounted on ia .WL tlcrpck. ( h e i g h t  of i f .  m) t o  make f i e l d  
m@asureeet.rte, %is Znstcttmt?x~~t u b t e i n s  @&lihraLecf r@l$ar &ek@earkarinig eoeFEi- 
c i e n t  da ta  i n  t h a  f i e l d t  flawever, l t  samples a volrsms t h a t  is l i m i t e d  t n  s i z e  
due t o  t h e  f i n i t l z  range-reasI:txtlen and t h e  f d n i t e  beam-idth, X t  a b t a i n c  d a t a  
a t  bo th  l i k e - p o l a r i ~ a t  f an and cross-polarf  z a t l a n r  %raatgb t h e  age  uf t h e  rang- 
In& c a p a b i l i t y  of t h e  HSC: 8nQ t h a  Claud Wodel, 1 wns a b l e  es t i saa te  t h e  a c t i v e  
aterawove p r o p e r t i e s  of v e g e t a t l a n  cana f e s ,  a s  Pa l lavs :  Q E f t h e  t r u e ,  8 s o r r z t t e d  b a c k s c a t t ~ r i r r g  r;ne%f&*.it;at, S T; .I%) t h e  volume a tfrp Elon e e e f f i e i a n t  
R (m 1; ( 3 )  t h e  b a c k s c a r t e r i n g  c r o s s  s t?ct lon d e n s i t y ,  F (nfmm5,; (4, t h e  fwa- 
way t tansai t tanC1? of t h e  canopy, 1: t (1  and j s t a n d  f a r  lit o r  V t t u  dencre t h e  
p a Z a r l z a t i o r ~  cambina&.f on used 1; &%I t i e  'Ytxll e a ~ s p y "  h e k s c a t .  t u r i n  coeff  i- 
c l e n t ,  s"~; and <6) t h e  d i s t r f b u t l a n  af  soureea wl t ! t  rasaRe, Bcr a g iven  
ve~rzeatkura canopy t h e s e  a c t i v e  mi crowave e h a r a c t e r l a t i e s  vary vf tki p a l a r f x a t f  an 
o r  p a l ~ r f z a t f o n  camhinet t an ,  

P l Jus t ra tZon  OX t h e  Hew Pt-kreedurc. The proccda$ra ea obeatn t k e s e  p a r a s e t e r s  is 
t"~uatrstacl b e k w  f a r  an i d e a l  eaee where tha  canopy p r o p a r t t e a  a r e  ksnapsn- 
@cut;, %e view of t h e  Cloud Hadel is t h a t  the a ~ s r r v e d  biackscnttsri9yg c o s f f i -  
ckeo t  is given by 

f u r  t h e  o~ne-Xwer c a m r  where t h ~  ~ a n o p y  efements a r e  Found batween the r a r g e s ,  
R X  an$ R2 (%I, w i t h  tht? r e f l e e t e d  Canirror I m g ~ )  ektnapy extendin& t o  cererge 
g3 <@I*  

f 2  EI r i j  cws ( T I  exp g-(Mb + K ) f R 2  - R l  ) j  1 631 
exp (-CKp + Kj) t f f  - M21j 

wher,. Y i s  t h e  aeneor  look-eagle (degrees 1, r i  Is t h e  s u r f a e ~  re f  l e c t a a c e  
Qessameed. t o  s p e c u l a r  hn b a i c  e h a r a c t e a )  f o r  p d l a r f z a t f o n  $1, nnQ R f 9  t h e  raage  
Q a ) *  



We $ a t e $ r a t i o n  s f  ( 1 3  o v e r  t h e  e n t i r e  range From PI t o  R3 w i t h  t h e  
exprea8fons i n  $ 2 3  and f 3 )  Zeeds t o  t h e  t r u e  canopy b a c k s c a t t e r i n g  c o e i f f e i e o t ,  

o h r e  is t h e  s u r f a c e  BackacatCerfnp c ~ e f f i  c i e n t  r 

Rowever, fox t h e  HSI: &or  any $cat1:erometar faav-tng a  s m a l l ,  f i n i t e  range reso lu-  
t ion) ,  &he senaor  Beasuses oxsly a  f r a c t i o n  of t h e  to1:al b a c k ~ ~ ~ a E E a r t t n g *  P c a l l  
t h i s  t h e  part  f a 1  B a c k s e a t t e r f n g  eaef $2 cfarst (measured) &fch is r e l a t e d  t o  t h e  
%uneE t a n  i by 

