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2O.~~ Canopy geometry , solar irrad iance , air temperature , horizontal wind

velocity , relative humidity , and ground temperature are used to calculate the

energy bud gets of average leaves within each layer. The resulting system of

conservat ion  equa t ions  is solved fo r  the  average  l a y e r  t e m p e r a t u r e . This

in fo rmation , t o g e t h e r  with the angu la r  d i s t r i b u t i o n s  of r a d i a t i n g  e lements , is

th en  used to ca lcula te  the thermal  ex i tan ce  as a f u n c t i o n  of view angle above

the canopy.  Op t i c a l  d i f f r a c t i o n  techn i ques were  developed and emp loyed to

measure  canopy  geometry .  Solar  r a d i a t i o n  abso rp t ion  wi th  the v e g e t a t i o n

ter ra in  e l emen t s  is c a l c u l a t e d  us ing  a m o d i f i c a t i o n  of a Monte  Car lo  model

(SRVC) developed fo r  the r e f l e c t i v e  energy  reg ime .

The models  we re app l i e d  to a lod gepole p ine ( P in u s  c o n t o r t a)  canopy and

the r e s u l t s  fo r  a d i u r n a l  cyc le  are v a l i d a t e d  w i t h  r a d i o m e t r i c  m e a s u r e m e n t s .

S imu l a t e d  ve r sus  measured  r a d i o m e t r i c  average t e m p e r a t u r e s  of Layer  2 cor respond

a p p r o x i m a t e l y w i th i n  two degrees  c e n t ig ra d e . S i m u l a t e d  r e s u l t s  suggest  tha t  (
canopy g e o m e t r y  can si g n i f i c a n t ly i n f l u e n c e  the  e f f e c t i v e  r a d i a n t  t e m p e r a t u r e

recorded by a sensor above the  canopy as a f u n c t i o n  of v i ew angle.
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1.0 INTRODUCTION

This report summarize s the results of a three—year project spon—

sored by the U.S. Arn~’ Research Office and directed by Dr. James A . Smith ,

Princi pal Investi gator , Colorado State Un iversity. Dr. D. S. Kimes

received the Doctor of Philosophy degree , in par t , for the work reported

here. Mr. K. J. Ranson , Research Associate , Colorado State University ,

performed many of the an alyses 5-md coordinated the field effort. The

major objective of the project was initiall y to appl y the optical

reflec tance modeling pro cedures (the SRVC model) developed previously

by the authors to a forest canopy scene.  Subsequently, project objec-

tives were expanded to include development of a the rmal  canopy e:-:itance

model. This latter objective was made possible with the assistance of

personnel , principally Dr. E. Link , of the U.S. Amy Eng ineers Waterways

Experiment Station . An extensive data base was obtained in cooperation

with WES for a lod gepole pine (Pintis contorta ) canopy at Leadville ,

Colorado which was used both for model development and validatIon .

Before the thermal and optical terrain feature canopy models could he

applied , techniques for describing and measuring the geometric structure

of forest canopies had to be ueveloped. Rapid opt ical diffraction

analys is te chn iques for analyz ing gr ound photographs of the modelin g

trees were found to be suitable. The details of the models developed

and their applications are described In the follov~ i’~ chap ters wh ich

contain separate introductions and conclusions. Th~ report is organ-

ized as follows :
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Chapter 2 describes the application of a modified version of the

solar radiat ion veCetation canopy (SRVC) model coupled with a numerical

ipproach to estim ate solar absorption within the lodgepole pine canopy

sy s t e m.  The Fortran pro gram ABSORPT performs this analysis and is

presented in Appendix B alon g w i t h  the results of some of the analyses

mentioned in Chapter 2.

Chapter 3 describes the TCSM which incorporates the information

u~d mathematics derived in Chapter 3 along with the thermal radian t,

convectional , and transpirational energy exchanges. The model predicts

the average canopy element temperature for three horizontal canopy

layers , and the effective radian t temperature above and within the

canopy system. The results of some of the analyses mentioned in this

chap ter and the Fortran code of the TCSM are presented in Appendix C.

Chapter 4 presents the summary and recommendations. Appendix A

is a repr in t of the ab st ra cts of six pap ers or repor ts prepared under

partial or full support of the present project.
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2 . 0 MATIIEMA T ICAL S IMULA T ION OF ABSORBED

SOLAR RAD IATI ON IN V ECETATI ON CANOPIES

Abstract

The absorption of total and spectral solar radiation within

vegetation canopies as a function of solar zenith angle needs to be

quantitatively described for agricultural , ecolog ical , forestry, and

military app lications. The solar radiation vegetation canopy (SRVC)

absorption model was developed to physically acco unt for the optical

pr oper ties , and geometric and spatial characteristics of canopy ele-

ments , and direct and d ?ffes~ co:~pe:ionts of irradiance. Multiple and

d~ -ectional radiation scattering are included . The model predicts the

proportion of spectral solar absorption in three horizontal layers and

the apparent directional reflectance above the canopy . Field data

were collected from a cluster of four lod popole pine (Pinus contorta)

S trees. Vertical spectral reflectance above the canopy , spectral trans-

mittance to the ground layer , geometric measurements of canopy ele—

ments , and optical properties of canopy elemer~ s were measured . The

model was then applied to the canopy , and the  reflectance and trans-

mittance simulated results for a theoretical clear day were compared

with  the measured resu l t s .  The s i m u l a t e d  r e su l t s  showed that  re la t ive—

iy large d i f f e r e n t ia l s  occurred in spect ra l  absorp t ion  by canopy

f layers , especially in the photosynthetic active radiation reg ion as a

func t ion  of solar zeni th angle .  In add i t i on , the proport ion of to ta l

S g lobal i r radiance absorbed by i n d i v i d u al  layers varied as a f u n c t i o n

of solar zenith angle. However , the proportion of both total and

4
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spectral global irradiance absorbed  b y the entire canopy system was

relatively constant wi t h solar zenith ang le.

Introduction

The ma nner iii uh ich a \ ‘ C g c t : it  ion canopy a~)sorbs solar radiation

has an important effect on the  t h e r m a l  p r op e r t i e s  of the canopy and

the ph otos ynt h etic e f f i c i e n c y  of the canopy .  Thus , an understanding

of these principles is important in remote sensing m i t h respect to

milit ary , agricultural , forestry, and ecolog ical applications. For

example , in recent years the thermal region of the electromagnetic

spectrum has received ~oen interest in the remote sensing field. This

region may add valuable additional information to rake inferences

ccacerning th e cI r a o t e r i ~~t i c s  of \~~ ;ota ~~i n n  can op ies. f l ’~’eve r ,

before the thermal emission characteristics of a canopy can be under-

s tood , the macnor in which the canopy absorbs solar radiation must he

studied. In the field of apriculture there is strong evidence that

sciar radiation dL~tribution within a canopy as a function of canopy

structure utron Jy affects t h e p r o d u c t i v i t y  of the canopy (Vidovic ,

1973; Rhodes , 1971; and Donald , 1961).

Physicall y based mathematical models serve as convenient tools S

in stud ying the complex radiat ion—vep’tat ion interactions. The

S objective of the s t u d y was to develop a mathematical physically based

model to study tl-ie manner in which spectral and total solar radiation

as a function of solar zenith angle are absorbed in vegetation canop ies.

The following describes the absorption model and the application of

S the model to a lodgepole pine (P i.nus contorta) canopy a t  Leadville ,

S Color ado for which a unique data base was collected during 1977. A

_ _

_ _
_ _ _  

_ _ _ _ _  
_  -
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complete study site descri ption is g iv e n  by Ranson , 1: i rchner , and

Smith (1978). The specific canopy node led consisted of a cluster of

4 lodgcpole pine trees w i  thi the mean s t a t is t  ics: 6.0 in height , 30

y r .  age , 13.2 cm ci inne icr breast lie ight , and a s u r r o u n d i n g  s t and  of

102 in 2/ hec t a r e  basal  ar e a

So la r Rad iat i on C~n~~~~~Mode1s

Several d e t e r m i n i s t i c  models  have been developed to stud y the

interactions of solar radiation w i t h i n  vegetation canopies. Allen
4

and Richardson (1°68), A l d er f er  and Gates (1971), and Suits (1972)

have a da p t e d  a cvs  ten  of s im u l t an e o u s  d i f fe r e n t i a l  e q u a t i o n s , developed

by Kube lk a  and Thi nk ( 1 9 3 1 ) ,  in var ious  ways to v e g e t a t i o n  canop ies.

S u i t s  (1 972)  developed a model  which includes geometric effects and

predicts non—1 nr’bertian characteristics of vegetation canop ies.

Chance and 1e ’laster (i9f~~) have derived a light a orb :len model for

v eg et a t ive p l a n t  c: aop~ ‘s f r o m  the Su i t s  r e f l e c t a n c e  n~~del (1972)

Anothe r  app roach  d v c  l oped b y Oliver arid Smi th  (1974) is the

s o l a r  r a d i a t i o n  v eg et a t i o n  canopy (SRVC) mode l .  This model  s i m u l a t e s

the solar radiation flow through the canopy by utilizing phys ical

laws and Monte Carlo techniques. This s tochas t i c  model originally

predicted the diurnal apparent directional spectral reflectance of

S a vegetation canopy . S

It is believed that the ray tracing technique utilized in the

SRVC approach is advantageous as applied to solar radiation inter—

S 
actions within vegetation canopies for several reasons. The total

S 
e f f e c t  of a l l  possible events can be simulated if one knows the

pr obability for each step in a sequence of events. Thus , as new

knowledge  l)ecolnCs ava i lab le  on the probabi l i t ies  for  each s t ep ,  the

_ _  -
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SRVC fra mework can read ily accept it. For example , if a researcher

describes a n on —L a~.h e r t i an  reflection or transmission distribution as

a function of the source direction and leaf orientation , this infor-

mation could be incorporated relativel y easily within th e SRVC frame-

work. This fr a n e v or k  has other advantages when applied to v e g e tat i o n

canopy :~ode 1 tn d

(1) Such a general frame~-ork can be easily modified to include addi—

tional considerations without having to examine their effect on

the  so lu t ion  to d i f f e r e n t i a l  equ a t i o n s  as in the deterministic

models.

(2) The model can be modified to accept any reasonable number of

S components within a scene. Thus , one could model a scene as

H comp lex as time permits to obtain reasonable geometric and

S s p e c t r a l  da ta  of the componen t s .

(3) Any relevant parameter , such as number of components , type of

component , their reflectance , transmittance , and absorptance

angle distributions , surface area , and spatial d ispersion , may

be varied in any desirable fashion , and th e model cam accept

this information.

(4) The model can be modified to any reasonable number of discretized

i nc l ina t ion  and az imu tha l  angles  fo r  s i m u l a t i o n .

(5) Diffuse skylight is treated as a set of independent source

vectors . S

(6) The model accounts for multi ple reflection mad transmission in

both  upward and downward d i rec t ions .

The d isadvantage  of the proposed m o d e l  is main ly  one of the re la t ive ly

large computer time involved per run .

4
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For these reasons , the  SRVC mod el  was m o d i f i e d  to p roduce  a

v e r s i o n  of the n~o~ el to st u d y  the solar al a r 1~t io n w i t h i n  v e g e t a t i o n

canopies. A complete d escri pt ion of t h e original SRVC model is

p r e s e n t e d  by Ol iver  and Sm i t h  (1974)

~~~. C \ j lt~~~’n . . S ~del

A n abb r e v i at ed  t~~sa of ~iie SRVC a b s o rp t i o n  model is n~

S follows . The SRVC absorption model assumes that a vegetation canopy

is composed of non—homogeneous  l ay e r s  of Lamber t i an  e lements  of known

geometric arrangement , statistical composition , and optical proper-

ties. The global radiation is composed of direct and diffuse sky

radiation. The direct solar r a d i a t i o n  is t r eat ed  as a po in t  source ,

and the diffuse r~.diation is d i v i d e d  in to  source sec tors .  These source

sectors are c r e a t e d  by d i v i d i n g  the  hemisp here into inclination bands

and then  f u r t h e r  d i v i d i n g  each b and  m b  s ec to r s  (F l  ~ ire 1) - T h is

spherical coordinate f r a m e w o r k  serves  as an a c c o u n t i n g  method for

radiation transfer above and within th e  canopy sys t em.  The f l u x  f rom

ich sec tor  is s i m u l a t e d  as a source vec tor  (Fi gure  2 ) .  The in ter-

a c t i o n  of each i n i t i a l  source vector  f rom the sk y w i t h  the canopy is

then ca lcu la ted  i n d e p e n d e n t l y . The model u t i l i z e s  probabi l i t i es  which

govern  t h e  d i st r i b u t i o n  of gaps w i t h i n  the  v e g e t a t i o n  to d e t e r m i n e

the t r a n s i t i o n  of source vec tors  f rom poin t  to poin t  w i th in  the canopy.

The f o r m u l a t i o n  developed b y Idso and deWit (1970) , which is a

f u n c t i o n  of t h e  c a n o p y ’s g e o met ry ,  has been incorpora ted  to p red ic t

the probability of gap in the direction of the n ine  hemispher ica l

bands for  each canopy layer. In this particular stud y, three canopy

l aye r s  of equal  he igh t  were d e f i n e d  (Fi gure 2 ) .  The posi t ive  binomial

distribution is used to descr ibe these p robab i l i t i e s .  A z i m u t h a l

I
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Hor izon ta l  view

S I 
~~~~~~~~~~~~ N O R T H

SECTOR

~~~~ \ 1~~~~~
N
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Vertical view

Figure  1. H o r i z o n t a l  and v e r t i c a l  views of the  9 hemispherIca l
inc l ina t ion  bands which are d iv ided  in to  18 equal
az i m u t h a l  sectors .  If  one rotates the horizontal view
about the Z axis the han ds would occur in three—space .
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Figure 2. Schematic of a plant canopy approxima ted by stratified

S vegetation layers containing a statistical ensemble of
S 

Lambert ian surfaces. Two interactions are shown w i t h
th e corresponding source vectors representing reflection
and transmission in a Lambertian manner.
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sy m m et r y  is as sum ed .  The probability of gap is equa l  to the  r a t i o  of

the project ion of canopy e l e m e n t s  in any p a r t i c u l a r  layer  to the

‘r/ / 1 e S ~~~
1 i on  ot the  u n d e r l y ing soi l  s u r f a c e  fo r  each hemisp he r i ca l  band .

i’or a l i / m i  sp h o r i  cal  band d i r e c ti o n  0 ( i n c l i n a t i o n  ang le)  the  equa t ion

i s :  S

r 1 [Al
= I — S . y ( ’ ) ~ S P H I T ( e )  = 1 — PG AP( 0)  ( 1)

L
= p r o b a b i l i t y  of gap in d i r e c t i o n  of hemisphe r i ca l

band ® S

P L i T ( ~~) = p r o b a b i l i ty  of hit in direction of hemisphetical

band 0

= mean canopy p r o j e c t i o n  in the d i r e c t i o n  of hi emi — 
S

sphe r i ca l  band 0

LAI = leaf area index

S = index of spatial dispersion.

The function g(0) is determined from element inclination angle distri-

butions which describe the orientation of the e l ement s  in a canopy

layer .  The de r i va t i on  and c o mp u t a t i o n a l  p rocedure  is p re sen ted  by

de~Jit (1965). The parameter S ranges from 0 to 1 and is an index of

denseness or spatial dispersion of the components in a canopy l ayer.

S As S approaches 1, the more regu la r  the dispersion of components and

the less f r e q u e n t  a gap is encoun te red . The leaf area index  (LAI )  of a

canopy layer  is equal to the r a t io  of the to t a l  one— sided  element

area w i t h i n  a layer to the area of the under ly ing soil area.  For a

more in—dep th  discussion of the above theory and the r e q u i r e d

4 f !
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measurements see Kime s , Smit h , and !~ i c  ( l~ ;8) ; S:~i th and Ber ry

(1976); and Idso and deWit (1970).

When a canopy element or a ground  e l e m e n t  is h i t , a p r o p o r t i o n

of the f l u x  vec to r  is r e f le c t e d , t r a n s m i t t e d , and absorbed in to  a

number of f l u x  v e c t o r s  which  s imu l a t e  a Lanber t  i : i r i  r osp~ nse (Fi gure 2 ) .

The d i r e c t i o n  of these  vec to r s  is d e t e r m i n e d  hr the element ’s orien-

tation. The proportion of reflected and transmitted flux is deter—

mined by the spectral characteristics of the canopy elements. These

resulting flux vectors are f u r t h e r  processed in a s imi la r  fashion

un t i l  all v e c t o r s  are e s s en t i a l l y  zero , i n d i c a t i n g  abso rp t ion  by

S 
canopy e lements  and ground , or escape f r om  the  canopy.

The SRVC model predicts the  a p p a r e n t  d i r e c t i o n a l  spectral  r e f l e c —  S

tance of a canopy in the  n ine  hemisphe r i ca l  i n c l i n a t i o n  bands .

The SgVC model was m u d i f i ~~d in the f o l l o w i n g  m a n n e r  to p r e d i c t

solar absorption. For each source vector—element interaction we know

that:

= (CX
\ 

+ -f ) .p
S E

~

where:

= the p r o p o r t i o n  of spec t r a l  solar i rrad iance  (E
~

) of a

w a v e l e n g t h  bunch r ep re sen ted  by a source vector  inc ident  S

on a canopy e lement

= spectral absorption coefficient of canopy element

spectral reflection coefficient of canopy e lement

= spec t ra l  transmission coefficient of canopy element.

The r e f l ec t ance  and t ransmiss ion  va lues  of the  canopy  e l ement s

for  each discrete  w a v e l e n g t h  are inpu t  to the model.  These c o e f f i —

cien ts  are d i f f e r e n t  f o r  d i f f e r e n t  t Ypes  of canopy e lements , and thus
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0 .1 
, , T

A 
are depen  l e n t  on the  Imit  e r i a l  type  h i t  - T h e  p r o p o r t i o n  of

solar  i r ra d  iance in a d i c r e t  e w avi l e u gt h  th a t  is absorbed by each

canopy l aye r  a t  a o a r t i & m i i a r  Jar  : c 1 1 i  t h  an g l e  is o b t a i n e d  b y s ing

the ab~ orb~ d proportion of a l l  t h e  source v e c t o r s  i nc iden t  on the

canopy t i l c ne n t s  o c c u r r i n g  w i t h i n  a g a r t i c - i i . -i l ay e r .

I z .al l  i n t e r a c t i o n s  A

where :

0 / 
~ 

= the p r o p o r t io n  of spec t r a l  solar i r r ad i ance  at
5
’,  ,.

~ a~ el 5 eng th  A w i t h i n  layer  i , i = 1, 2 , 3 , 4 where

la\’er 4 desi g na t e s  the g round  at solar z e n i t h  angle z .

The SRVC absorp t ion  model  conserves energy , i.e., the  sum of canopy

reflectance and absorptar.ce equals the incoming  so lar  i r r ad ian c e .

~o e s t i m a t e  the absorbed total solar i r ra dia n c e , it is necessary

to  n u m e r i c a l l y i n t e g ra t e  t he  s p e c t r a l  a b s o r p t i o n  at a number  of

d i s c r e t e  w a v e l e n g t h  bands over the  e n t i r e  e l e c t r om agn et i c  s p e c t r u m .

Because c o m p u t e r  t ime  r equ i red  is d i r e c t l y  p r o p o r t i o n a l  to the  nu mber

of w av e l e n g t h s  s imu la t ed  and the  number  of canopy e l emen t s , a s imp l i f i e d

numer ica l  i n t e g r a t i o n  sch eme was devised as exp lained la ter .

~~~)r o a r h

To e s t i m a t e  the  t o t a l  and spec t r a l  g l ob - i l  solar irrach iance absorbed

by the lodgepole pine canopy , t h e  f o l l owing  i n f o r m a t i o n  is r equ i r ed :

canopy c l e m e n t  area index  for  each car ony layer ; n o rm a l i z e d  s p e c t ra l

solar i r r ad i ance  curves r ang ing  f r o m  0 0 
— 85° solar zen i th  ang le s ;

proporti on of spectral irradiance absorbed by ea ch canopy l~-i~ er; and

the mean canopy elLa~ nt spectral reflectance and transmittance for

each discretized wavelength . The entire numerical approach is

____-
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cu -ma rl :~ e&! in  Fi gure  3. Firs t the  n um e r i c a l  approach  will be p r e s e n t e d

followed by the data acquisi t ion .