&tidP a ,ff dR l a v e r  t h e  range r e s o l u t i o n ,  AR) ( 3 1  

Since AR f s  s a a l 1  $1: is p o a ~ ~ i b l e  t a  ea t lmate  t h e  Ft~nctiasn f  by 

Figore I $haw t h ~  eomparpaan becueerr. t h e  %%yen ( t r u e )  va lue  of f and t h e  
e s k i a a t e d  value ax? F a s  ohtaf  ntld Prm a raodeled p r e d i c t i o n  of t h e  "gmeasured" 
p a r t i a l  b a c k s c a t t e r i n g  ~ o e f f i e i e ~ l t  ( see  P ipare  2).  %e e ~ t i m a t e d  Z i& e%ase  t o  
the g i v e s  f  f o r  soma ranges hut  not f o r  1 2 1  ~ a n g e ~ a  Now, %t is  poae ib le  t o  
perfarm a a n a e r i e e l  i n t e g r a t i o n  t a  e%EimCe t h e  t f u e  va lue  of b e c k s c a t t e r f n g  
coefficient a s  i n d i c a t e d  i n  Eq. ( I f  above, For chick v e g a t a t f s n  canopies, t h e  
t r u e  v a l u e  ls e f g n i f f c a n t l y  h igher  than t h e  l a r g e s t  p a r t i a l  va lue ,  Thus, t h i s  
pracedure f s  r e q u t r e d  For such ot  t u a t  fona* 

Since t h e  war la t i an  of % w i t h  range Is a decaying expanent fa l  f u f i c k f ~ d ,  t h e  use  
of t h e  kogarlthm s f  f  ( o r  a l t e r n a t i v e l y ,  express ion  s f  f i n  d s c i B e l s ,  dB1 l e a d s  
t.0 a  s t r a i g h t  l i n e  p o r t i o a  of t h e  f  (dB) v e r s u s  crrrve ( s e e  Ffgure 33r  Pass ing  
a  s t r a f g h t  l i n e  througlr p s f r i t ~  brs thfd segment al lowe e s t t a a t i o n  of both & and K 

E f R i  s e e  (T) and X slope/(-8.686)  (61  and ( 7 )  

Nth t h e  est imated va loe  a s i  K rlrsd t h e  knswan s l a n t  range t h i c k n e s s  of eke canopy, 

k $  t cars be e a t i ~ & e d ~  Using rrsugh erstfaekes s f  r and eurfcrce b a c k a c a t t ~ r i a g  
t.bxefJicient, one can  c t s t l a~a te  kndependeatly t h e  value f a r  8, B"lr$a value rthould 
be c l s s e  t o  thee ea t lmated  f a r  Eq, ('61, Mith t h e  nav va lues  f a r  R axld K it: 19  
p o s s i b l e  t o  eskilr;arske t h e  "'iu11 canapy" h c k s c a t t e r i n p  c o e f f i c i e n t  frona 

1% &tar; eeconlf ( r e f l e e t e d 1  p o r t i o n  af  t h e  f  [ d l )  versus  W curve can h d e t e c t e d ,  
i t  f a  p a a s i h l e  t o  e x t r a p a l a t e  t h e  t u a  s t r a f g h t  l i n e s  (one f r o a  rangee l e a s  thaa 
the range  ts t h e  s u r f a c e ,  and oaa f o r  ranges g r e a t e r  t h a a  t h e  rang@ t a  t h e  s u r -  
face-.) b a  the s u r f a c e  range v a l u e s  o f  f L  d l e f t  s i d e )  and f g  f r i g h t  s i d e )  a ~ l d  