Using the above information and in t e r p o l a t i o n  and i n t e g r a t i o n

d in ique s , the  absorbed  t o ta l  so l a r  r a d i a t i o n  w i t h i n  each canopy

layer j~ cstim :ited as:

S 
I .  = E  (f . i  )dX

1S, z z J ‘ ,z ~ , 1, 7

where:

I - = apa roxCmr ~edl lntog ral of absorbed t o t a l  solar f l u x
i , Z -

w i thin  layer i at solar aaaith ang le z

E total global solar irradiance at zenith angle z

f~ ~i rma i i : c  Cl s1’ •/ t~~il solar i-radiance CUrve at a c - n i t h

ang le z

= s i m u l a t e d  p r o p o r t i o n  of s p e c t r a l  g lobal  solar i r r ad i an ce

ab sorbed b y canopy l ay e r  i for a mean canopy Ci emen t

r e f i  et ance  c o r r e sp o n d i n g  to wave l eng th  band A and

solar zenith ang le z. S

The mean :Ib corb /.d t o ta l  solar  flux absorbed per unit of canopy

clement 51 n ice . ! Y / Y i  witl ,in lover  i at  solar zenith angle z can then

be calculated as:

I .

S ~~~
z =

i±~~

where:  S

- 
S

= average absorbed total solar flux absorbed in layer i

at solar zenith angle z per unit area of clement

LAI 1 = the total element surface area within layer i.

4 ~~~~~~~~~~~_~~~~~~S =__ - — — S~ S5 — ~~~~ =~~~ 5=-$ 5 5 S S S~~~~~~~~~
__ 

~~ _ S  - 5 5 5 -— -

4- . 5 - 5 . -
S 

~~~~~~~~ ‘a

~

—r

~

- -  T ’ ~~~’ -
-~--- --- — -  

— _ :~~~



2—Il

1 /  I s / . ~ _ s 5 S I ~~~~~~~~~ • 5 ~~ 5 / ~ S 5 S~ - 5 5 _ ~~~~ 5 5  5

I s  . 2  ~ S S t . 5 S ’ ’ ~~
5 ’ . ’ - . E  ~~S •5 ~~t 5 S •5 5~~ .

/5~

I , ,

5~~~ S t s  .— . , r  .. . Es. — c t l , — c . s , : . — t  P. .

t 5 . 5
2 . 1 : 5 I 5 P .

. S c . . S  
—

“- 5 . .. : S 5 S S S : ~~~~~~~ ;~~~~~ ,~~~~ S”5 . . :.

- 

: : : . . I

1
1

r

‘1 , : . ,. .. - . . .. .  

—

..~~:::: ::: ~~~::: :/ , .. 
-
~~~~ :~~:r~~

Figure 3. Numerical integration summary .



S ~~~~~~~~~~~~~~~~~~ S S~~~~~~~~~~~~~~ 5-5- 5 5 5 5 -~~~~ 5~~~~~~S5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ S~~~~ S

2—1 2

ihie spectral global i r r ad  jane e absorbed by the C~ t l i O 1)y  iS e t i rio ted

by t h e  s imdila ted nt
A -. 

c o e f f i c i e n t s .

The total a h S L) r j /  ion C /c -  f L C  i L i t  of  a Singl e  I sal  it ed mean canopy

~ l e n i n t  is est ~ r at e d  hr

A7 
=

‘.~‘ i a  ro :

A = the total absorpt ion COO f f i c i c - n t  of a s I iiglc isolated mean
S z

canopy clement t in d e r  s pec t r a l  i r r a g i a n c e  c o n d i t i o n s

S 
d e f i n e d  by solar  z e n i t h  ang le z

a
~ 

s p e c t r a l  ah so r p ta nce  curve  as a f u n c t i o n  of wavelength of

the mean canopy e l e me n t .

2 The method of numerical i n te gr a t i o n  and normalization utilized

t h r o u g h o u t  t h is s t u d y is as fo l lows . The p r o b l e m  is to eva lua te

b
S I = f ( x ) dx

when f ( x )  is known onl y at a f i n i t e  number  of p o i nt s .  F i r s t , f ( x )  is

; l p p r / x i m a t e d  by a p o lyn om i a l  p ( x )  and t h e n  p ( x )  is i n t e g r a t e d  to

oh to in I - P (x)  is deser  ibed by using Nc~~~t o i i  ‘ s forw:rd—dif ference

interpolating polynom ial (Conte and deBoor , 1965). The data utilized

ha d n o n — u n i f o r m  d i s c ret i z a t i o n  i n ter v a l s  and a few relative ly large

i nt er v a l s .  In ad d i r  ion , the f i e ld  da ta  wore not necessarily smooth by

n at u r e . U n d e r  these c o n d i t i o n s , a h i g h e r  order po lynom ia l  f i t  wi~ 1

not  n ece s s a r i l y  y i e ld  a more accu ra t e  a p p r o x i m a t i o n  to the i n t e g ra l .

I h; i s, f o r  the sake of simplicity and computing tine , a f i r s t degree S

polynomial was decided to be adequate for the purpose of integration.

Thus, the composite trapezoidal rule (Conte and deBoor , 1965) was

- 
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1 1 2 1 1 /  l~~~ d to ap p r o x  im.i tc till ’ jut op ia 1 of the al- O\  c C / I  r v e~; over any 
S

d e s i rab l e  [.a , b l .  S

The vi ‘cessa rv par~i 2 t  cr3 to deteri’; ~ne thie total and global —

Lil / 1 ;o 1 h/c h radiation tl- ’ r e  dot  ormined as f o l l o w s . The total canopy c lement

a rea  index (LA I ~ can hi’ d of i ned as t lie total stir face area of the C;lflol)Y

C i l C e l i t S  (e p . ,  leCives , s t e m s , a nd r ’pi ’ o d u c t i v e  st r u c t u r e s )  ( h i 1 L d * e d by

the  p r oj  ecied ground area. 1hi ~ LII was o c t  m a t ed  by comb ia ing the

S canop\ cle :acnt area index for br Cnchi / ’i; (hill) and necll ~~-; (N I l )  f o r  each

C canopy  I or - r. The proc e lure I ave Ived m e a su  r l u g  a 11 branch d i a rnet  ers

5 f o r  a l l  f o u r  m o d e l  lug trees near the 1)010 of t he  tree. Regroacien equa—

t ions fo r  I ~d gop~ Ic p inc i l eve l  1/ p ed b/y Gar ~’ (1976)  wh ich re late bronchi

d janet er to the total C Inch and iiic d Ic sur  ice  area f o r  t he  t o p ,  n idJ  le

and hai i e o f  the crown L~~~ Y L  l i t  H i - - i  10 ~ ‘_~~ I~~ S .11 , BA T , and NIl for the

total tree. The proport ions of XII and 1111 for e ic hi c i l l o p y  layer of S

equa l he ighi t  t-.-erc derived Iron Gary (1976) and are presented in Table 1.

The f izial ~; r I ira t e d  L•\ I for Lov e r s  I , 2 , and  3 mer e  2 . 4 , 4 - 5 , and 1. 6 ,

respect iv e l y ,  for a total c000h)y 1.11 of 8.5.

The d i s t r i b u t i o n  of g l o ba l  and di f fuse  so I or o ne rg v  as a func  t: ion

of wavelength was m e a s u r e d  on a clear day it the study site using the

U.S. Forest Service C i r c u l a r  V a i l  ab le Fi lt e r Ppec ir on -  ter (CVFP) S

The CVFS uses two continuous ly v a t - r i n g  interference filters for

spectra l so pa rat Ion in the vi s ib  11’ and near  in f rared reg i ons i th a

half b a n d w I d t h  of about 13—22 urn. The system has a 50 mm c am er a  lens

and an acrylic diffuser for input optics and a silicon diode op or a t  ing

in the  photo voltaic mode as a detector. A di gital readout is avail-

able ( l e t t e r  dated 14 December 1 )78 from Robert W. i)ana , Phivsici ~~t ,

j Resources Evaluation Techniques Program , Rocky Mou ntain Forest and

Range Experiment Station , U.S. Forest and Range Experiment Station ,

I 
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Table 1. P r o p o r t i o n  of BAI and NAT of respective totals for the
three canopy layers of equal height. Data were derived
from measurements on a single lodgepole p ine tree (13.2 m
height , 13 cm DBhl) conducted by Gary (1976).

Proport ion

Layer NA Il  BAT

$ 1 0.28 0.23

2 0.53 0.49

3 0.19 0.28

total 1.00 1.00

.1
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U.S. Forest Service , -~D W. Prospect Street , Fort (‘~ lins , Colorado

80521). Thirty—one di screte spectral measurements for both diffus e

and d i r e c t  rad iat ion were recorded w i t h  in t h e  range of .44 — 1.0 ~m

at 0350, 1025 , and 1152 ( S t a n d a r d  T i m e )  during A ug u s t  6 , l°76 .  Al l

m e a s u r e me n t s  were t a k e n  w 1 tl i  lvi  1 3 minutes of ti le above t imes .  these

t imes  c o r r e s p o n d  to so la r  z e n i t h  ang les of 22 0 , 30 ° , aa d 47 ° , r e sp e c —

$ tively. The p r o p o r ti o n  of t o t a l  so lar  i r r a d i a n c e  r e p r e s e n t e d  in the

UV range (< .44 tim) and two IR ranges (1.0 — 2.0, <2.0 tim) were esti—

mated f rom tables  p r e s e n t e d  b y Kondra t ’ yev (1965) which t vp i f y a

theoretical clear and dry atmosphere. The general trends of the

f i e l d  da ta  were comp ared  w i t h  those  t h e o r e t i c a l  curves  (Kondrat ’yev ,

1965) by normalizing all solar spectral curves so that the integral

of each curve equaled 1.0.

This computation aided in th e ease of cor;oarison between shifts

ia  the above spectral c ur v e s  and in l a t e r  analysis. Tile computation

involved i n t eg r a t i n g  the  r e lat ive  m e g - n i  t udes  of the points within

the .44 — 1.0 pm regions ; and from tabular values  (Kondrat ’vev , 1965) ,

the corresponding proportion o~ t o t a l  so lar  i r rad ian c e  in t h e

remaining 11Sf and IR regions were obtained. The n o r m a l i z e d  f .  va lues

w i t h i n  i n t e r v a l  ( . 4 4 , 1.0) were then  ca l c u l a t e d  as:

— p)

where:

S f = nor ma l i zed  f
1 
values

f . = f ( x ~~) ,  (i = 1, 2 , N) wh ere x .  c ( . 4 4  — 1.0)

4
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I ’ = appr o:-:  Lea to  in t o g r a  1 on i n t e r v a l  ( . 4 4 , 1.0)

p = p r o p o r t i o n  of t o t a l  solar energy outside the .44—1.0 pm

reg ion .

The measured sol or s p e c t r u m  does no t  span tile e n t i r e  solar  z e n i t h

a ogle  r a ng e .  H o w e v e r , t h e  n o r m a  Ii zed sp e c t r a l  c u r v e s  as measured  in

th e  f i e l d  m o r e  v er y  ~:crC i b r  in r e g ar d  to sp e c t r a l  t r e n d s  of the

LIp p rapr i ; t  c t II eo ’e  cal  spectral curve  (F I go - - c 4) . P~ r t her , because

S of  ~he relat . lvclv Sm5 ill change in atmospheric path length between the

4 t h ree  I::i L i s ; l r / d c u r ve s  and t h e  theoretical curve , t h e trends and absolute

normalized n ign it ui ics are  s i m i l a r .  In a d d i t i o n , these curves corres-

pond r e l a t i v e ly we l l  to the spectral irradiarice curves reported by

Gates  ( 1966) .  Is a consequence , the 4 thee  rat ical carves as pre sen t ed

by Kondrat ’yev (1965) for zcn~ th angles of 0, 70 , 80 , and 85° (respec—

t ive at e ioep h er  ic p a t h  length s of 1.0 , 1.0 , 6.0, 10.0) were utilized

exclusivel y in this stud y for consistency (Figure 5). The proportion

of solar irradiance in the UV and IR bands for the four t h e o r e t i c a l

curves are presented in Table 2. These four curves demonstrate that

for a clear and dry atmosphere , as zenith ang le increases , th e path

length through the atmosphere and the s h i f t  vi the direction of

longer w a v e len g t h  inc reases .  The genera l  t r ends  in spectral shu ts of

these curves  were  b el ieved a d e q u a t e .

These 4 normalized spectral solar curves can then be linearly

interpolated for any specific zenith ang le and for specified discrete

wavelength i n t e rva l s  to ob ta in  the desi red d i sc r e t iz e d  spectra l  solar

irrad iance function (f~~~ ) for zenith angle a and at wavelengths

A . , i = 1, 34.
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4 7  1 . 4

S 0 3  / I I I I I I
Q40 0.50 0 6 0  0 7 0  0.80 0.90 I .00

WAVELENGTH X ( p m )

F i g u r e  4 . N1~vm a t I .:ed np - ( -L r a T  so l a r  i r r a d l a n c e  curves  as measured in
t h e  f l - I d  t i r  solar zenith angles of 22 0 , 30 ° , and 4 70 ~~

In  add! t ion , lie theoret lea I curve for a zenith angle of
0° from Kondrat ’yev (1 165) is shown.
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Figure 5. Theoretical solar irradinnee curves for a clear and dry
a tmosphere  ( f r o m  K on d r a t ’yev , 1965) .
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T :ih le 2.  Th ieo r e l  ic a l  proport ion of total solar irradiance in thie
UV ~-incI IR r t - g ions  as a f u n c t i o n  of z e n i t h  i n g i e  ( f r o m
go nd r at ’ v e .  , li 65)

3a lot- z.-u ith ang le

00 70 ° 80° 85°

.089 .048 .021 .007

1. — ’. .2 3 9  .269 .305 .343

> 2 .  .064 .072 .033 .094
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The proportion of spectral solar irradiance as a f u n c t i o n  of

solar  z e n i t h  angle absorbed by each canopy layer is estimated by the

SRVC absorption model .  To s imu la t e  all permutations for each of the

34 discretizod wavelengths , 2 canopy components (branches and needles),

the  e n t i r e  range of so la r  z e n i t h  ang les , and all possible diffuse/direct

r a t i o s  of solar i r r a d i a n c e  would  be ex t  remely cost ly and thus the

fo l lowing  approach  was emp loyed to reduce the number of requi red

s i m u l a t i o n s .

The spect ra l  d i f f u s e / d i r e c t  r a t i o  as der ived  from the U . S .  Forest

Service CVFP~ data collected at Leaciville , Colorado , August 6, 1976 is

presented in Figure 6. The ratio increased with increasing frequency

and increasing solar zenith ang le. Wavelengths near tile UV region had

a ratio of less than 0.15. A sensitivity analysis of the change in

absorpt ion coefficients for each layer  ve r sus  a change in the diffuse !

d i r ect  r a t i o  fo r  w a v e l e n g t h s  a h igh and low canopy r e f l e c tan c e  and

zenith angles of 0° and 72° was completed. In the ratio range of 0.0—

0.2, the change in the a b s o r p t i o n  c o e f f i c i e n t  is less than  0 .03 in all

cases. Thus , it is be l ieved  tha t  for  c l ea r  sk y cond i t ions  at

‘1 Leadvillc , Colorado , a constant diffuse/direct ratio of 0.06 is

adequate for all wavelengths.

Rather than simulate two canopy elements (needles and branches)

5 5 in each layer , one average e lement  in spec t ra l  ch a r a c t e r i s t i c s  was

s imula t ed  fo r  each l aye r .  The spec t r a l  r e f l e c t a n c e  of the branches

and needles and needle transmittance were initially measured using an

Tsco Model SR Spec tral Radiometer. Branches , mosa ics of needles , and

• ‘ a bar ium s u l f a t e  r e fe rence  panel were utilized to obtain reflectances .

A metal plate with a thin slit was used to measure needle transmittance.

4..~~~~~ . s 
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in addition , LI Modi fled Barnes Spectral Master Research Radiometer was

u t i l i z e d  to measure  t h e  s p e c t r a l  r e f l e c t a n c e  curve  of needles  and

branches .  This  r a d i o m e t e r  had a 2° f i e l d  of view (no needle  mosaics

were r e q u i r e d )  and p roduced  a cant lnueu.s curve f t - em 0 . 2 5  to 1.20 pm.

U s i n g  the  above two i n s t r u m e n t s , 14 needle  ref l  e c t L l n c e , 12 needle

t r an s m :  t t a n c e , and 11 branch r e f l e c t a n c e  samples were taken f rom

S various p or t i o n s  of a t r e e .  The r e spec t ive  average spec t ra l  curves

were then weighted according to the proportion of BAI and NIl for

each canopy  layer  as m e a s u r e d  by Gary (1976) (Table 1). The r e s ul t i n g

spec t r a l  r e f l e c t a n c e  and t r a n s m i t t a n c e  curves of the average canopy

c lement  f o r  each lover  were  ve ry  s imilar , thus only one set of mean

spectral reflectance and transmittance curves were utilized for all

three canopy layers as presented in Figure 7. The mean spectral

r e f l e ct a n c e  cu rve  cor responded  c lose ly to spec t ra l  r e f l e c t a n c e  curves

of Pinus res~~nosa  needles as presented by Egan (1970). The curves in

Figure 7 are used to c a l c u l a t e  the spect ra l  absorptance  curve of the

average canopy e lement  for  all th ree  l aye r s  wh i c h  is denoted as a
~~

.

It  was also e s s e n t i a l  t h a t  canopy a b s o r p t i o n  be shown insens i t ive

‘1 to :cn-ul l  changes in the average e lement  t r ansmis s ion .  The p ropo r t i ons

of absorbed solar i r r a d ien c e  for  a wave leng th  of high canopy r e f l e c —

S 
tance (p = .50 for all canopy elements including the ground) for

various element transmission coefficients and for zenith ang les of

0° and 72 ° were s i m u l a t e d .  T u e  max imum s t a n d a r d  d e v i a t i o n  of the

nicasured needle t ransmiss ion  fo r  the six d i s c r e t e  wavelengths  was 0.02

and corresponded to a near infrared wavelength (Figure 7). In the

above sens i t iv i ty  a n a l y s i s  a 10.04 ( two s tandard  dev ia t ions )  t r ans—

mission change produced a maximum absorption coefficient change on

4 
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Fi gure 7. Mean canopy e lement  r e f l ec t a n c e  and t r a n s m i t t a n c e  derived
S 

from radiometric field data .
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t h e  order of 2 .01 for  La er 1 and a 0° solar  a e - u i t h i  angle . The stand-

ard d e v i a t i o n  for  the 0.68 ~im band was 0.0008.  At low r e f l e c t i n g

wavelengths any r e a s o n ab l e  e r r o r  in t r a n sm i s s i o n  w i l l  p roduce  a small

change in t u e  a b s o r p t i o n  c o e f f i c i e n t s .  In a d d i t i o n , i t  was f o u n d  t h a t

the average canopy r e f l e c t a n c e  was c o r r e l a t e d  w i t h  t h e  ave rage  canopy

7
t r an sm i s s i o n  (R = 0 .62  with reflectance being the inuepenuent

The above s ug g e s t s  t h a t  onl y a few mean canopy e lement  r e f l e c t a n c e

(M~~ ) v~~lu ~~s need to be s iroi lated with the SRVC absorption mod el

Six MCII ’s were simulated r a t r i r i g  from 0.0 to 0.80 reflectance. Each

Mt: i~ ve lue  s imula ted  for all three canopy l yors has a corresponding

mean canopy c emen t  t r a n sm i s s i o n  f a c t o r  and a gr onnd r e f l ec t e a c e

factor. Thus , ti e. T~~~efines the  c o ti ca l  or op er t i o s  of the e n t i r e

c a n o p y  s y s t e m .  The above in L ocr i ti- - i ~y and correlation of transmission

allows one to make the traae:.i - s~~ion f a c t o r s  c i e u en d en t  only on ~ICR

rather thian wavelength. TI-ic background , c om p o s e d  of grasses and

litter , was similar to the a v e r a g e  canopy el emen t  r e f l e c t a n c e  e x cep t

in t h e  near  JR reg ion  where  t h e  b a c k g r o u n d  was consiste ntly lower in

r e f le c t a n c e .  As a consequence , at high ~iCR the corresponding reflec-

tance of the background was s c a l e d  down r o la t i v e  to the MCR. The

simulated MC R along with the c o r r e s p o n d i n g  canopy e l e m e n t  t r a n s m i s s i o n

and the  ground r e f l e c t a n c e  u t i l i z e d  are p resen ted  in Tab le  3.

Four runs utilizing the STIVC abs or p t  t o n  model  were  m a d e  for solar

z e n i t h  a ng l e s  of 0° , 47 0 , 72 ° , and 37° u s ing  the f o l l o w i n g  inpu t

p a r am et e r s .  The diffuse/di t -ect ratio utilized for all runs was 0.06.

The canopy element inclination angle distributions were derived by

t h e  l i sor  d i f f r a c t i o n  tecb lni qlle as p r e s e n t e d  b y Kimes , S m i t h  and Berry

4
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Table 3. S i x  mean canopy  e l em en t  r e f l e c t a n c e s  (~ CR) with corresponding
canopy c l e m e n t  t r a n s m i s s i o n  and g round  r e f l e c t a n c e .

_ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

— 1

Canopy Canopy Groun d
r ef  l ec ta nc e  t r a n sm i s sion  r e f l e c t a n c e

0.00 0 .000 0.00

0.16 0.005 0.16

0.32 0.014 0.28

0 . 4 8  0 .024  0.30

0 .6 -4  0 .035 0 .44

0.80 0 .065 0.60
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(11)79) . The S pa rune i cr  was m e a s u r e d  to  be 0. 1 by measu ring the

f r e q u e n c y  of p i p  u s i n g  h 1 L i c k  :1:1 1 ichi l ie  p h o t o g r a p h s  trh i  icti i-crc taken

looking ye ri ical ly up through the canopy. A dot grid was applied to

the ph o t o g r a p h s  to es t im~ite the p r a b . i b  l i l i y  of ‘up. Th e S par -m i or

S was  t h e n  dcci  ~ed f r o m Equa  on 1 . The l.A I ~‘a lucs for each laye r were

de r ive d  as d isclissed above

The r e s u l t i n g  run s , w h i c h  are  p r esen t ed  in t h e  R e s u l t s  and

D i s c u s si o n  s e c t i o n , can be l i ne ar l y i n t e r p o l a t e d  fo r  any solar zenith

eag le end ~-~P!l i~- im i ch i  co r re sp onds  to a s p e c i f i c  wav e leng th  (F igu re  7)

to e si i r e a

The t o t a l  g l o b a l  solar  ir r o d i a nr - c  c-m t a e r m  i t h  a n g l e  z was measured

u s i n g  a MA iI K I —G S L — A — M[ ’ i ER Sil  icon Ce1 5 1 P y r an e : s - t er .  This  n mc - asure—

mI . t i t , d e n o ted  as E wh en m o l t  ip l ied  by t h e  d i s c re t  ized f d e t e r m i n e sz S

the  m a g n i t u d e  of  the  : :p e c t r -m l curve , wherea s f .1 det  i- m in e s  the  shape

S of the curve . ~ cn e  error is mi tr e lCl d due to ch a nc in g  so l a r  sp e c t r a l

effects as a l un c t .L o u  of solar comm i th angle r i nd the S Q i iS i t i vj t  of

t he s i l i con  d e i e - L o r .  hl om -re v er , t h i s  w i l l  e f f e c t  on l y t h e m.I gm it ode

o f t h e  s t m t - c tr a l  curve  and not  ch ic rheoretical spectra l trend .

MI le h V - r i  t~ j u t  i o n

It is very difficult to m e a s u r e  the absorption of solar flux

w i t h i n  the l aye r s  of time canopy . However , the model can be bench—

marked api mist the ne i s ’ m r m ’ I r e f  l e e t k - d  and t r a n s m i t t e d  solar  f l u x

den s i t i e s  w i t h i n  and above t h e  (~~m m m I ) l y sy st  I~ rn .

A un i que da ta  1 Li S C  e x i s t s  fo r  t h e  I od p c n ole  p ine  stand a t  Lead—

vi ide , Colorado (Ranso m , K i r c h n e r , and b m c i t h , 1978) . The data base

c o n s i s t s  of o p t i c t i  and t hem - m u spectral measurements for various

~~~~~~~~~~~~~~~1 
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terr ain -i and t e mp o r a l  f e a t u r e s . In t h i s  p a r t  i c u l a r  s t u d y ,  t ime Sceni c

R e c o r d i n g  R a d i o m e t e r  ( S R R )  was p r i n c i p a l l y  u t i l i z e d  to obtain spectral

r e f l e c t a n c e  and t r a n s m i t t a n c e  m e a s u r e m e n t s  of the  f o u r  m ode l ing  t r ees .

The StiR i n s t r um e n t  is desc r ibed  by Berr ~’ , 1ie~~t e~~ , and Smi th

( 11)78) . Thie SRR was suspended  on s u p p o r t  cables  a t t a c h i e d  to two 15 in

t o - e rr , whiich al lowed s p e c t r a l  r e f l ec t a n c e  me a s u r e me n t s  f rom above the

canopy to he ob ta ined  ( F i g u r e  8 ) .  The SRR cons i s t s  of a six na r row

band i n t e r fe r e n c e  f i l t e r  wheel i n t e r f a c e d  to a h iasse lbl ad  EL 500

camera  to p rov ide  a p h o t o g r a p h ic record of the  scene . All  f i l t e r e d

s mi e c t r : d  data were r e f e ren c e d  to a b a r i u m  s u l f a t e  pa in t ed  panel  to

prov ide  reflectance values. Filters use.d were centered at 4800, 6750 ,

7300 , 8000 , and 9600 A. (The standard field of v i e w  (FOV) was 22.5°.)

V e r t i c a l  s p e c t r al  r e f l e c t a n c e  above the f o u r  m o d e l  ing t r e e s  was

m easu red  t h r o u g hout  1977 and compared w i t h  the  s imu la t ed  r e f l e c t a nc e

va lues.

On September  17 , 1977 at 1030 Standard Tine thie SRR was placed

on the  ground looking vertically up eup:i  t h e  c e m o n v  of the modeling

trees. A 12.7 men diameter stop on the SRR optics v-m s utilized with

a TOy of 90  w h i c h  r e s t r i c t e d  the  FIW to t h e  b o u n d a r i e s  of the canopy .

Two s~~mp le points were treasu red au-id the  mean t r a n s m i t t a n c e  to the

grout - id was c;ulcmi lated.

Two experiments we’re performed to evaluate the  spectral reflec—

taru ce variability of I o(h pepole p inc  canopies  w i t h  chang ing  solar

zen i th  angle .  SRR da t a  t a k e n  f rom the tramway system of the four

S 

model ing  t rees were acqu i red  on May 24 , 1978 , f r o m  0642 — 1526 hours

Moun ta in  Day li ght  Time (MDT) . A p p r o x i m a t e l y 10 pe rcen t  of the scenes •

was composed of snow u n d e r s t or y .  In a d d i t i o n , da t a  were acqu i red  fo r  
. I
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Figure 8. Suspended Scene Recording Radiometer (SRR) instrument on
tramway system at Leadville , Colorado.
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a d i f f e r I _ ’ m m t  cluster of three loli gI -pole pine trees on A m i g I u s t  4 , H 7 6 ,

f r o m  0657 to  1400 hou r s  MD T .

Re~m ; mnl  ts and Discuss ion

lime measured  s p e c t r a l  canopy  t ransru i tance t o  t h e  ground versus

the  simulated values Lire shown in Fi gure 9. Coin s i der  ing t i me  smLu l 1

m a g n i t u d e  of the s p e c t r a l  t r a n s m i t tan c e  va lues , the  accuracy o f

p r e d i c t i o n  is very  good .

A typ ical compariose between-i the measured vertical spectral

r e f l e c t a n c e  of the fo ur 1~ dgepole pine trees versus time simulated

r e f l e c t a n c e  is p resen ted  in F igure  10.

The simulated total absorption coefficients A of a single

isolated mean canopy element for solar zenith angles of 0°, 47 °, 75 °,

and S5 ° were .68, .67 , .65, and .60 , r e spec t i ve ly.  Jarvis  et al .

(1976) states that the optical properties of coniferous needles are

poorly known due to difficulties in making spectral measurements with

conventional spectrophiotometric equi pment. However , Gates et ~m 1 .

(1965),  assuming zero transmissivity, found a mean value of absorption

of 0.88 for needle mosaics of P inus  s tr ob u s  using a spectral solar

i r r a d ia n r o  curve of a sunny day.  It  is i m p o r t a n t  to no te  tha t the

to t a l  A is not  cons tan t  but  is a f u n c t i o n  of the solar  i r r a d ia nce
z

c o n d i t i o n s  which change as a f u n c t i o n  of solar z e n i t h  angle .  Gates

(1970) has shown t h a t  t h e  t ot a 5l a b s o r p t i o n  c o e f f i c i e n t  of leaves of

v a r i o u s  p l an t s  can change (is much  as 0. 13 b etween sunny  and c loud y 
S

i r rad iance c o n d i t i o n s .  S

The SRVC absorp t ion  co e f f i c i e n t s  a \ - 
for the six MCR f or

solar  z e n i t h  angles  of 0° , 72 ° , and 89 0 au5 c presented in Figure  11.
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Figure 10. Measured versus simulated vertical spectral canopy
r e f l e c t a n c e  fo r  May 24 , 1978 , 1200 S t a n d a r d  Time .
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The ci~~~~ 0
° and Ct~~~ j 4 7

0 curves were very similar. It is hypothesized

that t h i  is similarity is due to the f a c t  t h i a t  th ie  PGAP a t  solar  z e n i t h ~

an gle s of 0 0 and 45 0
, corresponding to the inc Lination i n v e r v z u l s  of 85°

and 45 0
, r I - sp ec  t ivelv , in Table 4, are very  s i m i la r  f o r  any  g iven

c imiop y I aver. Thus , t h e  t i n :  :- ~ : e ’ r of raI l  1st ion shuuu Id be somewhi m t

s i m i l u r .  Seve m l  i n t e re s t i n g  t r e nd s  i r e  ; u 1 c ~~i rv n t  in Fl gure 11.

- I The t r ends  seen fo r  cm • 
° can he exp la i n e d  as fo l  lows . The

\ , -i , 0

d i f f e r e n c e s  in the  a h s L l r p t i o n  c o e f f i c i ~~n t s  seen i n  each ca n o p y  l i v e r

are due to a complex i nt e r a c t i o n  of r a d i a t i o n , -s i i spv  ~e-ometry ,

op t ica l  p r o p e r t i e s  u c.si pv e 1 c m ~ ) t s , LAI di s- t r i bu t  ions , and s pat i a l

a r r angemen t  of canopy e l emen ts .  The 
~~~~~ 

and 
~~~~~~~~2 0

° decrease as

the ~1CR increases because at  l u i ~ghi MCR an ener c y loss due to high

element  r e f l e c t i o n  is & l o - - : : I m i . l t  i n p .  !lnme- ~- :’r , u~ •,
~~~~~

° is r e l a t i vel y

c o n s t a n t  and peaks at a M~ R of  .3  — .5. At tLe I o~-er MCR r e la t ive ly

little energy is reni-h tug Layer 3 due t e  t~~e h igh  I - l I ’me -n t  abso rp t an cc ,

and at the higher MCR the hig i energy I S O S ; 5~ J u ne  t o hu i :~h clement reflec-

tion is dominating. Thie a~ , 4 , 0
0 (where 4 denotes tbie ground I aver)

consistently increases w i t h  i n c r e a s i n g  1-~C R .  At  h i g h er  MCR a r e i n—

tively large proportion of f l m i ~: reaches  the  ground , and the ground

bias a r e l a t i v ely h igh  abso rp t i on  c o e f f i c i e n t  r e l a t i v e  to the canopy

elements (Table 3) .  Thiese f a c t o r s  domina te  as MCR increases  and thus

cm 0 increases .
, 0

It is important tha t thie most drastic differentials in the cx .

occur at low MCR which would correspond to the photosynthetic active

radiation (PAR) absorption. Thus , the uneven distribution of absorbed

PAR within the canopy will have definite effects on the p h o t o s y n t h e t i c

efficiency of the canopy. In contrast , at high MCR the  cx , . ‘ s t end

_ _ _ _ _ _ _ _ _  
-
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Table 4. S m u  I a t ed probabi IL rv of gap (l ’GAP) through each canopy
Liver at the nine differe nt inclination v jew anF,le intervals

I n c l in a t i o n  view angle

5 15 25 35 45 55 65 75 85

Layer  1 .03 .30 .41 .46 .48 .49 .50 .50 .50

- 

Layer 2 .00 .10 .19 .23 .25 .26 .27 .27 .27

Layer 3 .13 .47 .57 .61 .62 .63 .63 .63 .63
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to converge due to the large degree of multiple scattering, and

consequently a more even distribution of absorbed spectral flux is

assumed.

The curve  increases  s l i g h t l y  in magni tude  re la t ive  to

cm ) , 1, 00 fo r  all N CR which (h ict at es  that the f l u x  reaching Layer 2

should be less , and as a consequence 
~~, 2 , 72 ° decreases slight ly fo r

all NCR r e la t ive  to a~~~2 00 .  A s i m i l a r  a r g u m e n t  can be made f o r  the

sli ght  decrease in 
~~ 3 72 ° and cx

~ / 72 ° ~~~~~ is most noticeable at

S 
low N CR . These ch anges are not  large , and can be partially e::plained

by the f a c t  that  the s imu l a t e d  FCAP ’ s , wh ich  are impc :~~ant in r ad i a t i on

t r a n s f e r  fo r  the solar zenith angles of 00 , 47 ° , and 72 ° co r r e spond ing

to inc l ina t ion  in terva ls  of 85 , 45 , and 25 , respec t ive ly ,  do not

change d r a s t ica l l y  (Table 4) .

The ct~~~1 390 curve shows that Layer 1 absorbs most of the energy

except  at hi gh NCR . At los.’ NC R ( e . g .,  PAR) Layer 1 essen t ia l ly

absorbs all incident energy due to the very low PCAP (Table 4). The

~ 89° curve assumes the same general shape as cx , in the previous

run:.

I ~igure 12 presents the simulated proportion of spectral solar

irradiance at various NCR values that reaches the ground level at a

solar zenith angle of 0 0 and 8 90 . As one proceeds f r o m  a low NCR

to a high NCR , the proportion of spectral solar irradiance reaching

the ground increases exponentially due to the increase in element

r e f l ec t ance  and m u l t i p l e  s c a t t e r i n g .  This phenomenon has been observed

by many i n v e s t i g a t o r s, fo r  examp le Jarvis et al. (1976) and Ross (1976).

Upo n inspection , the cm
X ,total ,z 

in Figu re 11 change very little

as a f unc tion of solar zen ith angle. Two p lots were produced for
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Figure 12. Simulated proportions of solar spectral ~rradiance for
- various NCR values t ha t  reach the ground level at solar

zeni th angles of 0 0 and 89 ° .
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further analysis. Fi gure 13 sh ows t h e SRVC simulated cm s p e c t ra l

absor otior’ coefficient for a N CR of 0 .16 as a f u n c t i o n  of so lar  :-:e-nit h

angle. As can be no t ed , the cm~ ch anges drasticall y as a function of

solar zenith ang le; however , the total proportion of time spectral

i r m a d i a n c e  absorbed  by the canopy system is relatively constant. The

m o d e l i n g  r e s u l t s  f r o m  Chance and LeNas ter  (1978) have shol..m s imi la r

t r e n d s  for  a s1’h-m ea t  canopy .  Fi gure  13 shows the  SRVC s imula ted  a .

- 
s p e c t r a l  absorp t ion  c o e f f i c ie nt  for  a NCR of 0.64 as a function of

solar  zen~ t Ii  an~ 1e. cm does not  chaxwe d r a s t i c a l ly  w i t h  solar zen i th
1 -

angle  due to the  h igh  element reflectance amid a relatively hi gh degr ee

of multip le ~:cn:tering . ~ga Ln the tot:u~5 p~-oportion of the spectral

irradiance absorbed b y the canopy system is relatively constant.

Since the total proportion of spectral irradiance absorbed by

the canopy sys tem changes l i t t l e  as a f u n c t i o n  of so lar  z e n i t h  ang le ,

the  t o t a l  r e f l ec ted  spec t r a l  f l u x  would also change l i t t l e  s ince the

canopy system ’s reflectance and absorptance must equal 1.0. However ,

the SRVC model s im u l a t e s  the a p p a r e n t  r e f l e c t a n c e  in time i u i n c  in c l i -

n a t i o n  bands  shove t h e  c ;n ~op y ,  an d t h is  re i le ct s n c e  is l’v no 51 ’
5 - 5 ins

4 c o n s t a n t  w i t h  v n r y i r ~~ 5CS 1. 5 i  ::eiii thi ang le due to the comp lex raC~ sLion—

canopy g e o m e t r y  in t e r -m o t i o n s .  Many s t u d i es  do not  :Ust inguish  be tween

to t a l  and d i r ec t i ona l  r e f le ct a n c e  f a c t o r s  wh ich rn -m y d i c t a t e  wha t  k ind

of reflectance versus solar zenith angle trends result in any pa r t ic -

u lar  s tud y .

For e x amp le , w i t h in  this stud y the simulated total spectral flux

S 
absorbed by the can opy system is essentially constant with solar

z e n i t h  angle .  However , time simulated vertical spectral reflectance

shows d e f i n i t e  t rends  as neon In  Fi gu re 14. Sun :uiig b e  expe r imen t s ,
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d i scussed prey iously, using time SRR i n s t  r I I : : I e n t  w e r e  c o n d u c  ted on the

f o u r  m o d e l i n g  t r ee s  and on a n e -ar b y cluster of three t roes . The

r e n u l  t~ of v e r t i c a l  r e f l e c t a n c e  ver sus  solar  z e n i t h  a n gle  of these

two targets for the 0.68 pm ha mi d  and tIme 0.80 pm band , c o r r e s p o n d i n g

to a N CR of .064 and .538 , r e s p e c t i ve ly ,  are p r e s e n t e d  in Fi gure  14.

S The s imu l a t e d  r e s u l t s  of the th ree  t r ees  deviate from time measured

r e s u l t s  in ms 1~n i t u d e , which  might  be expec ted  s ince  the t a rge t s  are

two d ist i n ct points. However , a decreasing reflectance with increasing

4 solar :~en i t h an g le is seen in bo th  s imula ted  and measured  r e s u l t s .

The same genera l  tre : i lzi e C : ist  for  the  r e su l t s  of the f o u r  model ing

t rees  with better correspondence in magnitude to the s imula t ed

results (Figure 14)

The simulated proportion of total global solar irradiance absorbed

by time lodgepole pine  canopy  n v ; t c m  as a f u n c t i o n  of solar  zen i th

angle is p r e se nt e d  in Figure 15. TIme total Clobal solar irradiance

absorbed by the  canopy system is essentiall y constant with changing

solar :Cen l th  ang le , and t h e r e f o r e , the  total reflectance is essentially

cons~ snt . however , the props rt tens absorbed by layers I and 2 are

‘1 clearly dependent on solar .-:oCcith ang le. As solar  z e n i t h  angle

increases , the P GAP f o r  Lave’r 1 JI -o r l - I s e s  and thus , the  absorpt ion in

Layer 1 in crease . In c o n t r a s t , as so la r  zenith angle increases , the

p r o p o r t i o n  of f l u x  reachmin g L i v e r  2 decreases  due to the  lower PCAP

of Layer  1 at  h m i p h i ~’r solar zeni tim angles .