C ~ ~ C U Z A C I  2 by P R / P L e  S ince  t h e  e s t i m a t e d  va lue  of P a l  Rq ~taksg be I ~ i g h e r  than 
t h e  average v a l u e  of f t  and k M  due t o  t h e  c o n t r t b u t i o n  of a t t e a t u a t e d  s u r f a c e  
b e c k s r a t t e r i n g ,  f  t i e  p o s s i  b%a t o  es t i sua te  t h e  s u r f a c e  'hackecat ter ing eeef Pf- 
s i e n t ,  

Reserlrs with brcharde,  Pfpure  4 shows &he p & r t i @ a  b a c k s e a t t e r i n p  c o e f f f c i e n t s  
v e r s u s  range TOP a  young peach orchard ( s e e  P igure  5 which i n d i c a t e s  the  t r e e  
s t r u c t u r e ) ,  Hoke t h a t  near  t h e  top  of t h e  canepy the  radar  r e t u r n  fs d o ~ i n s t e d  
by t h e  VV where kt%% dnrssfnates thc r e t u r n  near t h e  Base af t h e  Canapga A f t e r  t h e  
n o i s e  Plaoc l %  es t imated  and a u b t r s c t @ d ,  t h e  d a t a  were ataed t o  e s t f w t r  f [dB) 
a s  a h n m  J'n F t g u r e  6, The a c t f v e  r a d a r  parameters  s h o w  I n  Table 1 a r e  ob ta ined  
From tlaese d a t a  us ing  t h e  & b o w  procedure,  

The ttrrec; year  strtdy shows cha t ,  i n  many casesj . ,  s r o e s -  
p a Z a r i z a t t a n  o r  n comb%nation of WM, VV a n d l o r  c r o s s - p a l a r ~ e a t i o n  y e i l d s  Infor-  
mat i o n  on the a n g u l a r  o r i e n k a t i o a  of vege ta t f  nn canopies .  Rat f o s  of' channels  
shoutd  be used t o  $$nlwce such I n f o r m k f a n  from o t h e r  v e p e t a t  Ian e h a r a c t e r i s t i c a  
sttch a s  t o t a l  a r a a l  ' b iama~s  etr water con ten t .  Furthermore, with the  proper  use  
of simple rralcrowawe s c a t t e r t n g  models, ~ c t x  a s  t h e  Cloud Pbdel ,  and accrrrate  
r a d a r  s c a r t e r a w e t e s  d a t e ,  t t  I s  p o s s i b l e  t o  @ $ i t m a t e  t h e  t a t a t  b a c k s c a t t e r i n g  
coeiflf c i e n t  , t h e  a t t e n t u s  t t a n  cnafff  c i a n t  , t h e  t r a n s m i t  t a n r e  , and average s e a t -  
terrirtg and e x k i ~ c t i a n  r a d a r  c r o s s  s e a t i o n s  aP s e e t t e r i n g  elem@nt@, These d a t a  
ofiattld prove u ~ e f l d l  f o r  verb f i c a t i o n  OF modeling approaches and Bar t h r  develop- 
ment of adequate uuzderstandfng of t h e  Lnformatikm conten t  of r a d a r  sensor  d a t a  
gosh a8 From t h e  s y n t h e t i c  a p e r t u r e  r k ~ d e r  {SARI imagecl~r, 

Example af E ~ a s u r ~ d  Active Mlcrnwave P r o p e r t i e s  
trF Orchard8 IIS.irosxp&a Analysis  OF Truck Fb~dat" 

Sce t te rometer  Measurements a t  @-Band and 66 Degrees 
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1 I . C .  L I S T  O F  P U B L I C A T I O N S  A N D  P R E S E N T A T I O N S  

The f o l l o w i n g  p a g e s  l i s t  t h e  r e f e r e e d  j o u r n a l  a r t i c l e s  a n d  

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

of t h e  r e s e a r c h  p e r f o r m e d  u n d e r  t h e  S R A E C  P r o j e c t .  T h e  1 i s t i . n ~ ~  

a r e  p r e s e n t e d  a s  p r o v i d e d  by t h e  p r i n c i p a l  i n v e s t i g a t o r s  a n d  a re  

a r r a n g e d  i n  t h e  same o r d e r  as t h e  summary r e p o r t s  p r e s e n t e d  i n  

S e c t i o n  1 1 . 8 .  