Bergen (1971 , 1974) has shown in a 10 m tall lodgepole pine

canopy that time air temperature maximum occurs in time upper crown

d u r i n g  the morn ing  p e r i o d  and t h m t n de scends  deeper in to  the  crown as

the so la r  z e n i t h  angle  d o cr e u ;l s fo r  c lear  sk y and low wind speed

4
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c o n d i t i o n s .  The maximum temperatures move from t I me 9 m level to the

7 m level  dur in g  time day.  This phenomenon sugges t s  t ha t  t I m e  f o l i age

hea ted  by the so l a r  i r r a d ia nc e  is the  cause of t ime s h i f t i n g  maximum

air t e mp e r a t u r e  level (Bergen , 1971). Figure 15 demonstrated a shift

of levels at which t ime  maxim um global solar irradiarmce is absorbed.

At the greatest solar zenith ang les , Layer  1 c lear ly  absorbs the

largest proportion of global solar irradiance . However , at relat ively

low solar zen i th  angles , t ime p r o p o r t i o n  of solar global i r rad iance

absorbed by Layers 1 and 2 begins to converge ~ndicating time level of

maximum absorbed solar irradiance is shif:cd ~cvn into  the ccnopy.

This can be exp lained by the PGAP as a function of view ang le as

discussed above. Bergen (1974) states that forest productivity

studies roCu~ re more quantitative data of canopies such as radiation

flux absorotion.

In fn tu r e  work  it is a n t i c i p at e d  t h a t  the SRVC absorp t ion  model

will be used to study PAR absorption within canopies of various

geometric structures. In addition , the results of this study will be

combined wi th  a comprehensive the rmal  canopy s ignature  model (TCS M)

recently developed at Colorado State University to study the thermal

behavior of the lodgepole pine canopy.

Conc lus ions

A solar radiation vegetation canopy absorption model has been

developed wh ich  has several advantageous featur~ s for quantifying

solar absorption within vegetation canopies under a variety of environ—
I

men ta l  and p l a n t  c o n d i t i o n s . Under  a theore t i ca l  clear and dry

atmosphere and a c o r r e s p o n d i n gl y low d if f use/d irec t solar irradiance

4
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r a t i o , the  f o l l o w in g  measured and s i m u l a t e d  r e s u l t s  were found  fo r  a

s p e c i f i c  locigepole p ine canopy .

1) Time simulated results correspond relatively well with time

measured reflectance and transmittance data.

2) Large d i f f e r e n t i a l s  occur  in s p e c t r a l  a b s o r p t i o n  b y canopy

layers espeolally in time p h o t o s y n t h e t i c  a c t i ve  r a d i a t i o n  region

as a function of solar zen i th  angle and canopy geomet ry ,  which

may have sig n i f i c a n t  e f f e c t s  on the pl i o t o s yn t im e t i c  e f f i c i e n c y

of the canopy.

3) As one proceeds from a low NCR to a hi gh NCR the  propor t ion

of s p e c t r a l  irradi— ince reaching the ground increases

e x p o n e n t i a l l y .

4) A i t h o - i g h i t  is believed tha t  the  t ot a l  s p e c t r a l  r e f l e c t i o n  by

the canoPy  sy s t em  is r e l a t i ve l y  c o n s t a n t  wi . t i m  solar zeni th

ang le , the ve r t i ca l  s p e c t r a l  r e f l e c t a n c e  of t ime caCmopy

decreases with increasing solar zenith angle.

5) Both time total and spectral global irradiance absorption by

the  e n t i r e  lodgepole p~~rie canopy system are r e l a t i ve ly  cons tan t

with solar zenith angle. However , the proportion of total and

spectral global irradiance absorbed by individual canopy layers

varies greatl y as a function of solar zeni th  ang le .
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3.0 ~ THERMA L V E G E t A T I O N  CANOPY MODEL OF SENSOR RESPONSE

A b s t r a c t

A thermal  canopy s i g n a t u r e  model (TCS M) was developed to approx—

inmate time thermal  behavior  of a v e g e t at i o n  canopy by a n i t  i~cmat ical

abstraction of three horizontal layers of vegetation. The geometry

of canopy elements w i t h i n  each layer is quantitatively described by

ti-me foliage orientation distribution and number density. Given this

geometr ic  i n f o rm a t i o n  fo r  each layer and the driving variables (direct/

diffuse solar irradiamm ce , air temperature , horizontal wind velocity,

relative humidity, arid ground temperature) ti-me energy bud ge ts of average

leaves w i t h i n  each layer are determined . Ti-me r e s u l t i n g  sY stem of

conse rva t i on  equa t ions  is solved fo r  t ime average layer  t e rnp er at6re .

This information is then used to calculate ti-me response of a thermal

infrared sensor at varying view angles above and witimin the canopy .

Time model is ap p l i e d  to lodgepole pine ( T h i m m i~ r on t o r t a )  canopy and

the results are va l ida t ed  with both r a d i o :i c t r i c  and contact temper-

ature measurements. The simulated average layer temperatures

closely fo l low a i r  t e m p e r at u r e  due to the  hi gh leaf area index val ues

of the lodgepole pine canopy and the small dimensions of the needles.

Simula ted  ve r sus  measured radiemetric average temperatures of Layer 2

correspond approximately within 2°C. Simulated results suggest that

canopy element geometry can sign ificantly influence the effective

radiant tempera ture of a sensor above the canopy as a funct ion of view

4 :
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ang le .  Tim is pim em i omenon has important imp 1 ic~i t ions otm t ime opt  imum

view angle for making inferences about time target of interest.

I n t r o d u c t i o n

Radiant energy  i n t e r a c t s  with a v e g e t a t i o n  canopy in a comp lex

manner .  A v eg e t a t i o n  canopy  can go~m~~r al ly  be def ined  as a s t and  of one

or many plant species. The interactions of radiation and other energy

exchanges ~•:ith the individual canopy elements (leaves, stems , and

reproductive structures) include solar radiant absorption , reflection ,

and transmission; thermal radiant emission , absorption , and reflec-

tion; convection ; transpiration; conduction; photosyntimesis; and

resp i r a t i o n .  Time i n t e r a c t i o n s  1-otwe en time ensemble  of canopy e lements ,

the sky , ground , and air determines tim e resulting therma l behavior ,

solar radiation regime , and thermal radiation regime of time canopy

s t r u c t u r e . Ross (1976) d iscusses  the f a c t o r s  which de termine  time

resulting radiation regimes in plant canop ies. Mormte ith (1973) and

Gates  ( 196S) d i scuss  time thermal heimavior of vegetation elements.

An understanding of time underlying principles involved in the

above r ad ia t ion  and energy  regimes is important to remote sensing

applicat ions . Such basic knowledge is needed to improve the accuracy

of remote sensing techtm iques for determining species’ identification ,

vegeta t ion  stress , vegeta t ion  biomass and the na tu re  of ti -me under ly ing

soil and/or  rock.

One method used to study these interactions is by mathematical

modeling techni ques.  Canopy modeling enables the experimentalist to

convenien t ly organize , in a ma t imema t ical  sense , all the complex inter-

act ions which take place in a vegeta t ion canopy , aimd thus enables one

to integrate information and inte rp re t  the data  collected . In S
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add i t ion , n u i t l s  can sc - ry e  as a g i m ide  to e xper i m e n t  at ion . A~ in any

scion t i f  Ic r t -sen i- e lm , know I t -d 1;e of t ime  u n d e r  I y i i m g b - m  s ic  ~~ inc i pie s of

a p lmeno mono n needs  to be understood b e f o r e  a su rge  of p r a c t  i c ;i l

app l.i cat ions can be rem 1 i nd.

Several solar ra~I ia t ion canopy models whi cii i n c o rp o rr i  t e ca~

t r e x i s t .  Sc: - rc of t i me r e  r~~. r i-c cnt ~ I c a .  ave been -ado

by Oliver and Sm i  tim (1974) , Suits’ (1972), Id so and d e N i t  (1q70) ,

Allen and R ic i ~a~ d s m n  ( 19r~S) - It is know-n that the spectral si gnature

of m o c t  ye~’t - t a t i o n  e S i n ep l e s  v a r i e s  w i t h  both  d i r e c t i o n  of sen sor view

and solar zenith an--ic . This variation is primaril y due t o d i f f e r enc es

S in canopy geometry which influence time transfer of radiation w i t h i n

a v e g e t a t i o n  canopy . The canopy geometry  can be descr ibed by such

phys ica l  c h a r a c t e r i s t ics as time d i s t r i b u t i o n  of p lan ts on the ground ,

leaf area iimdex and its distribution as a f u n c t i o n  of heigh t , leaf

angle frequency distribution and leaf azinmutim angle frequency distri-

but ions . These canopy c har a c t e r i s t i c s , in regard to r ad ia t ion

t r a n s f e r , are discussed by Ol iver  am -m d Si:-c [ t h  ( 1 9 7 4 ) ,  Idso and deWit

(1970) , and dt�Wit (1965).

I The thermal infrared region (3—20 nm) of the electromagnetic

s p e c t r u m  in r ecen t  years  has received keen interest. Ti-mis radiation

region may add v a l uab l e  a d d i t io n a l  i n f o r m a t i o n  to make i n f e r ences

• conce rn ing  the  c h a rac t e r i s t i c s  of vegeta t ion  caimopie s .  Many thermal

models exist for different norm—veget ated t a rge t s  of i n t e r e s t .  Several

models exist for p lanar solid objects. For example , Watson (1971)

developed a thermal model for p r e d i c t i n g  the diurnal surface tempera—

tu re  v a r i a t i o n  of the  ground , ami d the U n i v e r s i t y  of Michi gan ( 1969)

developed a model for  the p r e d i c t i o n  of t ime—dependen t  t empera tu res

4
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and r a d i a n c e  o f p lanar targets and bac-kgrounds. However , few ii nial

models exist for plant canopies.

Gates (1968) presents an energy bud get for a single plant leaf

isolated in space. In addition , Kimes , Raimson , Kirchner , and Smith

(1978), and Wiehelt a m d  Henderson (1977) have developed the rmal  models

of an individual leaf. Other investigators model time thermal dyna mi cs

of vegetation canopies assuming a simp listic sing le homogene nus layer

abstraction. For example , vegetation is treated as a single homo-

geneous layer with an associated transmission factor for solar radia-

tion in time University of Micimigan model (1969). Ileilman et al. (1976)

used actual thermal scanning data to measure crop effective radiant

t empera tures  and used an evapotranspiration (ET) equation to estimate

crop ET. h owever , the)! assume they arc viewing ommly the top layer of

the crop w i t h t h e sc 1nnor and 1gm-mere time canopy geometry. The litera--

ture review failed to reveal any thermal canopy models m~hich pim ys ically

account  fo r  time canopy g:netry and the thermal  d ynamics w i th in  time

canopy.

I t  is known t h a t  v e g e t a t i o n  canopies  are non—Lanibertian at optical

wavclengtiis , prinmaril y due to canopy geometry. Similarly ,  in time

the rmal region, it is believed that while individual canopy elements

are iso trop ic radiators , the response from time canopy nay also be

non—Lambertian because canopy geometry causes spatial variations in

many energy flow processes .

With the number of thermal sensor systems currently operating in

present  sa te l l i t es  ( e . g . ,  Heat  Capaci ty  Mapping  Mission) and proposed

for  f u t u r e  sa te l l i t es  ( e . g .,  Time nmat i c  Mapper on Landsat  D ) ,  thermal

models will become increasingly impor t an t  in irmt e rp re t i tmg  the r e su l t ing

4
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d a t a .  V eg e t a t i o n  Ic ; o f t e n  t i m e  t a r g e t  o interest , especially in

agricu ltu re and lo r •-stry applications. h owever , in many cases the

substrzmte (e.g., soil , rock) underlying the v e g e t a t i o n  is of i n t e r e s t .

Thermal modeling of v e g e t a t i o n  canopies could piay an important rol.e

iim i n t e r p r e t i n g  t h o r n u l  d a t a  (l- ctson , Rowan , and O f f ie ld , 1971) and

in dt -c ; i gn S ru e  icc ; ~o r d i s c r im i n a t i n g  betwe en v - g ot a t i o n  types  or

lnic k g ro u m i md  S S S~~~~~tS i [ i i  s under  a v a r i e t y  of emmvir onmental conditions.

S Nc ci e l_ D e s c r i r t i o n

The prim a ry eb~ ectives of this s t u d y were to produce a thermal

canopy model whicim simulates , in a phys i ca l ly based manner , (1) the

geometric arrcmnme: -~ent of p r im ar y  canopy elements , (2 )  the dec- re ised

direct/diffuse solar cad L-;tiori c; e :gtion dim e to the  scattering of

neighboring canopy components , (3) the increased thermal absorption

of leaves due to time thermal emissions of neighboring canopy compel-merits,

(4)  tim e t rue  av erage  ten~- e r n t m 1 r o  of scene e lements  w i t h i n  three lion —

zontal , infinite canopy layers, am -md (5) time response of a thermal

- 
501-tH or  at  va ry ing  view angles  above time canopY and at  i m on i z o n t a l

looking positions within ti-me camiopy.

‘1
Canopy Abstraction

The vegetation canopy is abstracted as three , statistically

independent , horizontal , infinite layers (Figure 1). Time canopy

elements (e.g., leaves , branches , and other plan t organs) within each

layer are described as a statistical ensemble which is used to define

the canopy geometry . Mid—elements ti-mat represent canopy elements

wimicim occur at time horizontal plane occupying ti-me middle of each

layer arc defined . An energy budget  equa t ion  is formulated for the

4
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contain a statistical ensemble of elements.
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nmid—el en cetm ts of each layer. These equations account for time energy

in f l o w  and outflou~ processes of the elements. The energy transfers

are calcu lated on a power per unit area of element (w.m ) basis.

Time roots of time resulting system of equations are time a ve r a g e  s u r f a c e

c m p e r m t c m r e  of time m i d — e l em en t s  in t ime t h r e e  l a y e r s .  I t  is assumed

th at these values represent time average t empe r a t u r e o f t he e l emen t s  in

eacim respective layer. These values can then be u t i l i z e d  to ca lcu la te

the response of a t imermal  sensor at  va ry ing  view ang les .

Time flow of energy within a canopy is t~ rce d e p en d e n t .  Soc- ’evc r ,

time TCSM assumes a steady—state condition in which elements of ti-me

canopy are neither gaining nor losing a net amount of energy. In

addir ion , time en e rg y  loss due to photosynthesis and energy gain by

r e s pi r a t i o n  is as sumed n ec~l ig ib l e  and has been ig n o r e d .  H ea t  exchange

by c on d n c t i o n  is also considered negligible , cinch all simr faces of

finite e1o!-n~nts within a la”er are considered to be time same tempera-

ture. These appro; -: i~r r m t i o m 1 s  ;mr e good fo r  e l e m e n t s  of relatively small

dimensions (Gates , 1975). TI-me above stead y—state am-md conduct on

assumptions cray no t  he a d e q u a t e  when dea l ing  w i t h  canop ies which

e xh i b i t  a la rge  fr a c t i o n  of the t o t a l  e l e m e n t  s u r f a c e  areas as rela-

t ive ly large branches  and t r u n k s . To apprs:- : i m a t e  t i m e  dep e n d e n t

events , one can c o ns i d e r  a series of i n c r e m e n t a l  changes in s t eady—

state energy flow as discussed later.

Several other assumptions are made.  F i r s t , the spectral effects

in the thermal region are assumed insignificant. }-Zondrat ’yev (1965)

states that natural surfaces can i-me treated in the first approximation

as gray body radiators arid emitters. Data from Leeman cit al. (1)71)

4
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sh ìow t h a t  t i m e  t i m e crn mal  s pec t r al  e:r i c;sivity of p l a n t s  ; m r -  essentiall y

cons t c m n t  vi r im w a ve l e ng t h .

Sec oi id ~ v , time r e f l e c t  ion of t i m e- rm a 1 f l u x  v i  t i m i n  t ime  canopy is

ignored. Pccss ( 1 9 7 6 )  states that time transfer theory for time timermal

m d  I c i t  l ea  in a vegetation c a n o p y  d i  f f e r s  f rom s h o r t wa v e  theory in th at

the s - : i t  t e r i n g  of t i m e r m a l  ra Liic m t ion ccciv he n e g l e c t e d  but time c;~misS iOfl

of therma l radiation fronm plant elements must be acknowled ged. It is

believed t h a t  v i t i m i n  n a t u r a l  v e get at i o n  canopies , r e f l e c t e d  therma l

radiation is a tc~-gl igil~lo contributioim to ti-me total energy budget.

S1:~:-:ter (1967) r epo r ted  th e  e-rciss ivity of “green grass” as 0.99.

Idso , Baker and Blad (1969) reported time em issi~ irv of 34 plants

rang~ i-cg approximatel y from 0. P-’. to 1 .00 , w i t i m  30 of t ime  p lan t s  above

0 .96 .  Ti m e o f f - _ c t  i~-aorinc tice- rncm l reflectance on the  final temp—

c -r i tur e  of  a s i : nl o  c-al u~-ms eyel ored mi si cig ti-m e foil owing an a l ogy

F i - c - c c r e  2 ) .  The w i l l s  oi t h e  box are c o n s i d er e d  to he l :n.es i~imic hm

have an e m i s s i v i  tv  of .95.  fi ; e  energy b u d g e t  is used to calculate t im e

leaf tercp er cmture of time theoretical be:: in which L::crrnm l reflections

ire e-o :cp le t • - hc cti m for the exterior and ilm terie r of ti me l’ox , simulating

‘1 a t i m c -o r c - i c - m i e r ic  losed c c m cic p y .  T~ o ca lcui  1st ion: ; , one ignoring and one

accoun t i n g  f o r  ti m errc ~il rc -fiec ~ c - i c -c , are made of time single leaf tenip—

erature which  is c o m p l e t e l y enc losed  in time box composed of o ther

leaves. I t  is he tj~~veid t ime  d i f f e r e nc e  be rm-:ee n these two c a l c u l a t i o n s

will simulate the worst possible case fo r  i gno r i n g  t h er m a l r e f l e c t a n c e .

W ithin a normal canopy a single leaf is rarely comp letely surrounded

b y neighboring leaves and thus some of time r e f l e c t e d  the rma l  radiation

escapes out t i m e  sides of time system. hiowever , this is not  t ime  case in

the “ black n e e d l e  box . ” Time energ y budge t w i t h  t ime  spec i fic

4 ;
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o~~~t i e i e i m t s  used to c;m lcuilau te t i m e  shove 1 e - :m f  t c m p e r a t  or e i s  p l e c ; c - : i t  ed

in d e t a i l  b y Ki c : :ec ; , l h m n : ’n , i drchn er , and Sc - i t im ( 1 9 7 8 ) .

i- cm I per - m i t t  c i t  tons of t inv i  ronme-ril cml co n d it ions were s [rid I cited

Icr tlm is inip lni oz ;u i rp l e  . Time constants w eme : i5-ii m d velocit y I c c - / c e -c

1 - i t  c l i r c i u c a c O n  1.0 cm , i m - m t c i r m m : ml leaf t c - s I  St  ni ce to v a t  or v ap o r

d i f f u s i c n  .66 nm /em , leaf c-miss ivity 0.95. S imitl: mt ioim s were r u n  w i t h

pc- r n l m t I t  ions ci air t e nm p cr ;m t m. m r e (0 , 15 , 35 ° C) , re lat L y e - h m u m i c :  i d i t v  ( 10 ,

50, b Og) , a~- e o u n t  ing  for and ignoring transp iration , and tie so l ar

i r r a d i a n c e  and 3 36  wfn (  absorbed s o l a r  i r r : m d i a c i c c -  by the l e a f .  Ti m e

r e sum i t s  sh owed t i - ma t  the c m x  icIc u m di  f fe rence be twe en  the two cal t i m  lat h O h S

for all perrimutat 10cm ; ;  w~I:; 1.59°C 0 .01 .

F i n a l ly , t h e  ;m d i v i d u a l  canopy o ements are assumed to e m i t

t o  ~~ S 1 S i  I r~ c . in t ion in an i s o t r o p i c  car:  em . hote l  r :m t ‘ y ev  ( i ~~ n 5) and

h i l e l c ; o ; m  ( 1969)  st a t e  that the r :mdiat  ion cmi ted f rom n a t u r a l  sur

is ec ; s e r mt  i all y isot rep ic.

In ti-me following discussion a dc-scri pt [on of t h e  C~~flOPY gc-Ometry

mc i 11 he pmes cut od foil owed by t h e  e nc r g  budg e t  eq i t t  i e n s  f o r  c i u ~h

l - m’~-or which account for the t h ~- r m . m l  r i d  i n )  ion tr.-mnsft ’r:;, solar -  r : m d i a —

‘1 t ion absorp t ion , t h e  r ;na 1 c:: i t a ne e , t r ecap  i r ;m t c c c i  and conmvec t I on

excimanges.

Canopy Geometry

Important parameters in describing radiation transfer in comp lex

structures are the gap frequency am-md time ext i r i c t i o n  of r m d i a t  i on  with—

in time s t r u c t u r e . M o n t e lt h  ( 1965) ,  W a r r e n  W i l son  ( 1965) ,  d e h i t  (1965) ,

and other autimors have developed various formulas fo r  these  p a m a n n e t e r : ; .
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N i l s o n  (1971) p r c a e - n t e d  a good r e v i e w  of these  f o r r : n u i a t  ions  f o r

t h u o r e t  I t S l  n ;edc -ls of cal -me l-m y ge om e t r y  wh i c h  h ave b cL -a u t i l i z e d .

The g - ~ --’ e-tr’ of ti-me thmc -r m :i l canopy m o l e -I  Is a b st r :m c te d  in  the

fo l  i c i t u . , _ i a i u r .  S i n c e  t i m e  m o d e - I is  n u m n e r I cal a;; op p o s ed  to an :c i y t —

ic - c m 1 in n d t n m r e  , l i e  he:-: I sp h eres above cmn ci he low a p ar t  i c u l ;u r  I :n ~~c - r

c m r e d I c c  c i t  i ;c~i into 9 berm isp i m e r  ical m d  tnt: ; t ion h:;:ml:; 0—90 degrees

(F igct re 3 ) .  [ I C I i  o f  t h e  9 1 -  ::ds is f i ; m t l m o r  J i s c r~- tj z e d  i n t o  18

a:: i r :u t lm:il  s ect o r s  (F i gure  3) . W i t h ;  j i m  e a c h  s ec to r  t ime r a d i a t i o n  t r a m - m s —

fers b et w e e n  the th ree  can opy Livers , ground  and sky c c c  i l c u m l a t e d .

Time f o m m u l a t  ion deve loped  b y Idso and deW i t  (
~ 

- ‘3) has be-en

irmcorpora ted to predict t ime p r o b a b i l i t y  of gap in ~ P r e c t i o n  of

t ime  n i ne  he ---c isphec I ccc l  hands  fo r  ~ acb of t ime thre~ 1 m y e r s .

Ti -me gO:; i t  iv e  ~) c : mo : - : ic m l u l i s t r  j l c c i t i o n  is used to d e s cc  probabil-

i t i e s  :rnd a n I : - ; n ~ h : i l  syr : :e t r~ is a s s u r e d .  The p r o b cmb . ~i ty  of gap in a

p :m r t i c u l a r  b in d d i r C c t  ion is equa l  t o  ti -me r at i o  of time p r oj e c t i o n  of

c lc: - :~cn t s  in a Liver  to the  p r o j e c t i o n  of tue unde rl --i ng so i l  an -n - f a c e s .

For a I m e -n i s p im e r i c a l  band d i r e c t  ion j time e c l i ; : t t i o n  is:

r .
~~~‘1 — 

n.; pa S
I c , AP — 1 — 

- - ~ P 1 I I T , = 1 — PG~~Psln( : . )  _ J m

wi ne cc:

S PGAP jm 
= p r o b a b i l i t y  of gap f o r  layer  m in d i r ec t ion of

h e m i s p h e r i c a l  h - and  j

PihI T jm 
= p r o b a b i l i t y  of h i t  C cc l a y er  m in d i r e c t i o n  of

hmernispime t ion 1 band j

C . = mean canopy p r o j e c t i o n  of elements in l aye r  m in

ti m e d i r e c t i o n  of hemispher ica l  band j

t
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F i a n c e  3. b S ) ,~~~~O i 1 t • * l  - i i c i  VcO ’ ’c ; - ; l  v ie w ; ;  of  t ime  9 he-ri1~ S fS i 0 i~~ C d l
I n c h  I n s t  ion l a c t Ic ;  wI ;  t r i m  cmr c d i v i d e d  into 18 e’ q m m a i
n~~ j - t t  l m ~m l  C ’ ~~~ ‘ i n.  T I  o a t-  r o t a t e- s  time hori ccc:mt ml v i e w

t ime 7 ants t he h c ; t i : ;  w ou l d  occur  in t h r e e — sn a c e .
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LA ‘i m  = e I ec - :e - f l t  a rea index  for -  l av e  r m

S = in:d~-x of ;;1i~ tij1 ( i j : C 1) e n - : c I O n i  of e l en i e i mt s  in I - a v e r  mrim -

sin(~~. )  = s i n m e  f u n c t i o n  of t i m e  i n c l i n a t i on  a ng l e  0 of

li en c c ;  P m ~- r i c c i l  !ncmn md j

l i m o  Ioni c t ~~~ C is d -  t o  cc -; lime d from inc I i ; r m t  ion an ig i  e f r e q uen c y  d i s—jr ;m

t r iImn m i  ions of  t ime  o l  c c ; c : t t a  in a L iv e r .  T u e  dcc  iv cm t [cmi cut -md c o mp u t a —

t i : - ; : ; l  g r c~~~ii ::o I p r - : - cc ’  ‘ 1  I c y  , h i t t  (~~ m i ~5) . :hc p a r i : : :e t er  S

r c m I i c:; fro: :; 0 to I and l i-c aim i nd e x  of e l e n m : c e n e s s  or s pat i a l  d t sper s  i onm

o f t i m e  el r o n t s  in c m c a n o p y .  As S a p p r o a c h es 1.0 , the more regular

the  d i s per s i o n  of c h  en, i i t  s is and the  less f r e q uen t l y a gap is

e n c o u n t e r e d .  The h e i f  area i n d ex  of a canopy  layer  is equal  to time

r a t i o  of t im e t o t a l  one— LI d e b c n o ;m t  co cci w i t i m i n  a l aye r  to time area

of t h e  ; : :mdc  c l v  i mg s o i l  a r o d . For cm c-core i n— d e p  t i n  P iscus s ion of ti -me

cn l co ve tho o  cv and t i n e ’ cc -g i l  i n -oi l measmmror ; c - n - m t s see I dso and deW i t  (1970)

ac-n d O l i ve r  cimP Smi tim (1)7’t)

The r e s u l t  i n - m g  PGA1’ a-sd PUTT . a re i r :po r ~~u n t  pa ramete r s  in
j ;:i

de ’sc r ih  tug the rad iation transfers with c-acim imem ispheric ;ml sector.

In c i c l c h l t  i on , t ime p r o b a b i l i t i e s  of gap sn iP l m i t  01 half of t ;ic h layer

‘1 nrc r e q u i r e d , and t ime se p cmr ame te r c ;  are ~- c t h  cu l at e d  as:

PGAP~ = (P C AP .
3m t m S

Puu i r ~ = 1 — PC.AP~jm j in

where :

S 
PGAP~ p r o b a b i l i t y  of gap for  one h a l f  of l a y e r  in in

the  d i r e c t i o n  of hemisp her ica l  hand j

P1llT~ = p robabi l i ty  of h i t  f o r  one ha l f  of layer  in in

time di rec t io im of hemisphe r i ca l  b anu d j .
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Ther mal  had t a t  ion T r an s f e r s

Time following describes tIme r i c m n m n m e r  in which thet- ri;m l radiation

t r a n s f e r s  are calculated w i t h i n  time model. Each layer emits and

rece ives  t h e r m a l r a d i a t i o n  in t ime  im em nisp heres o c c u r r i n g  above and

below a part icui:mr layer . Time transfer of thermal r a d i a t i on within

each lien i ; ;p h t er i c a l  sec tor  between the  t h r ee  canopy  l aye r s , time sky ,

and ground is calculated as follows . As seen in Figure 4, for small

ang les (O ,~~) the two sides of a sector can be described as r cos® dc~

and r dO , and ti-me area of time sector is described as approximately

cos® dO d~~. One can then define ti-me solid angle of a sector as:

dO = 
r~ cna~ :i~ d~

= cosO d ?  d~

where :

12 = st e -r a d i a n s  of a s ec to r .

Arid i t  follows tima t

p

~ =L f 2  COSS’3 dfl cI~

where :

~~~~~ 
= define the azimuthal 11cc -its of sector I in S

S 

h emispher ica l  band j

~~~~~ = define the inclination limits of sector i in

hemisph erical  band j .

To ca l cu l a t e  ti -me therma l i r rad iance  on a m i d — l e a f  f r o m  a par t i -

cu la r  layer  in any given sector we proceed cnn fol lows . Assuming  t h a t

canopy e l ement s  in a p a r t i c u l a r  layer em it thermal radiation in an

i s o t r o p ic manner , the rad iance  f rom t ime m a t e r i a l  is
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Figure 4. Three—d imensional v iew of ti -me solid angle  r ep resen ted
by a partic u lar Sector with its corresponding mid—vector.
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‘-1 5
L = ~~~ — (1)

m~h er c :

—2 — l
L = rcmdiance (w.m sr )

— -)

N = e x i t an c e  (w .m ) .

Tine ab ove r ;m~1iance L is equal for all vie-wing directions ; imoweve r, a

canmopy  1:my er  has  special  c h a r a c t e r i s t i c s  in that it is not  solid bu t

l i a r  g :mp s  w l m i c i m  are  d e p e n d e n t  on ti -me d i r e c t i o n  of view . As a conse-

quence , the  ir r ad iance  on a panel  no rma l  to the mid-v ector (Figure 4)

of a sector , d e f i n e d  by 01, 
~2 

and an -md f r o m  an i n f i n i t e  hori-

zonta l  lay e r , is c a l c u l a t e d  by

E.. =f f  L~ PHl T( - ) cosO do d~~

where:

the irradiance (w.m 2
) on a panel normal to ti-me

m i d — v e c t o r  f rom t ime sector  i in hemisp herical

han d j

L = radiance of canopy elements

I Plh[T(0) = probability of hit for viewing angle 0.

The above assumes that elements within a layer imave a honoganmeous

surface temperature and c-caissivit:y. The equations and theory of flux S

S 
transfer f rom ex tended  sources through solid an-m g l e s  to receiv ing

elements are presented by ti-me National Bureau of Standards (197S).

Assuming that PiIIT(O) is co tms t an t  w i t im i n  sec to r  ij, then

r~2 r 02
E . - = L P IiI T . I I cosO dO d~~.

~-‘~ r J O
1 1

4 5
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lle c ;m rmse t h e  18 sectors vi t i m i n i  ba :mei j have eq imal  so l id  ang les , the

above eqrm ;ut ion can he redu ced to:

L P I1I T . p 2 r  r ’3~E . . = ~~~~~~~~~~~~~~~~~~ I - co n dO d c~i j  18 
JO J~

!~ P1111 . a r 0 2
E . . = ~ J cosO p-g O
ii 9 01

This e x p r e s s i o n  can be f u r t h e r  eva lua ted  as:

(s inO~ — s inO 1 )
E.  . = L ’P iI I T ~~ — (2)

13 j 9

COc :Dlning equations (1) and (2) for a particnmlar sector

(sinO ~ — s in O  )
= ‘ct . p H I T .

~~~~~ 
1

13 3 9

For simplicity, ti-me quantity (sinG
2 

— sinO
1

)/ 9  will  be defined by

SECTOR . wimere j deno tes  time hencm isp im er i c cu l  band i n t e r v a l :

E . - = M~ P iIT T . ~SECTOR .1~l 3 3

Time above assrmnes that thi ~ panel which represents a mid—ele;:,ent

is niormal to the d i r e c t i o n  of the  source an-mci t h a t  the re  e x i s t  no

o b s t r u c t i o n s  be tween  the e : - c i t t in g  canopy layer  and ti -m e pane l .  The

S following calculations correct for the fact t i m a t  the panel or m i d —  -

element is not a lways  o r i e n t e d  normal  to the  source.

TI-me des i red cor rec t ion  fa c t o r  is the cosine of the ang le  between

the source vector  and the  normal  vec to r  of t ime p a n -m e l .  Time t heo ry  is

based on the existence of p lanar elements. The inclination ang les of

time canopy e lements  and source , and th e azimuthal angles of time leaves

and source are discretized as before. Time canopy elements are assumed

to have azimuthal symmetry. Time direction cosines of all source

4 
i
i 
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sectors are ccmlc nmla ted as:

X S .  cos (0 . . )  ~cos(~m . . )

V Y S .  - cos (O . .) s i n( - ~ . . )S 13 13 13

Z S .  - r i n ( f l . .)
1~J 13

;:ice r e

= vector of direction cosines for source sector i

in henispimerical ban-md j

0.• and ~ ..  the inclination and azimuth angle , respectively ,
13 13

of the m i d — v e c t o r  in sector i and hemispher ica l

band j .

The d i r e c t i o n  cosines fo r  the nornmal vec tor  of all p lanar  e lement

inclination angle intervals are calculated as follows . The azimuth

angle is fixed to zero degrees since ti -me canopy is assumed az imuthal l y

syTnm etric , bo th  in geometric and thermal radiant energy modes. Thus ,

regardless of the a;: imutha l  o r i e n t a t i o n  of an clement , the thermal

r ad ian t  contribnmtions to the element are constant for any specific

element  i n c l i n a t i o n  ang le.

XL . — s i n ( O .)

V = IL . = 0.0
S L

ZL . cos (O~)

where:

V
L 

= vector of direction cosines for time normal of a planar

element wit im inclination j

= element  inc l inat ion  of hemispher ica l  hand j .

Now one can ca lc u la te the absolute value of time do t prod uc ts for

all  source—element  angle permutations. These values are equal to the

4
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L~orre : ion Lie torn dc -sired .

~~
5 i j k  

= 
‘~~S

’L 1

wime re:

COS . = t i -me c o r r e c t i o n  f a c t o r s  des i red  for  p e r m u t a t i o n s

of source  sector i in Im em i sp im er i c a l  band j and

e i e c - : c ;m t  i n c l i n a t i on  k.

In a d d i t i o n , one must app ly the  absorp t ion  c o e f f i c i e n t  fo r  the~~~al

radiation. As a r e su l t , the  e q u a t i o n m  becomes

i~ k 
= ~ -i ’!IIT . •SI :C TOR . ~AB S0RI 3~ COS ..3 j  i j k

wimere:

t i m e  thermal  f l u x  d en s i t y  (w - m 2 ) abs o rb ed by a

mid—element inclined at im clination ang le k f rom

source sector i in hemispherical band j

ABSORB = therma l absorption coefficion-m t.

The above assume-s tha t  t i -mere  c:•:ist a : ;in gle  Liver and a removed

single  e lement  r ece iv ing  f l u x  f r o m  t i -mat  I ~my c ’r . ibone ’.-cr , time cont r i -

bu t ion  of absorbed Jme rm a i flux dc s~~itv  f rom S 1 I S I I ic :~~s p i m c r i c a l  r e c t o r s ,

‘1 both  upward and downward d i r e c t i o n s  fo r  each canopy layer , the  sky ,

and ground , to each layer ’ s m i d — e l e m e n t s  must  be calculated (Figure 5).

The ca l cu l a t i ons  simould accoun t  f o r  tIn e f a c t  that within each

sector the flux which originates from al-my giveti layer is obstructed

by otimer leaves before time f l u x  reacimes any specified mid—element in

another layer. In addition , a relatively large number of permutations

must be ca l cu l a t ed  s i n -m c e  each layer  is s i m u l t a nm e o u s l y  e m i t t i n g  the rma l

flux to oilier layers and absorb ing  e m i t t e d  f l u x  from ti -me s u r round ing

leaves, oiimer l ayers , time sky , and the ground . For ea cim p e r r n u t c m t i o n

S 
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EMI TTING

UPWAR D EMITTING AND DOWN -
S wARD RECEIV ING SECTORS OF

- 
~~~~~~~~ LAY ER I MID-ELEMENTS

L A Y E R  I ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ r.~ID- ELE MENT S

DOW NWA RD EM 1TT ING 1~NO UP-
L A Y E R  2 WARD RECEIVING SECTORS OF

LAY ER 2 MID-ELEMENTS

UPWARD Er~ I T T I N G  SE CT O RS

L A Y E R  3 OF G R O U N D

Figure  5. h emisp h e r i c a l  sec tors  are shown -m for ti-me si~y ,
Layer 1, and the grcnnnd . Note only sectors
in one band are sh own .
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a con : n - ih u t  ion coo f l ie  li-ni t viii ch rep laces I’IIIT . is c a l c u l a t e d .  For
3

example , t i m e  m id—el emenits in L a yer  1 will receive thermal flux from

the sky ,  Layer 1 , Layer 2 , Layer 3 , and t i - me g r o u n d .  For a l l  sectors

de f i n e d  ~-. LIm in a specif  Ic h em i s p h e r i c a l  band j , ti -me c o n m t r  i bn i t i n g

coef l ie  i i - n u t s  are ca l c u l a t e d  as f o l l o ws .

Ihe proportion of sky tim e r :anl f l u x  w i t h i n  a sec to r  in band j

r e a c im i n g  t ime  t r i d — e  1 eur . um ts in l a e r  1 is

J 1

p T h e  c o n t r ib u t  i rig c o e f f i c i e n t  f r o m  Layer 1 to ti-me Layer 1

at  a i5 s
2~ ( P i l1T ~ 1)

The cc’effirL:~t of 2 ‘-arrcneuu ts the tm-:a h a l  f—l overs of l over  1.

Time c o n t r i b u t i n g  c o e f f i c i e n t  fran lover 2 to tim e l o v e r  1 mid—

elements c’an be de d yed in the fol I ce~- i  rig mi m er . The probabilit y of

gap to Layer  2 [s F .k\P ’ 1. Onc e i a - e r  2 is reached , the  p r o j e c t e d

su r f a c e  area of  i n m t - . - ’- es t  is P1111 . ~~~. Thi ns , the  c o n t r i b u t i n g  c o e f f i —

S c ie nt  is

PGAP~ 
.
~~}~fl’ -ji i -

A similar a r g u n m n t  can I- i i~lc f o r  t i m e  c o n t r i b u t i ng  c o e f f i c i e n t

f rom l a y e r  3 to the  Layer  1 r n i d — - l e r i -~-n i ’ s:

p
~~\p ’ •J)f~~) ~Pi1iT. -j i  j 2

The contributing coefficient from the ground to Layer 1 m i d —

i ~-n -nit s ~ S

i’C.AP~ .pg ~ p ‘P GAP . -j l  1 2 33

- p
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~~~~~~~~~~ ~~~~iIi I~
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The c en t  r i b u m i  I rug  e e c - f  l i e  I t r i  t s f o r  ho t im u p w a r d  a m id downward  d i n - cc—

t i eni m ;  of a p a r t  i u - un  1 or  s e c t  or ; mrm d I :m v  en  h c n n  I ci s imm to 2 .0  n - e p n- semi t i rug

t i me two u l u i c -s of t i m e  m i d — u i -nc  n i t  a .  Arid , i.n f : m c t  , if  one sums t i m e

ab ov e  c o e f f i c i e n t s , t I l e  t o t a l  is P . C) - S

In  :r s i n i l ; u r  f u - d m  i o n . I u -  rou t ri b u t  i n m g  coi- f I l 1 - i e n t s  f r o m  a15 1

a e t n a- - - e t or s  to l ov e r s  2 antI 3 n i d — u - ! ei ’ic n i t o  ar c  c a l c u l a t e d .

Tim e f i n a l  ~g m n a  io n wi m ich CO  I c i n  I a  Lo s , i-. i t im in a p a t - t i  cu lar  s ec to r ,

t Im e - I: -~o u n m t  o f f l u x  ~1cnm ~ I t v  ~m h s e n h e d  by a num i ~’—~~l c n n ~-n t  at a part ical :i r

i n m c l i n m a t i o n m  ang le f m - o n  a u m y  g iv e n  s e- u n - c e  ~ av or  i n .;

55

i~j 55l~m~ = >1 •(‘
~~~~~~

3’ -SECT OR . -AO~ O Rl .
~‘(~5j i m  j no u k

who m - e

= vi  t I m  in  sou r c e  S e c t or  I m m  im emi uc -r i c a  I hand j , ii

is t im e  t i m - m u fl u x dorms Lv :ub on -be ~I by a mid—

el -a n t  in I a-:e t- in l i m e  L i  nm ed at In c  ii n a t  ion armg 1 e k S

s o ur ce  e l k - v en t s  m m  layer i .  N o t e  t h i e  index n

r p n c s u n t . : ;  t i m e - m k v  mind ground  i ni r h I  i t  ion to ihe  3

C .un upy 1 ~n.y ’i- n.; -

I l  = - m v c r :mgi-  t h m e r r m - m l  e-x it a nh -e c t  o l e -m e r i t s  in lov er  m

CON t . = ca nit ri hu m i [r ig  c o - f t  i c i e n t  f o r  n m i d — t - i ~ - : : m - r m t s  in l~aver  m
J im S -

ab s o rb  j u n g  f l u x  f n o : - i  ‘lermu -um t a in h a v e n -  t f o r  a l l

v i  t i i n  b -n . j 5~~1l \ e i  C - I  I h u m i d

= ~l v e r m u ; e  t i n - n m - u i  al  ; r 1 t ion c oeL  IC i e n i l  or  c i  u ’ 1 O  1 1 5
lii -

in  l iv e r  in.