S R A E C  P r o , j e c t  s c i e n t i s t s  h a v e  p r o d u c e d  a p p r o x i m a t e l y  80 

r e f e r e e d  s c i e n t i f i c  j o u r n a l  p a p e r s  d u r i n g  t h e  f i r s t  t h r e e  y e a r s  

o f  t h e  p r o g r a m  as w e l l  a s  d o z e n s  o f  a d d i t i o n a l  w r i t i n g s  i n  t h e  

form of  t h e s e s ,  d i s s e r t a t i o n s ,  symposium a n d  c o n f e r e n c e  p r o c e e d -  

i n g s ,  and s p e c i a l  d o c u m e n t s .  
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APPENDIX A .  THIRD ANNUAL PRINCIPAL INPRSTIGATOR WORKSKOP-- 
INVITATION LETTER AND AGENDA 



National Aeronautics and 
Space Administration 

Goddard Space Flight Center 
Greenbelt, Maryland 
20771 

Reply to Attn ot  623 

Dear Col league: 

T r i v i a  question No. 1: "Which state of the o r ig ina l  th i r teen  was 
the s i x t h  admitted t o  stateliood i n  1788 and has a land area o f  8,257 
square miles?" T r i v i a  question No, 2: "Which c i t y  i n  tha t  s ta te  
has we1 l-known i ns t i t u t i ons  o f  higher learning tha t  were established 
? ,r 1636 and 1861?" T r i v i a  question No. 3: "When and where i s  the 
t h i  r d  annual qRAEC P I  ' s  meeting going t o  be he1 d?" The annual 
gabhering o f  the NASA Fundamental Remote Sensing Science Research 
P~ogram' s Scene Radiation and Atmospheric Effects Characterization 
Project 's  pr inc ipa l  investigators i s  not a t r i v i a l  event, t h i s  
year especially, as each o f  you w i l l  be report ing the resu l ts  and 
signif icance o f  three years o f  research! This l e t t e r  i s  t o  1) 
confirm the time and place f o r  the meetping, 2) advise you concerning 
f o l  1 ow-up communications concerning the meeti ng, and 3) inform you 
of  the  preparations tha t  you should make f o r  t h i s  meting. 

As you have been informed v ia  telecon, the t h i r d  annual SRAEC P I ' S  
meeting w i l l  be held on the campus o f  the Massachusetts I n s t i t u t e  
o f  Technology i n  Cambridge during the  l a s t  three days o f  January 
(29, 30, and 31) 1985. Dr.  J i n  Kong has graciously offered t o  host 
t h i s  meeting and i s  making the necessary loca l  arrangements and 
f i na l i z i ng  the agenda f o r  the meeting. Dr. Kong w i l l  be sending 
you fur ther  de ta i l s  concerning these items w i th in  the next few 
days. I t  might be useful t o  mention a t  t h i s  time however tha t  a 
special hotel room ra te  has been negotiated and a block o f  rooms 
have been reserved f o r  our group a t  the nearby Sonesta hotel. 

I ' m  very pleased tha t  a t  t h i s  time i t  appears tha t  we may have a 
100% P.I. par t ic ipat ion a t  t h i s  meeting. I want t o  encourage you 
t o  make every e f f o r t  t o  attend the en t i re  three days o f  the meeting. 
We are planning t o  take a group photo a t  t h i s  meeting and I would 
l i k e  everyone i n  the picture. More important, however, i s  tha t  we 
want f u l l  par t ic ipat ion i n  the resu l ts  report ing and research issues 
d i  scussi ons. 



This meeting, and your indiv idual  reports, w i l l  be focused on summarizing 
the s ign i f i can t  contr ibutions t ha t  these past three years o f  fundamental 
research have made t o  the remote sensing s c i e n t i f i c  community. I n  add i t ion 
Lo learning about the more technical deta i ls  and spec i f ic  progress tha t  has 
been made i n  your more focused research ac t i v i t y ,  we a l l  together need Lo 
be able t o  summarize the new ins ights  tha t  have been gained, the  remote 
sensing problems that  have been solved and, i n  general, what benef i t  t h i s  
project  has provided t o  NASA and the remote sensjng and broader scient.1 f i c  
communities, Gle need t o  co l lec t i ve ly  address a few key research issues and 
what are the new research p r io r i t i es ,  based on what we have learned. Thus, 
we need t o  spend some "qua1 i t y  time" that  w i  11 help both d i rec t  and defend 
t h i  s program. 

I n  addi t ion t o  bringing your body and mind t o  t h i s  meeting, I need you t o  
br ing wi th you a b r i e f  wr i t ten summary o f  your research that  w i l l  be compiled 
wi th the summaries from a l l  of  the P I S  i n t o  an annual report. This year I 
am asking f o r  a s ingle wr i t ten report  tha t  fa1 1s somewhere between the 
"investigation Summary Results Abstracti' and the "Investigation Synopsi st' 
that  you prepared l a s t  year. I need a succinct report tha t  i s  introduced 
by a paragraph on the jus t i f i ca t ion ,  goals and objectives f o r  your research 
(the broader two o r  three year plan). This should be followed by a paragraph 
describing your technical or  experimental approach. A discussion o f  the 
research resul ts should then fo l low and can use up t o  three key figures t o  
i l l u s t r a t e  your findings. The f ina l  one o r  two paragraphs should high1 i g h t  
the signif icance of  your resu l ts  and (b r i e f l y )  what the next major step 
should be i n  the log ica l  progression o f  your research focus. This report  
should be a minimum o f  two and a maximum o f  four single-spaced typewri t ten 
pages, excludi ng figures, Figures should be sui table f o r  reproduction 
(c lear ly  readable) a t  one-half o f  f u l l  size as submitted t o  me on 8 112" x 
11'' paper. As the heading a t  the top of the fi r s t  page you should include 
the descr ipt ive t i t l e  o f  your study ( a l l  cap i ta l  le t ters) ,  your name ( f i r s t )  
and then any co-investigator 's names, and your i ns t i t u t i ona l  a f f i  1 i a t i o n  
beneath the names. 

On a separate page (typed single-spaced w i th  a double space between ent r ies)  
you shou? d i nc? ude your 1 .C s t  o f  pub1 i cat i ons and presentat i on2 tha t  have 
resulted from your funding f ram the SRAEC Project. You should give your 
study t i t l e  and your name (as P I )  only a t  the top of t h i s  page followed by 
a separate l i s t i n g  o f  1) refereed journal publ icat ions and 2 )  symposia and 
conference presentat ions. 

Please adhere t o  the l i m i  t s  given above ir! preparing your report. Remember 
that t h i s  report i s  not a journal paper hut rather i s  intended f o r  a 1 ess 
technical readership ( i  .e, , sc ien t i s ts  from other d i  sci p l  ines and research 
program managers ) and should be wr i t ten t o  provide an in terest ing overview 
o f  your work. Your journal papers are avai lable for anyone who needs or  
wants a1 1 the de ta i l s  and highly speci Picl technical results. He1 p me put  
together a report tha t  w i l l  enable us t o  keep t h i s  program a l i ve  and we l l  
wi th in NASA during t h i s  era o f  s ign i f icant  government budget cutting. 