Except for t I m e  sky them-m i l ox i t  once  , C o m m  be f u r t h e r  - ‘: p Ft seed in

t o t t l l s  of t 1 e  S t e f n n n — i l u I r  : m m i . m n n n  Law :

‘4 = c u u - • ‘f 
I

t i n
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whe r e :

0 = Ste l a n — R o l t z m a n m n  constant 
S

m mv e rm m ge emi - i;ivity of elements in layer m

= t r u e  a ver a g e  s u r f a c e  t em p e r a t u r e  (° K) of ti -me m i d — e l e n m n c m m t s

in layer i ( u n k n o w n) -

Nete tim at t ime a ver a ge  surface temperature s of time th ree canopy mi d—

e loimen mt s are not  known an -md t hese  values  must  be der ived  mathematically.

in a d d i t i o r m , ti -me ground t emp e r a t u r e  is known ( i n p u t )  am i d t ime sky

e :-: i L a n c e  is c a l cu T h t --d by an cusp i r ic a l  cqm :aticn as a f u n c t i o n  of air

temperature (input) - Thins , the final equation becomes

= 0 C  - T  
4 C0N ’F . SECTOR. ABSORB COS .2 j i m 3 in i jk

in

The t o t a l  f lux  de ns i t y  em i t t e d  by e le me n t s  iii layer  i and absorbed

by a particular :51 ui — el emenmL in la er tn~~-nt in c l i n a t i o n  k can be mo s—

c r ibed  by

9 18k l m  
~~~ • -j’ ~~~~~~~~ . N CONT . .Si:CTOR .[ E COS ..2 t m - . ij k

in j~~~l 1— 1

The t o ta l  f i  u nx ien~ [ty  d a m -hi d by ml mid—element in layer m at

p m c I i nmr t ion a n m g l e  k is c o a ~n n t e d  hv  .- ‘ m : - - m i n t t  a l l  sources :

5 -1
a 

— ,. 
- 

I: trim
- - 2tim t= l in

where  i 1 , 2 , 3 , ~~, 5 n p r e s on t s  t ime sky , L - iv t - r  I , Lay er 2 , l over

3 , mind tim e gr o u i m d , re p- ’ct i-.el y.

Nine l - j n m ; n t  ions f r  c-ac m l o v e r are  c o n s t r u c t e d .  Each  e q u a t i o n

represen t s  the  absorbed  f lu x  d e n m ; i t y  fo r  eacim m id—elem ent inclination.

I - o r  each l aye r  the mm ppr o pr  1,1 t i  - u j r n i t  I or -m is  we i gim ted b y time I r c qu cn mcy

of occur rence  of t ime e l e m e n t s  w i t h i n  t i m e co r respon d ing  i n c l i n a t i o n

- 
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p
- -~4 S 

:~~ ~~~

Ii: - 

~

— —. —

~~~

- —-—-- — -5 - - -  - —5—--———- — _ T- ~~~~ 
-~ ----——~~ 55 — — 5- - -— 55—

5 - - -—-S-_ - - - - - - --- - ~~~~~~~~~ -~~~~~~ --—---5  - ~~~~—-  - ——--5- 55 — - --5- - _p~~ S 1_5,-5_~~~ — -  - —



____ 5 5 55 5 5
55

5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _______-

class .  Time n i ne  equmat ionm s are tinen summ ed to ru ’prc: ;enmt time a v - r . m ; ~e

absorbed t im ern mmm 1 1 l ux  denim ; i t  y v i  t im in t ime  t h r e e  c :mnm o py  l ;mvers  - In

O J c I l t  ion , time flux deims it v absorbed  (w/ n  ) is on a per u n it  .ar ea

has  is. Th us , t h e  in te rr n above  ili u m; t re nc - s en t  i m e  t im !m e top arid

b at  toni su m r tT ~m ces of time i t O  f .  As a consequence , t h e  factor of r 2 is

i n t r o d u ce d :

2 
= ½ 

k 1  a2

4

-

~~~ 

~ t ime  a v e r m . ; e  absor  l e d  t h e r m a l  I I  m n:: dorms i tv  b y the

noid —e le:-mu- nn ts in lover or

= t I n t  p r c ui am li i ll t v of occurr ence of hod ir ;:nti o rm k

f o r  c- h - mt -n t  a in  l i o r  m r .

Th e r e - m u  I t  in -mg three equ at  Ions  f i r  - a c i m lover  r u -p - o n t  ti -m e aver .a ;e

i b -a r l ed t I n o r o a m i  f l u x  d~ n a I  t v .  To c - ~rp I e t e  I:~- u i ; u t 5 V  i u i :.:et f u r

r i c h  Ij - .- er v r . : n u ; t  i n c l u d e :  a bs or b e d  t h u r  i m d  i _ i t 1~~n , convec t  j u ir i ,

r m n n - - p i r m t  ion , an d  l m - r n i m n m l .  r od t u nt  c a m  i s a  l i n t .

S ol ar  h. .! i n :  i on  \hso -pt ion 

n i l I i  a I n u v i -  b er m de~ t -l~~p u 1  I i  s m u n I v  t l m c  m m  e - n s m c t l o n s  of

or n n l  h u t  ion  w i t h i n  Vi t o t  at  ion u - l O o p  ies  . Al I en and

( i I mn ~~) , AI d e -d ec arid ( It rm; (I) ’ i  ) , and  Sr m i t u ;  ( 1 9~~~) m ove a dop t e d  a

s ’S t ~~m o t  mu i nnu l m u m - e m m a  l i t  I i n  u - u - m t  i m l  - u l u L l t i O f l S  un v o l  C l O d  by Kuhel k .i

and Munk ( [ 9 1 1 )  j i m  v m r - i o u s  v m s  t o  v e g e t . n t  ion c . m n o p [tms .  S u i t s  ( 1 1 7 2 )

dcve I u ; t t !  ii n o c u h o  I u- - li i ch inc  l in d e - s  g -cur e t n i c i t  f - c t ii and pru~c1 i c t  S

non—Lam berti an r i m a r . r c t - r i s t  l e n  of  ‘ - . -~~~~~- t a t  ion t ; m n i u u p i t - s .

4
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A n o t h e r  m m p p r o a c i m , developed b y Ol iver  and S m i t h  ( 1 9 7 4 ) ,  is t ine

Solar R a d i a t i o n  V e g e t a t i o n  Canopy (SRVC) umodel .  Time model is

stochastic in nature and pr e d i c t s  t ime  d i u r n a l  appa ren t  d i r e c t i o n a l

spectral reflectance of a vegetation canopy . Time same geometry

d e s c r i p t o r s  as described above are utilized within time SRVC model.

To calculate the average absorbed solar radiation within eacim

canopy layer , it is i m p o r t a n t  to include ti -me complex s c a t t e r i n g  of

S l igh t  as a fumaction of canopy geometry. For t im e purpose of calcu-

l a t i n g  tim e absorbed  solar  r a d i a t i o n , i t  is believed t i ma t  the  mathe-

matical framework of time SRVC model is the most physically based and

the most  e ;uailv mu J o pt e d  to ca l cu l a t e  the absorbed solar r a d i a t i o n  of

the above me~h ls .  A coma 1 e te  desc r ip t i o n  of the SRVC model is

p r c - m ; o u u t e d  by  (11 i - e r  and Smith (1974).

The s:~vc m m d c l  has been m o d i f i e d  to e s t im at e  m m m m e c t r a l  a osor p t i o n

within v - ~e L o t i o n  c : i :uu ip  L eo ntid has bee-ni sp - n I  1cm! 1 a p p l  l e d  to a

cluster of f o u r  us -le li ns . 1-d papol e p in-m e t rees  (P i m e s  and Smith , 1979) .

Tie results sh y  th m m t  time total l a - -i l irr ;ui ian ce m m l u o u m t - l u e d  by ti me

l . ~ :!~~- p o l e  p in e  caa~~pv . ; L - : . m  i s  r e i . n t i v c l y c o n s ta n t  with solar zenitim

::~ I.e. Pow - ‘. u ~~i , t l t  p nm- : r t i  on of t i  to  r u oal  i u n .  ul i . 1mm cc absorbed

by i n d I v i d u m a l  - m m - p  [av e rs  a i h e - ;  ~m n ; a u m i r c t  t o n i  o f  as I a n -  .: u -ni tim

t o m m i e  ( F i :~m n re I i )  - T i r e  :. : m m n  t o t . i l  : ;u i l a r  f l u x  m b m m u i r h m u l  p e r  u n i t  cammopy

-1 oni o n-m t s t i r  l i C e -  a n - .I f o r  any ~ iv en  I . m v e i -  and solar  ni- nm i t im angle  can

he r - ~ ;~I i I cmulc u l u t ;l from tii itmfo rm.rt ion in Fi~- m nr - S as presented

H Eu—e m; and - : i t l m  (1979).
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t o
— — To1a~

Layer I
- Layer  2

— — — L a y e r  3
Ground

0 6 -
0 — — — —— — —um-- — —

—C

0
(1)

Ui

0 6 -

_ _ _ _ _  

H

SOLAR ZEN ITH A~JGLE ( DEG. )

F i g i n r e  6 . S imu l at ed  proport  i omi of g~ o h m !  sol  or I r r a d  i an ; -e absorbed
by t ime lodta -puml e p i  r ue c - r n l o p v  n v - m t  em ( t o t  ol )  l o v er  1

i - a v e r  2 , L ov e r  3 , and t ime p n u n  n od , as mm fu nc  t ion  of so 1m m r
m c m i i i  ii angle  f o r  Oc tober  14 , 1°77.
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Ot imer  Energy  T rans fe r s

( t m t  h e r  energy  t rans  lers  to and from time n;id—el e- :-nents include:

t l n e r u m m l  co-: i. t a n m c e , t r ar l s p i r a t  ion , arid convec t i on .

The tim rmal e x i t a n c e  of a l l  m i d — e l e m e n t s  is calcu lated by the

S t e - f  fan  I i o l t z nu nann  Law:

4
>1 = o~~c -T

1

whmere

= rrean e:-:itancc of mid—elements in layer ~

fl a = S t e f f a n m  Bol t nnn man n cons tan t

= emiss iv i ty  of mid—elemen t s  in layer i. (input)

T = me an s u r f a c e  t e m p e r a t u r e  of mid—ele ments  in layer m (° K) -

The grou nd thermal  ex i t ance  is ca l cu l a t ed  in a s imi la r  fash ion .

G at e s  ( 1968) pr e sermto - 1  the equa t ion  used for  t r ansp i ra t ion, and

Lee ar id Gates  (1964) d i scussed  the  f o r m u l a t i o n  i. n d e t a i l .  Time d r i v i n g

f o r c e  is time d i f f e r e n c e  between the water vapor d e n s i t y  w i t h i n  the

leaf  anti in t ime f r e e  a tmosphere  beyond time - bounda ry  lm my er .  Time w a t e r

vapor den s i t y  w i t h i n  time leaf is ansmu r : :e i to he at saturation at the

loaf Lc -mp er ;m tu nre. Controlling variables on transp iration include the

‘1 resistance to u I  f fun : ;  ion of f e -r e d  b y t ime  d i f f u s i o n  pa thway , such as the

s t o n m m t ; i  amid t i -me b~~n n m u 1 : m r  l o v e r .  The e q i m m i t i o n  f o r  any p a r t  i c ul a r  mid—

i c - o f  is

a. i (T ) — R11 s,-o (T )
T R-\ i ~S = 11(T ) 

~~~~~~~~~~R + I  
) (u~ )7.3)

3 1 0

where:

— )

= transp irot ion:m l l e m ma from 1. -i f  i n  l i v e r  i (w—m ~
)

4 - 11(T ) 1 . - m t - n t  he -m t of v a p u u r i n ; m t  ion of w ;m t e r  ~m t  t h e  l e a f

t r r : I u ( - r ; m t u l r e  T ( c . i t . g n t
1

)

4
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s : l ( T ) = w a t e r  vapor  d e n i s i t y  i n s i d e  ti -me leaf  mi t s a t u r a t i o n

at tim e - l eaf  t e m p e r a l u n r e  T (gni cm 3)

Ru = re -lot  ive h u m i d i t y  of a i r  ( i n p u t )

s-a (T ) = voter vapor density at saturation of time free air

bey ond time b oun i d - ir y  l o v e r  of ti -me l e a f  at  t ime a i r

t e m p e r a t ur e  T
a 
(gnu-cm

3
)

R = internal leaf resistance to water vapor diffusion

in rm inm -cnm ~~ ( i n p u t )

R = r e s i s t a nc e  of t ime boundary  layer  to w a t e r  vapor

diffusion (min-cm ~~ ) .

H (T ) , spl(T), and spa(T ) were calculated using physicall y based

formulas . Values of for lod ge-pole pine needles were estimated

from a mass frmu r ,s for determination of Landsberg and Ludlow (1969) who

used Sitka spruce shoots. Ti-m e formula is

R = (0 .04 + 1.27 (u 0 5 )) 160

wimere :

= wind speed in cm sec~~ ( i n p ut ) .

The c o n s t a n t  R 1 va lue-  used fo r  the lodge-pole pin - me - s  in th i s  s tud y

was 0.66 mm /cm. Gates (1966) amid Miller and Gates (1967) reported

R values of 0.72, 0.33 , and 0.50 mm /cm for Picea ma r i a n a , Pinus

r e s i n , and Pinus  s t robus,  respec t ive ly. Jarvis et  o l .  (1976) and

Tenhurmen and Gates (1975) presented re-cent investigations of ti-me

stomatal opening and closing as iimfluen ced by environmental factors

and concluded t ha t  ti -me c o m p l ex  c o n t r o l  of t ime  s t o mat a  has not  ye t

been desc r ibed  adequatel y.
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Sin c e -  t ime m i d — e l e m e n t s  r e p r e s e n t  bo th  leaves ar - md b ranches  w imen

i le ;m i ing w i t h  woody p l ;mnts , one can assume t i m a t  branches  do not trans-

p i r e  and the  t r a n s p i r a t i o n  e q u a t i o n  can be w e i g i m t e d  accord ing  to ti -me

branch area index mi nd the leaf  are-a  index .

The foI.lovi ng convection e q u a t i o n  was u t i l i z e d .  Tibbals  et m l .

(1964) conmduct ed quantitative ruu i.-mlo urements on silver castings of blue

spruce  and w h i t e  f i r  b ranches  in a con t ro l l ed  r a d i a t i o n  and w in d t u r m n e l

chanmmher. The auth ors report convective coefficients for free convec—

S don in both  species . I~ovever , Gates  (1968) notes t i - mat  rare ly in

na tu re  is ti -mere any air movement less thaui S .3 cm~ sec ’ ( 0 . 2  m . p . h . ) .

As a consequence , an e:~uation describing forced convection can be

used to approximate all convectional exchanges. Tibbals et al. (1964)

found timat both l o n g i t u d i n a l  On -n ; ! lmarizonta l wind flows gave equal

c o e f f i c ie nt s  fo r  sp ruce .

For m -~ 30.O Im = (0.9511 0.97).(.698)

For in < 3 0 . 0  h = (20 .4 + 0 . 2~
0 .97 ) . ( . 6 9 8)

w h er e :

ii = wind  vi-  Icc itv in cn:u sec~~ ( i n p u t )

I h = convectional coefficient in w-m
2 °C~~~.

Time con v i u ct t e :i . i l  ex c i m an p e  of a m i d — e l e m e n t  is ca l cu l a t ed  as

~~FC 
= h - ( T  — T )

wi m e re:

~FC = powe r per un i t  ar e- i  of n nm id— e lenm en t  loss or gain ( w - m 2 )

—2 —1
h = convection coefficient in w-m

m ; u n r f e m c e  t e m p er a t u r e  of m i d — e l e m e n t  in °C

-: T~1 a i r  t e m p e r a t u r e  of the f r e e  air beyond the  boundary

layer  in ° C (inpu t.).

4
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Wind speed is hi gh ly  va r i ab l e  f rom poin t  to point  w i t h i n  ti -me canopy

(Bergen , 1974) .  As mm c on sequence , t ime mean measured wind speed

values were utilized for all three canopy layers .

Ti-me sky thermal exitance was calculated by an empirical equation

dependen t  only on air temperature near the ground surface , and c lear

sky conditions were assumed. Hudson (1969) presented several

• references which estimate sky thermal c~:itance.

It is important to note tha t  a multitude of convectional , trans—

piratiormal , sky thermal exitance , and solar absorption formulation -ms

exist that may be more suitable for specific modeling objectives.

For ti-mis reason time model has been structured so ti-mat - . - fferent for-

mulations of the above can be easily incorporated within ti-me model.

Model Solution

The total energy budget equations for each canopy layer can now

be formed. Time result is a system of three nonlinear equations and

three unknowns being ti-me surface temperature of the mid—elements in

each layer wh ich represent time respective average temperature of

each layer .

Layer 1 energy budge t  equa t i on

= Layer 2 energy budget  equa t ion  = O

Layer 3 energy budget equation

To solve ti-mis system of equations the model calls ti-me ZSVSTM

algorithm which exists in the International Mathematical and Statis—

ticmm l Library (1977). ZSYSTM is a numer ical  r o u t i n e  wimic in  uses

Brown ’s method (1969, 1971) for solving N simultaneous nonlinear

equations in N unknowns . The method is at least quadratic convergent

4
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and requires only N /2 + 3N/2 function evaluations per iterative step

as compared w i t h  N 2 
+ N evaluations for Newton ’s method.

The roots  of ti -me sys tem p r e d i c t  ti -m e- aver ;uge t e m p e r a t u r e  of t ime

layers mind are used to c a l c u l a t e  the  fo l l owing  t i nc rnm a l  p r e d i c t i o n s .

Th ermal P red ic t ions

The model predicts the thermal radiance , effective radiant

S temperature (ERT), and equivalent exitance in the 9 viewing iniclina—

don bands at 10° int ervals above the canopy . The contribution of

each l aye r  and time ground to the nine staining positions are calcu-

lated as fol lows . Time L i u n i  11 r~ dioimc c iii the  hamd d i r e c t i o n -m s  j are

S L . = ~~~
1.[P } n I T  r - c ’X3 j i l

± FGAP . PH IT . - c o X
j2 2 2

+ PGAP . -PGAP . - P u TT . .c - o-x
j3 3 3

+ PC,AP . -PGAP . - PGAP . ~c •a-Xj 3  4 4

where:

- each row represents t i -me t he rmal  rad iance  c o n t r i b u t i o n  to

‘1 
time sensor by Layer 1, Layer 2, Layer 3, and Layer 4 ( g r o u n d ) ,

respectively .

- 
L . thermal r adiance of time sensor at viewing angle j

— 2  — l
• (wm sr )

X = average surface temperature of elements in layer m (°K ):

I tn = 1 , 2, 3 , 4 .

The therma l radiance (L
i

) can be conver ted to the  equivalent

S - . exitance  (M
i

) by

-
-

4 1
L  
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•m n d t ime  e f f e c t i v e  r a d i a n t  t e m pe r a t u r e  (ER T . ° K) in band d i r e c t i o n  j

c;un be c a l c u l a ted  as

¼
ERT . = j

a

where  o is the  S t t - f a n — B o l t z m z a n n m  c o n s t a n t .

The model also predicts ti-me response of a thermal sensor looking

h o r i z o n t a l ly f r o m  the  ground  in to  any of the three  l ayers .  When

looking h o r i z o n t a l ly at a canopy the  p r o b a b i l i t y  of gap is 0.0 accord-

ing to ti -me a s s u m p t i o n s  in time model. Thus , for a relativel y narrow

f ie ld  of view the  ERT of any given l ayer , when looking h o r i z o n t a l ly ,

is calculated simp ly by using the Stefan—Boltzmann equation with ti-m e

appropriate emissivity factor an -m d average layer temperature.

In addition , for each simulation , the average predicted temper-

ature of each layer , ground thermal exitance , sky thermal exitance ,

absorbed solar flux density of each l ayer , thermal  ex i t ance  of each

layer , absorbed therma l flux density of each layer , convectional

exchange , t r a n s p i rat i on a l  exchange , the geometr ic  c o e f f i c i e n t s

( incl ud ing CONT , COS , SECTOR , LAI , S. FREQD) and all input parameters

‘1 are disp layed .

Field Measurements S

A unique thermal and environmental data base for a lodge-pole

pine  canopy at L e a d v i l la , Colorado was collected during 1977. Four

clustered , lodge-pole pine trees were chosen for intensive study as

shown it-n Figure 7. Timese modeling trees had the following mean

statistics: 6.0 mm height , 30 year age , 13.2 cm DBH , an-td a surrounding

stand of 102 mim
2
/hec tare basal area. Time S parameter , fol iage area
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indices , an-m d foliage angle f r e q u e n c y  distributions of ti-me modeling

canopy  were me asured  as repor ted  by K inm es , S m i t h , and Ber ry  (1979) ,

and K im es  and Smi th  (1979) .

Personm e-l from tlme A m y  Corps  of E n g i n e e r s  W at e r w ay s  E x p e r i m e n t

Stat ion , Fnv ironnuental Laboratory (~-~~~/EL) at Vicksburg, Mississipp i

deve loped  a sys tem fo r  automa ted collecting, processing and display ing

e n v i r o n m e n t a l  base line  data  as desc r ibed  by West and Floy d ( 1976) .

The system was utilized to monitor environmental conditions at the

stud y site for the months of July, September , and October , 1977. All

sensor measurements were recorded once every hour continuously for the

duration of the stud y. The measurements taken included air temper-

ature , global solar irradiance , wind speed , wi nd d irec t ion , ra infall ,

soil t emperature , and vegetation surface temperature. The specific

S make and calibration procedures of the above instrumentation are

described by West an-md Floyd (1976) .

Figure 7 is an oblique photograp h of the stud y area showing the

sensor pos i t ions .  At s t a t i o n  Ml in time meadow open ing ,  air t empera-

t u r e , wind speed , wind direction , global solar irradiance , and precip—

I it a t i o n  were m e a s u r e d . Air  t e m p e r a t u r e  was measured at a h eigh t  of

1 m. All of time above measurements w-:’re .lso taken at station >12

with in the tree area . In addit ion , the air temperature within the

center of the four modeling trees (M3) was recorded .

Ti-me surface temperature of the base of nice-dies at three br anch

tips of the modeling trees were measured by contact thermistors ; one

th-merrnister was located 1 m above the grommnd in Layer 3, the se-con-md

thermistor was loca ted  2 tm above the ground in Layer 2 , and time f inal

tim e-m ister was located in the top of time - modeling Lrees

~ 
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re 7. Obli que photograp h of model imi g trees , the meteorological
m e a s u r e -t i e -n t  n t r n t i o n s  (Ml , >12 , >13) arid the 4 stake position -ms
(Si , S2 , S3 , 
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Several  o t her  s u p p o r tin g  da t a  were recorded . D u r i n g  Ju l y 15—16 ,

1977 , the Wahi. Di~;i t t t  Heat  Spy —DS II — 14 Thermal  R a d i o m e t e r  w i t h  a