Your ora l  report' should be prepared as l a s t  year, a1 lowi ng 15-20 minutes 
f o r  presentation and 20 minutes for discussisn. One f i n a l  top ic  concerns 
the IEEE Transactiui?~ on Geoscience and Remote Sensing "Special Issue on 
Scene Radiation and Atmospheric Effects Characterization". For various 



reasons the  communication concerning the dead1 i nes f o r  t h i  s special transactions 
has not been what i t should have been. Nevertheless, the current "deadline" 
f o r  you t o  submit f i v e  copies o f  your paper ( t o  Bob Murphy) for the September 
1985 specical issue i s  December 15, 1984 (moved back from the o r ig ina l  
September deadline). However, I have spoken wi th the ed i tor  and he has 
indicated t h a t  they can be submitted l a t e r  than t h i s  date but the probabi l i ty  
o f  t h e i r  being reviewed, revised and re-submitted i n  f i n a l  form i n  time 
for  t h i s  special issue decreases w i th  each week past t h i s  deadline. Probably 
ear l y  January w i l l  be su f f i c i en t  time. Please submit your paper as soon 
as possible, as we would l i k e  a paper Prom each one of the P I S  i n  the 
SRAEC project. 

Shank you f o r  your eagerness t o  par t ic ipate  and fu ture  help i n  making t h i s  
year's meeting a success. I f  you have fur ther  questions please fee l  f ree 
t o  c a l l  me at  (301) 344-9186 o r  J i n  Kong a t  (617) 253-5625, as appropriate. 
I look forward t o  seeing you again i n  January. 

Sincerely, 

\ 

Donald W. fleering \. 

Earth Resources Branch \ 
Laboratory f o r  Terrestr i  a1 Physics 

P.S. Answers t o  Tr i v i a  Questions: 
1. Massachusetts 
2. Cambridge (Harvard, MIT) 
3. January 29-31, 1985; Cambridge, MA 



Third Annual Meetiaag of the NASA Rmdmemtd Research Sccxae Brndiat:on 
and Atmospheric Effects Characterization 

January 29-31,1985 

Tuesday, January 29, 1985 

09:OO-09:20 MIT Welcome (Jon Allen) 
09:20-09:50 NASA Welcome and Meeting Objectives (Don Deering) 
09:SO-10:30 Invited Speaker Men Hardy on applications of satellite data for me- 

teorological analysis . 
10:30-11:OO Coffee Break 
10:OO-12:OO - PI Reports (Gerst1,Diner) 
Lunch 
13:OO- 15:OO PI Reports (Fraser,Pezl~ce,Badhwar,VanderbiIt) 
15:OO- 1 5:30 Coffee Break 
15:30-3 7:OO PI Reports (Kimes,Smith,Strahler) 
18:OO Reception, MPT Faculty Club 

Wednesday, January 30, 1985 

09:OO-I 0:30 PI Reports (Norman ,Paris,U!aby) 
lo:30-10:15 Coffee Break 
10:45-12:15 PI Reports (Fung,Kong,Moore) 
Luncli Photo opportunity 
13:OO-15:(10 PI Reports (Lang,Conel,Irons,Kahle) 
15:OO-15:3O Coffee Break 
15:30- 16:OO Canopy model inversion (Goel) 
16:OO-17:30 Presentation and discussion on proposed artificial canopy experiment 

(Chair: Gerstl) 

Thursday, January 31, 1985 

09:OO-09:30 Invited Speaker Dave Staelin on Retrieval Techniques for Atmo- 
spheric Profiling 

09330-1 0:OO Report on ISLSCP-FIFE (John Norman) 
10:OO-10~30 NASA Headquarter Management Perspective (Bob Murphy) 

Coffee Break- 
- 

Discussion on project accomplishments 
tions (Chair: Smith and Ulaby) 

and future research direc- 

Lunch 
13:OO-14 :30 Research topic discussions and working papers 
14:30-15:OO Coffee Break 
15:OO-17:OO Written summary for project accomplishments and. future research 

recommendations 
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APPBNDfX C. MESSAGE TO F 3 s  FROM DR. MURPHY 



Posted: Tflu Jan 31, 1985 10:28 AM FST 
From: REMURPHY 
To: DDEERING 
Subj: RE: Message to SRAHC PIS 
DON, Please read this note to the troops for me. 

Msg: XGIF-1963-1511 

I am sorry that I am not able to be with you a t  the 4th (can it really 
be the 4th?) meeting of the SRAEC principal investigators. My new job has had 
me on the road more than half of the time. I just couldn't do this one, both in 
terms of the backlog at my desk and the impact on my family. 

I just returned from Geneva where I secured the blessing of the World 
Meteorlogical Organization for the International Satellite Land Surface 
Climatology Project (better known to its progeniters as ISLSCP). This was a 
major step forward in the process of orienting NASA's program to scientific 
goals. There is a description of ISLSCP activities in the current Space Science 
and Applications Notice which you should all have received. If you didn't see 
it, 0on Bering, Bob Fraser and John Norman know everything you need to know 
about ISLSCP. There are also several reports by working groups which are 
availrtbte from Ron Witt (for retrospective studies) or Piers Sellers (for the 
field experiments). Both are at Goddard, That program should provide some of 
the focus for the application of the your SRAEC efforts in the future. (You may 
recall ehae 1 said that cultural crops where not the focus anymore. Here is one 
of the alternatives.) 

We are attempting to generate some other foci for the program. Berrien 
Moore of the University of New Hampshire is chairing a subcammittee of the 
Earth System Sciences Committee which deals with the Land Processes. We had a 
very successful meeting at UNH in November, and Jim Smith is organizing a 
follow-on meeting next month at Goddard to discuss measurement and modeling 
strategies. The Berriens committee meets again in March at Oregon State. Out of 
these meetings I expect some more fruitful directions. 

The work of the SRAEC group will be at the center of all that we will 
be doing. I hope to have a meeting of all PI'S in the total program sometime 
later this year so that all can benefit from the type of interaction you are 
having now. 

A not quite pleasant topic to bring up is the IEEE special issue. A few 
of you (and you know who you are!) still owe me your papers. Soon! (please?) 
What we have so far looks great. 

To return to pleasant things, I will be looking forward to receiving 
your renewal proposals over the next few months. There is much left to do, and 
you guys can do it. If you have questions about the nature of desireable work 
you can talk with Don or me. I will conduct the peer review from NASA HQ, but 
will do so in close coordination with Don and I will look to him for 
programatic guidance. 

As for the future of the Land Processes Program, I think that it looks 
good. This year we are (I hop)  at the nadir of our funding with 5M$ less than 
fiscal year 84. Total useful funding this year is about 12 M$ for Geology, 



Ilydrology, Terrestrial Ecosystems, Remote sensing Science (thats you) and 
Applications. For next year, we have received high priority within NASA for an 
augmentation. Listen to President Reagan's budget message next week and see if 
he mentions us by name (HA!). 

If we do receive that augmentation their can be some improvemect in our 
average funding levels as well as the addition of new activites and some 
further upgrading of facilities. Things like the artificial canopy can proceed 
out of our existing funding base if someone redirects their curent work if we 
don't get the augrnenaition, or i t  can Ix an add on if we get it. (This, of 
course, asumes that i t  passes muster in terms of the programatis and peer 
review. Your input through Don from this workshop will s h a p  the programatis; 
peer review will be according to pur usual capricious standards!) 

As you know, we had a successful shuttle flight this past year. While 
we got only a fraction of the SIR-I3 data that we hoped for, there is much good 
science ahead in the analysis of it. SIR-B will be reflown in early 1987 and 
SIRC will follow about a year later. We are hopeful of flying the Shuttle 
Imaging Spectrometer Experimet (STSEX) also in the 80's. Our aircraft 
capabilities are gradulaly being upgraded and we know have semi- operational 
bidirectional measurement capabilities from the air as well as the Airborne 
Imaging Spectrometer (AIS) , the Thermal Imagging Mapping Spectrometer (TIMS), 
a quad-pol SAR and a 4 beam L-Band pushbroom radiometer. 

I know I've left somethings out, and I am typing this while I am in 
transit to yet another meeting. So please excuse the rambling and incomplete 
nature of it. Keep up the good work. I hope to see you next year if not sooner. 
Perhaps a t  the IGARS meeting a t  UMASS. 

Bob 
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