band pass of 4 .8  to 20.0 urn and a 3
~~~~50  f i e l d  of view was used to

measure  the av erage  h o r i z o n t a l  e f fe c t i ve  r a d i a n t  t e m p er a t u r e  (ERT) of

Layer  2 of the  canopy at f o u r  st ake  pos i t ions  ( F i g u r e  7 ) .  S inu l t a—

nc~ u~;lv , b lack  and w h i t e  Polaroid  p h o t o g r a p hs d o r ~ ved f r ~ :n the AGA—

Thermovi s ion  were taken . The sys tem opera tes  in the  2 .0  to 5 .6  ~~

reg ion  and scans a p a r t i c u l a r  scene. In a d d i t i o n , d u r i n g  Augus t  14—15 ,

the  ~ ah 1 Heat Spy was used to measure  needle t e m p e r a t u r e  at f ive

branch t i p s  in the  model ing t r ees .

Data _ R c du c t lo n

An i n i t i a l  anal ysis of the Wahi Heat  Spy and c o n t a c t  the rmis te r

da ta  was comp leted to decide which data form was most  su i table  f o r

t e s t i n g  the TCSM ’s accuracy  of p r e d i c t i o n .

The Heat Spy and contac t  t h e r m i s tor  were taken of the  needle—

b r a n c h  t i p comp lex which has a re la t ive ly large concen t r a t ion  of mass

(F igure  8 ) .  Due to the small d i ame te r s  of the needles it was not

f eas ib l e  to secure ly ~a s tcn  the con t ac t  th ern i st er s  to them . As a

consequence , the thermis ters  were  placed betw een the bases of the

needles  at the b ranch  t ips .  The bases of the needles at the  branch

t ips  were very concen t ra t ed  and thus , completely surrounded the

c o n t a c t  t he rmi st er s  (Figure 8) .

The Heat  Spy ERT ’s were cor re la ted  w i t h  the tempera tures  of the

contac t  thermis te rs  on many d i f f e r e n t  n a t u r a l  and man—made su r faces

d u r i n g  the  month  of Jul y at Vicksburg ,  Mississi ppi by ~ E S / E L  person—

j eel. The resu l t s  showed tha t  the two ins t ruments  corresponded w i t h in

I
4
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FOV of heat spy on moss of needle bases at branch t ip.

of needle 
b u r~ed in the base

-

NEEDLES
BRANCH

BRANCH TIP

‘1

Figure  8. Diagram of a b ranch  t i p  showing the  t a rge t  of the Wahl
Heat Spy Rad iomete r  and the placement of the  con t ac t
t h e r m i s t e r .
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1°C under homogeneous solar heating loads. Thus , i t  was believed tha t

the two measurements correlated well for the same target.

Two branch ti ps on the model ing trees had contac t  t hermi st e r s

placed at the base of the  needles next  to the branch t ip  and were also

si rj u lt aneous lv  measured w i t h  the  H e a t  Spy.  In general , the  con tac t

th ermis t e r s  recorded hi gher t empera tu re  values , of 2 ° C or g rea te r ,

r e la t ive  to the Heat Spy ERT ’s. One possible exp lana t ion  of th i s

d e v iat i o n  in measurements  is as follows .

The contact  t he rmi s t e r s  were bu r i ed  in a r e l a t i v e ly l .~ rge r~ass

of compressed needles which occurs near the branch  t i p .  U n d er  t h i s

s i tu a t i o n , re lat ively l i t t l e  convec t iona l  or ~~~~~~~~~~~~~~~~ ~~::r ~~ .in.~e

of these compressed p~ rt im s  of the needles  can occur , wh i c h  r a y

account  fo r  the d i sc repancy  seen above.  In a d d i t i n u , some conduc t ion

f rom the warmer branches may be ope ra t ing  as will be discussed l a t e r .

In con t ras t , the  field of view of the f l e a t  Spy was on the branch

t ip  (~~i~ u~ e 8) which was exposed to the  a i r .  It is bel ieved tha t  this

por t ion  of the branch t ip  undergoes  l imited convectional  and t r a n s—

pirational exchange. As a result , the Heat Spy ERT ’s were lower than

‘1 those of the corresponding contact thermisters .

In this  model ing  s tud y the c r i t e r ia  used fo r  va l ida t ion  is the

accuracy of p red ic t ion  of the mean canopy element s u r f a c e  tempera tures

and/ or  the  mean h o r i z o n t a l  ERT of  a canopy layer. Gary (1976) has

shown tha t  the needle area index fo r  a pa r t i cu l a r  lodgepole p ine t ree

accounts for approximately 87% of the total element s u r f a c e  area of

the t ree .  The large ma jo r i t y  of the needles extend into  f r e e  space

and undergo relatively high convectional and transpirational exchange

j due to the small needle diameters. As a consequence , the majori ty of
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the ca nopy ’s surface area should closely a p p r o x i m a t e  a i r  t e m p e r a t u r e

(Gates , 1975).

The above measurements ( t h e  c o n t a c t  t h e r m i s t e r  t e m p e r a t u r e s  and

h eat Spy ~~J~’5) oi the branch tip do not reflect the surface temper—

~~t~~r ?s  of the  ne~~iles e x t e n d i n g  in to  f r ee  space , and bias the measured

canopy t cmpe~~~tu r e  to be too hi gh.  T h e r e f o r e , these measu remen t s  are

generally above air temperature and do not reflect the rican canopy

c lement  s u r f a c e  t e m p e r a t u r e s .  I n i t i a l  compar i sons  between the simu-

lated rrsan element surface temperatures for the three layers for

October  14—15 and the three  con tac t  th erm i st e r  m e a s u r e m e n t s  in Layers

1, 2 , and 3 show a very poor accuracy  of p r e d i c t i o n .

I t  is be l ieved  t h a t  the  h o r i z on t a l  ERT ’s as measured b y the  Wahi

Heat  Spy f rom the fou r  s take  pos i t i ons  d u r i n g  Ju ly  15—16 were the

least biased of all validating measurements , since the field of view

incorporated a cross section of canopy element typos. However , during

the August 14—15 date only the ERT of five branch tips were taken.

S i m u l a t i o n s

The thermal  behavior  of the  m od e l i n g  canopy was s imulated for

two complete  d i u r n a l  cycles. For t1~e Ju ly  15— 16 , 1977 s i m u l a t i o n ,

the mean of the Heat Spy ERT ’s , as measured f r o m  the 4 s take  p o s i t i o n s ,

was used to test the  accuracy  of p r e d i c t i o n .  Two simulations using

the air temperatures within the canopy (M3) and in the meadow opening

(Ml) were performed during this date.

One simulation was performed for October 14—15 , 1977. The Heat

Spy measurements of branch tip needles were utilized to test the

accura cy of prediction.
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Sen s i t i v i t y  analyses were performed on the following model

parameters : average canopy element emissivity, average canopy element

internal res i st ;i nee  to wa te r  vapor d i f f u s i o n , and canopy geometry .

Results and D i s c us s i o n

The s imu la t ed  h or i z o nt .~i 1 ERT ’ s fo r  the three layers fo r  Jul y

15—16 , using the air temperature probe in the middle of Layer 2 of

the  m o d e l i n g  c a n o p y  ( M 3 ) ,  are presen ted  in Figure 9 along with the

mean h o r i z ont a l  Heat Spy ERT ’s f rom the 4 stake  pos i t ions . The

c o r r e s p o n d i n g  measured solar  i r rad iance  and a ir  t e m p e r a t u r e  are

pre~ cn te d  in Figure 10. Wind speed was 0.0 m/s for all measurement

p er iods .  The m i n i m u m  recorded wind speed possible was 10 cm/s.

Gates  (1968) s t a t e d  that rarely is wind speed in natural environments

below S cm/S.  As a consequence , fo r  periods when wind speed was

recorded to he 0.0 , a min imum va lue  of 10 cm/ s was u t i l i z e d .  It

should be noted that the simulated data were derived from the meteor-

ological data which were recorded at hourly intervals and the Heat

Spy mea su remen t s  were not necessar i ly synchronous in time . Conse-

q u e n t l y ,  one must compare the general trends of the simulated data

with the h eat Spy measurements. In fact , the erratic nature of the

solar irradiance (Figure 10) suggests that between hourly intervals ,

the true solar irradiance function could vary widely. This fact

could explain some of the deviations during the day shown in Figuce 9.

During the night the simulated values deviated from the measured

temperature by loss than 1.5°C.

Selected output for 0930 and 0330 (Standard Time) simulations

is presented in Table 1. During the day the average l ayer temperature
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o Laye r  I Simulated
o Loyer  2 Simulated

L~ Lay er 3 Simu!oted

U Heat Spy Measurement
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8 12 IS 20 24 4 8

STANDARD TIME

Figure 9. Simulated versus measured lodgepolc pine canopy horizontal
ERT ’s for July 15—16 , 1977. Measured ERT’s ar e the mean
of 4 horizontal ERT’s of the middle layer as measured by
the Wah i Heat Spy. Air temperature was recorded within
center of canopy (M3 site).
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Figure 10. Measured global solar irradiance (highest value of Ml
and M2 sites) and air temperature (M3 site) for July

• 15—16 , 1977.
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Table 1. Selected output for 0930 and 0330 (Standard Time)
J u ly  15—1 6 , 1977.

Time = 0930

Average element temperatures (Lay e r s  1—3) = 20.4, 16.6 , 16.3°C

The thermal exitance and ERT above the canopy for the various viewing
$ angles are:

- . . . 2In c i in a t i o n __(ce croos)  E x i t an c o  (v/rn ) LRT ( C)

5 419 20 .3
15 413 19.2

• 25 410 18.6
35 408 18.4
45 408 18.2
55 407 18.1
65 407 18.1
75 407 18.1
85 407 18.1

Time = 0330

Average element temperatures (Layers 1—3) = — 1 . 0 , — 0 . 0 , 0 . 5 ° C

The thermal exitance and ERT above the canopy for the various viewing
angles are:

r~~ 1 m a t  ion (dec~reea) Exitance__(v/rn ) ERT (°C)
5 310 — 1 . 0

15 311 — 0 . 6
25 313 —0 .4
35 314 — 0 . 2
45 314 — 0 . 1
55 314 —0.1
65 315 — 0 . 1

• 75 315 — 0 . 1
85 315 —0.1
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decreases  as one proceeds f r o m  l ay e r  1 to Layer  3 due to solar  h e at i n g

and canopy geometry interactions. During the nighttime , however , the

layers cool dif feren tiall y due to the relatively low thermal exitance

of a clear sky and the relatively high surface temperature of the

ground .  As a consequence , I~aver  3 has the highest temperature. The

three ce:itact thermisters in Layers 1, 2, and 3 support this relation-

ship. These trends are discussed by Gei ger (1961).

The ERT of a sensor above the canopy as a function of view ang le

is depen den t  en the ~bovu layer temperature differentials and the

canopy geomet ry .  At the  l owest sensor inclination angles , the ERT

s t r ~e t i ; i v  r e l  fe c t s  the  t emp e r a t u r e  of Layer 1 (Table 1). As the sensor

view i n c l i n a t i o n  ang le increases , the second , th i rd , aii d ground layer

tempera tu res  more s t r on g l y  in f luence  the sensor ERT. I t  is believed

that particular canopy geometries (leaf angle distribution , leaf area

index , and leaf  spatial distributions) can have very significant

e f f e c t s  on the  ERT of the sensor a t vary ing vi ew angles.

Sensitivity analyses were run at two different times (0930 and

0330) d uring July 15—16 to characterize two extremes of environmental

‘1 conditions. The fixed parame ters fo r Layers 1, 2, and 3 used in

c o n d u c t i n g  the s ens i t i v i t y  ana lysis are as follows . The emissivity

(including the ground), wind velocity, and leaf resistance to water

vapor diffusion were 1.0, 10.0 crnfs , and 0.66 m m /cm , respectively,

for both 0930 and 0330 rime periods. The solar irradiance , air temp-

erature , ground temperature and relative humidity for the 0930 time

were 855 w/m
2
, 14.6°C, 11.7°C, and 0.20, r espec tively,  and for the

0330 time were 0.0 w/m
2
, 0.4°C, 5.0 °C, and 0.85 , respectively.
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The results of the sensitivity analysis of etnissivity for th e

day and night environmental conditions show that w i t h i n  a reasonable

emissivity range for natural vegetation (0.96—1.00) the change in

average element temperature is on the order of 0.6°C for all layers.

A change of the  i n t e r n a l  resistance to waver vapor diffusion parameter

(R) within a range of 0.3—1.2 min~ cm
1 has an equally small effect

on the average element temperature of the three layers for the day

environmental conditions . However , at lower values the parameter is

very sensitive for day environmental conditions . For the nigh t condi-

tions, the average element temperature of the three layers changed

less than 0 .3 °C for  the R range of 0 .05—1.2  min~ cm 1.

In this study the R
~ 
was held constan t at 0.66 min cm

1
. Running

(1978) has found that is variable for lodgepole pine needles in

full sunlight. The minimum daily R
1 
may vary from 0.11 to 0.50

—l -min’cm dep ending on the  pre—dawn leaf water potential. The daily

variation of R
1 
is largely dependent oa the humidi ty  and may vary as

much as four  times tha t  of the min imum daily R~ . Thus , the assumption

of a cons tan t  R
~ 

is very erroneous . As the season progresses , the

pre—dawn leaf water potential drops as a result of decreasing avail-

able soil water , and during the October simulation a constant R value

of 0.30 min~cm
1 
or above would be a relatively good value for both

day and night conditions in light of the fact that the insensitivfty

of R
~ 

on canopy t empera tu res  was above th is  value .  However , d u r i n g

the July s imula t ion  fo r  full sunlight on the needles , an R value on

the order of 0.15 min~cm is more appropriate. Using the day environ—

men tal conditions , the average element temperature in Layer 1 decreases

-
• 3°C for an R

~ 
change from 0.66 to 0.15 min cm 1

. This tendency would
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cause the  t emper a~~ur e  of l ayer  1 to  be much c loser  to a i r  temperature

f o r  the Jul y simu la t i on  (F v re~ 9 and 10) . R of needles tend to he

maximal a t  r ad i a t i on  v aij e  less than 10% of full sunlight , and sto—

- 
m a t a  are g en e r a l ly  closed in the dark (H in c k le y , Lassoie , and R un n in g ,

1978).  Thus , in the r e la t i v e l y  shaded p o r t i o n s  of the  canopy  (L ay e r s

I 2 and 3) one would  e xp e c t  the average R to be high , and Layer 1,

w h i c h  i n t e r cep t s  a la rge  p ropor t i on  of the solar irradiance , would

1 have a m i n i m a l  R v a l u e .

— Tan , Black , and Na v amab  (1978) have noted that in well v e n t i l a t e d

coniferous canopies, leaf temperatures are relatively similar to air

temperature. Figures 9 and 10 indicate the close correspondence be-

tween air temperature and the s i : .u1a ~ ed • ~~~ mc nt  z e;:~ ’~~a—

tures for Layers 2 and 3. I i ovev er , l ayer  1 :~~~ficantly deviates

f rom air t e m p  r a t u r e  d u r i a g  t im e s  of  1ii~ h solar irradiance. If more

appropriate values of R
~ 

for each Liver would have been used , as

suggested above , tLe simulated av e ra g e  layer temperatures would

I aporoxirnate air temp erature .

Table 2 presents the average element temperature , sensor ERT,

I and p r o b a b i l i t y  of gap f o r  two canopy geome~~r ies , am~ fo r  both  day

- 
‘ and night environmental conditions. The two gco~:etries used were the

normal foliage angle distribution , which was measured and utilized in

• all o ther analyses above , and the theoretical erectophile foliage

angle distribution. Both distributions are presented by K imes , Smith ,

and Berry (1978). It should be noted that although canopy geometry

• clearly affec ts the manner in which solar radiation is absorbed by a

- canopy system , and thus the layer temperature , the solar flux absorbed

by each layer was held constant for this sensitivity ana1ysi~~.
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Table 2.  Sen s i t i v i ty  an a l v o  is fo r  t h e  e f f e c t  of two canopy  g e o m e t r i e s
(norma l and e r ee t op li i Ic) ve r sus  ave rage  c l e m e n t  t e m p e r a t u r e
(A) and c I  f eet  lye cad t a u t  t e mp e r a t u r e  ( ERT) (B ) above the
co:1~ py as a function •~f view ang le  fo r  bo th  day and n igh t
cay t r e n m e ut a l  cea d  it ion s  . In a d d i t i o n , the  p r o b a b i l i t y  of

~op (FCAP )  f o r  t h e  n ine  i c l in a t io n  i n t e rva l s  and each
• l ayer  are comp ared  be twe en  the two canapy  geomet r i e s  (C) .

(A) Average  Elem ent  T e m p e r a t u r e  (° C)

Day N i  ~th t
Lay e r  -_________________________

Normal  Erec t oph i l e  Normal Erec top hi le

20 .4  20.8 —1.0  — 0 . 8
2 16.6 16.6 0 .0  0.0
3 16.3 16.4 0.5 0.4

(B) ERT (‘C)

I n c l i n a t i o n  Day N i g h t

ang le  -

~orma1 E r e c t op h i l e  ~ormal  E r e ct o p h i le

5 20 .3  20.8 — 1 . 0  — 0 . 8
15 19.2 2 0 . 3  — 0 . 6  — 0 . 7
25 18.6 19.5 — 0 . 4  — 0 . 5
35 18.4 18.7 — 0 . 2  — 0 . 2
45 18.1 13.0 — 0 . 1  0 . 2
55 18.1 17.4 —0.1 0.6
65 18.1 16 .8  — 0 . 1  1.0
75 18.1 16.3 — 0 . 1  1.4
85 lS.l  16.0 — 0 . 1  1.6

(C) PCAI’

In c l i n a t i o n  Laye r  1 Lover  2 Layer 3
-in~ le Nor ma l  E r e c t o p h i le  No rma l Erectophtle Norma l Erectopl ile

5 .03 .00 .00 .00 .13 .00
15 .30 .11 .10 .02 .47  .2 3
25 .41 .30 .19 .10 .57 .4 4
35 .46 .44 .23 .21 .61 .57
45 .48 .54 .25  .31 .62 .66
55 .49 .62 .26 .liO .63 .7 2
65 .50 .65 .27  .48 .63 . 7 7
75 .50 . 7 2  .27  • 4  .63 .80
85 .50 .74  .27  .57 .63 .82
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As shown in Table 2—A , the  e f f e c t  of canopy geome t ry  on t h e rm a l

r ad i a t i on  t r a n s f e r s  is m i n i m a l  and as a consequence  t h e  average  ole-

ment  temperature changes very little between the two canopy geometries.

h owever , the  canopy geomet ry  c l ea r l y has an effect on the contribution

of t he rmal  r a d i at i on  f r o m  each layer  to the sensor above the canopy

as a f u n c t i o n  of view angle  (Table 2—B ) . These t r ends  can be exp lained

by the  d i f f e r e n t  p r o b a b i l i ti e s  of gap at the various view angles for

each layer  as seen in Table 2 — C .

The s imula ted  r e s u l t s  in F i g u r e  9 were de r ived  f r o m  the a i r

temperature probe in the center of the four modeling trees (M 3) ,  and

the correspondence between s imula ted  and measured data was relatively

poo d. hlowe -:e r , it was noted t ha t  indi’.’idual  a i r  t empera tu re  probes

were not well correlated. ~or examp le , the air temperatures as

ac~t~ ut e d  by th~ ft temper ature probes aL th e il , M2 , and M3 sites

were compared for the July 14 and 16 diurnal cycles. During the day-

ligh t hours the individual probes were highly erratic and uncorrelated ,

and a t  n igh t t h e  probe in the meadow opening  (Ml )  was cons i s t en t ly

lower than the probes w i t h i n  t~ c canopy (M 2 , M 3)  by as much as 2° C.

•1 As a consequence , the s im u l a ~ cd r e s ult s  f o r  Ju l y  15—1 6 , u s i n g  the air

t e m p e r a t u r e  in the meadow open ing  ( M l ) ,  were r e l a t i v e ly poor , espe-

c ia l ly  at night , in accuracy of mrediction as compared to F igure  9.

ihe above 2 °C temperature differential at night can explain these

relatively poor results.

Bergen (1971 , 1974) showed t h a t  a i r  t em p er a t u r e  d i f f e r e n t i a l s

w ithtn lodgepole pine canopies can be as much as 4—5 °C in the vertical

prof ile for clear , sunny days .  In a d d i t i o n , s ix s imul taneous  a i r

temperature measurements at various horizontal points within the
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canopy showed a i r  emp er o  t u r e  d i f f e ren c e s  as l a r g e  as 2° C. Thus , air

t e m p e r a t u r e  m e a s u r e m en t s  at  a s i n g l e  p o i n t  (1 in above the g round)  as

u t i l is ed  w i t h i n  t h i s  stud  will introduce error. In addition , on

cloud le s s  n i gh t s , ground  coo l ing by n e t  r adia  don loss of ten occurs ,

and an a i r  t e m :  e ra  t nrc m yers ton near  the ground occurs .  Gei ger

( l 9 ~~1) has :;hown t h a t  even m i n i m a l  wind speed of 10 to 100 cm/s can

d i s r u p t  t e m p e r a t u r e  s t r a t i f i c a t i o n  d u r i n g  the n i g h t  in which 2 ° C

• d i f f e r e n t  ia l s  can ce:-v:enl y occur .  These f l u c t u a t i o n s  can i n t roduce

crr•)r.

In a d d i t i o n , Bergen (1971) presented windspeed variation for a

t y p i c a l  c lear  day and a t  a typ ica l  s t a t i o n  wi th in  a 10 m t a l l  lodge—

pole  p ine  s ta n d .  Average  d i ff er e n t i a l s  between s i m u l t a n e o u s  p r o f i l e s

ver o  abou t  10% be low the live canopy and 20% in the live canopy region.

.\ su bca.~~;w :mi-a imum occurs  n e a r  ~ in h e i g h t  and a region of minimum

w:aa sp eed o c c u r s  near  6 in he i~ h t .  Thus , some e r ror  is in t roduced  by

assuming  a hems eneous vertical wind p r o f i l e .  Jarvis  ot  al .  (1976)

d i s cus sed  o t h e r  s t ud i e s  of wind speed p r o f i l e s  in c o n i f e r  canopies .

The da t a  der ived  f r o m  the ACA Thermovis ion  on Ju l y 15—16 were not

~1 reduced  to a b s olu te  t e m p e r a t u r e s  due to several technical difficulties.

Howev er , the black and white Polaroid photographs derived from the

system were utilized to document relative trends which occurred within

the lod gepole pine canopy.  The photographs show several interesting

trends. Figure lI—A shows the  canopy at 0700. Some of the needles

and small branches tend to hea t  up due to solar h e a t i n g ;  however , th is

phenomenon is very he terogeneous  in n a t u r e  due to the heterogeneous

distribution of sun—flecks within the canopy as discussed by Ross

(1976). This phenomenon is suppor t ed  by the e r r a t i c  con tac t  thermister
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measurements of the three b r a n c h  t i ps in Layers 1, 2, and 3 , respec-

tivel y,  d u r i n g  the day. In addition , the bole and larger branches

tend to be relatively cool due to the  relatively large mass (Figure

l i — A ) ; and thus , the stead y—st ate assumption of energy exchange nay

not be a p p r o p r i a t e  fo r  these e l em e n t s .  This  h e t e r o g e n e i t y  is impor-

tant, espec ia l ly  in the design of the field measurements used to

validate the simulated results. The AGA photographs show at 0900

that the boles and larger branches are still relative ly cooler than

the other canopy elements. During the morning the above trends are

s u p p o r t e d  by Float S py m e a su r e m e n t s .  The Heat Spy measurements of 4

branch , 7 bole , and 5 n e e d l e — b r an c h  t i p  samples  for  0800 and 1000

show mean v a l u e s  of the b r a n c h  and bole  FP~T to be 1—4°C cooler t han

the mean needle—branch tip ERT.

However , by liQO the branches (Figure li—B) generally tended to

be warner than the other canopy elements. Figure lI—C shows a close-

up of a group of branches at 1330. The branches  g e ne r a l l y  have a

higher total solar absorption coefficient (Kimes and Smith , 1979) ,

and they do not pe- sess the high  degree of convect ional  exchange  and

t r a n s p i r a t i o n a l  exchange tha t  the needles experience due to their

larger mass and physiology . During the afternoon the Heat Spy measure—

m s m t s  of 4 b ranch , 7 bole , and 5 n e e d l e — b r a n c h  t i p  :;ar iples fo r  1200

and 1400 show mean values of the branch l~RT to be 6 to 8° C warmer  than

the  n e e d l e — b r a n c h  t ip  ERT . And the mean bole ERT was 2 ° C cooler and

1° C ~- :irme r than the need le—branch  tip ERT , respectively, for the two

t i::
~~

s.

Figure ll_—D shows t h a t  in the early morning hours the boles , which

have a high heat capac ity, are still relatively warm . The ERT of the

4
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mean b r a n c h  and need i c— b r a n c h  t i p  sanipi  es w e r e  equal  and t h e  mean

bole ERE ’ was 3°C warmer.

The majority of p h o t o g r a p hs d e r i ved  f rom the  AGA Th ermovision

d i d  not inc hide the u p p e r m o s t  crowns. Thus , it is di f  ficult to com-

pare t r en d s  of m a n  l ayer  t e m p er a t u r e  as a f u n c t i o n  of he igh t w i t h i n

the  canopy fo r  bo th  s i mu l a t e d  and me asu red  d a t a .  The p h o t o g r a p hs

la rge l y emphas ize  Lay ers  2 and 3 of the canopy . As can be seen in

F i g u r e  I i  , the  s im u l a t e d  r e su i t s  fo r  Layers 2 and 3 are  very close in

ab so l u t e  t e mp er a t u r e , and the p b et o gr ap h s  (F igure  11— A , B) do not

d e m o n s t r a t e  any clear trends of ms in el  e:nent t .. p er a t u r e  as a function

of hei ght.

At n i c h t  the  u t a ~: d  r c 5 u l ts ( F ig u r e  9) ~- ‘o g ~ s t t h a t  under

c lea r  sk y cond i t  ions the n -an t e m n er a  cure of L ay e r  1 will be approx—

m u t e l y  2 °C coo l e r  than the  o the r  layers  due to a high net t h e r m a l

r a d i a n t  ion s  to the sk y .  l ie s-ever , several  p h o t o g r a p h s  taken at  n i gh t

t ’ad to show a portion of Layer  1. A t rend  of cooler canopy e l emen t s

s-i ‘ii i nc r easing  canopy height can be seen in Figure ii—D .

The I l—A pho tograph  su g ge s t s  ano the r  source of error. The TCSM

;1ss1:ces ca nopy l ay er s  of  in ~ ini tc ’  extent; however , in the cluster of

four modeling trees , solar heating of the edges of the  canopy sys t em

does occur.

All simulated results for July 15—16 were validated against the

mean h eat Spy ERT meisuu romo nts of the 6 stake positions . It was

l)cliove(I that these measurements were the best ground truth available

in regards to the m o d e l i n g  criteria. However , these measurements

were not taken for t he October 14—15 date , and t h e  mean ERT of 5

need le—branch  t i p s  ( F i g u r e  8) was utilized f o r  v a l i dat i o n .
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The s im u l a t e d  mean e lement  s u r f a c e  t enu p e r a t u r e s  for October 14—

15 are presented in F i g u r e  12 a l o n g  w i t h  the  mean Heat Spy ERT ’ s from

S branch tips occurring in L ay e r s  1 and 2. The global irradiance ,

air temperature , and wind speed measured at the Mi site are presented

in Fi gures 13 and 14. The : m : c u u r a c y  of prediction is relatively good

except at night when a deviation of approximately 3°C consistently

occurs. A possible exp lanation of this deviation is as follows .

Only the air temperature probe in the meadow opening (Ml site)

was available during the October 14—15 date. As discussed previously,

the air temperature in the meadow (Ml site) was approximately 2°C

lower at nigh t than in the canopy (M3 site) during two July dates.

This discrepancy could explain some of the deviation between simu-

lated and measured results during the night period in Figure 12. In

addition , as discussed previously, it is believed that the ERT’s of

the needle—branch tips may bias the average element temperature to be

high which would also explain some of the devia t ions  seen in Fi gure 12.

Figures 12 and 13 show that the simulated temperatures of Layers

1, 2, and 3 closely follow air temperature during the day . Unlike the

July simulation , Layer 1 temperature does not deviate significantly f rom

Layer s 2 and 3 dur ing hi gh solar irradiance. This is due to the

relatively h i g h  wind velocity and thus high convectional exchange vhich

occurs (luring the October simulation .

To rocap itulate , the TCS M , which incorporates the geometric

structure of a vegetation canopy and predicts the thermal response of

the canopy under various environmental conditions , was developed .

• The TCSM is designed to be instantaneous in nature , e.g., all canopy

elements are under steady—state conditions and no heat storage may
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2

- 8 -  1
• Layer  S imulated A
o Layer 2 Simulated
A Layer 3 S umu lat ed

o Heat Spy Measurement

— 1 2 —  I I I I I I
6 0 14 18 22 2 6 0

STA NDA R D TIME

i Tu r e 12. Simulated versus m e a s ur e d  lodgepole  p ine canopy
t emperatures for October 14—15 , 1977. Measured
temperatures are the mean of five point ERT’s of
Layer  2 as measured by the  Heat  Spy. Air temperature
was recorded in the mead ow opening (Ml site).
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Fi gure 13. Measured global s o lar  irrrudiance (hig hest value of Ml
and M2 siteS) and air temperature (Ml site) for
October 14—15 , 1977.
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Figure 14. Uind speed as measured  in t h e  meadow op e n i n g  (Ml site)
f o r  October 1.4—15, 1977.
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occur. Therefore , the model is i n d e p en d e n t  of all previous environ—

mental events. In many appi.  l o at i o n s  of t h e  model this feature would

be highly desirable (e.g. , when the environmental history is not

k n o w n ) .  flowever , to approximate the time dependent phenomena (non—

• s t ead y — s t a t e  c o n d i t i o n s ) ,  one can use a series of incremental changes

of steady—state energy f lows (Ga tes , 1975) .  In branches  and boles a

s i g n i f i c a n t  a mo u n t  of hea t s to rage  and conduction may be operating

(Gates , 1975), and the above modifications may he desirable in some

app lications.

The TCSM was app lied to a lodgepole pine canopy . The algorithms

incorporated for transp iration and convection were indeed rather

simplistic in their assumptions. For example , the constant R

parameter used in this study is trul y var iable in lod gepole pine

( R u n n i n g ,  1978) .  One of the greatest barriers in app l y i n g  a model

~ u u hi as the TCSM to a variety of vegetation species and o b t a i n i n g

accurate results is the physiolog ical diversity of differen t species ,

and the fact that the physiological response of many species are not

understood s u f f i c ie n t l y to be predictable (Running, 1978). Depending

on the  resea rcher ’s knowledge  of the vegetation canopy of interest

and his modeling criteria , more appropriate energy transfer algorith ms

can be incorporated in the TCSM .

In the future the model can be made more comprehensive in nature

by including algorithms for: therma l radiant reflections ; thermal

spectral radiance of the sensor; time difference e q u a t i o n s  which

account  fo r  energy dynamic  and heat  s torage of the soil p r o f i l e  and the

tree boles; wind p r o f i l e s  within the canopy; air temperature profiles;

and canopy water relations . In addition , it is anticipated that the
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model  w i l l  be a p p l i e d  to a v a r i e t y  of v e g et a t i o n  canopy t ypes  which

do not  c lo s el y  apprex i r.tI :c a i r  t e mp er a t u r e  as was the Case fo r  the

lod gepole p ine canopy .

C o n c l u s i o n s

h)ur ing  the  Ju ly  s i m u l a t i o n  the d i f f e r e n t i a l s  be tween the  simu-

lated versus  measured  h o r i z o n t a l  e f f e c t i v e  r a d i a n t  t e m p e r a t ur e s  f o r

a lod gcpole p ine  canopy were , in genera l , ] oss than 2°C. The simu-

lated average layer temperatures for a l l  three layers were generally

w ithin 2°C of air temperature , except for Laye r 1 during periods of

high  solar i r rad iance  in J u l y .  It is believed this discrepancy is

due to erroneous values of the i n t e r n a l  leaf  r e s i s t ance  to wate r

vapor d i f f u s i o n  (R 1) .  The s i m u l a t e d  r e s u l t s  sugges t  t h a t  for  need le—

bear ing  fo r e s t  canop ies , a ver ag e  c l em en t  t empe ra tu r e s  devia te  s igni f -

i c a n t l y above air temperature only d u r i n g  per iods  of r e lat i v e l y

high solar irradiance , low wind velocities , and low transp iration.

The effect of canopy geometry (element inclination distribution )

on t h e rm a l  r a d i a t i o n  t r a n s f e r s , to and f r o m  the  i n d i v i d u a l  layers

w i t h i n  the canopy,  seems to be m i n i m a l .  However , the canopy geometry

clearly has an effect on the  c o n t r i b u t i o n  of therm.i l radiation from

each layer to the sensor above the canopy as a f u n c t i o n  of view ang le.

It is believed t h a t  f o r  c e r t a in  canopy element i nc l inat ion  d is t r i -

bu t ions , canopy LAT , and env i ronmenta l  condi t ions , the sensor incli-

na t ion  angle wil l  a f f e c t  the sensor response g rea t ly ; and this

phenomenon has i m p o r t a n t  imp lica t ions  on the op t imum view ang le for

making inferences  about  the t a rg e t  of i n t e r e s t .

I
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The s u r f a c e  t e m p e r a t u r e s  of canopy e l e m e n t s  are very hetero-

geneous , especially during direct solar irradiance conditions. The

mean of several point measurements (contact thermisters and Heat Spy

on b r a n c h  t i p s)  b iases  the measure d  average canopy t e mp e r a t u r e s , bu t

a h o r i z o n t a l  ERT which  inc ludes  a cross sec t ion  of canopy e lements  is

be l i eved  to be the least b iased of the measurenents  taken in this

s tud y.

t~o~ h a i r  t e m p e r a t u r e  and wind speed va r i a t i ons, as a f u n c t i o n

of loca t ion  w i t h i n  the canopy ,  in t roduce  e r ror  in the s imu la t ed

results. In addition , the assumption of a constant R introduces

error. The assumption of instantaneous h eat exchange may not be

accurate for branches and b o l e s .

Due to the large heat  ca n a c it y  of the ground and net  thermal

r a d i a n t  loss to the  clear n i g h t  sky , the  average e lement  t e m p e r a t u r e

increases as one p r o c e e d s  frc ’ m Lay er  1 to Layer  3 as d e m o n s t r a t e d  by

both  s imula ted  and measured  r e s u l t s .

Model s imu la t ions  • d t o m.  d tha t  the t o t a l  glo~ .-J ir r a d l an c e  ab-

sorbed by the lodgepole p’.ne canopy system is rel.a~ ive1 y c o n s tan t  w i t h

solar  zen i th  ang le. However , the p r o p o r t i o n  of t o t a l  globa l  i r r a d i —

anne absorbed b y i nd iv idua l  canopy layers var ies  as a f u n c t i o n  of

sr~lar zen i th  ang le.

The TCSM provides  a mode l ing  f ramework  which  may be u s e f u l  to a

variety of research interests. Spec i f i c  energy transfer al gorithms ,

which are best  su i ted  to the researcher ’ s mode l ing  c r i t e r i a , can he

incorpora ted  in the TCSM . The TCSM is un ique  in t h a t  the framework

incorporates the  geomet r ic  s t r u c t u r e  in radiation transfer algorithms .
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4 . 0  CON CL L’ S I O N S  AND R E CO MMEN DAT IONS

The t hi - m i  I canopy s i g n a t u r e  mode l (TC SM) , Chapt er 3, together

w i t h  the absorpt ion c i  I cu l a t  ions  p e r f o r m e d  by AI I SORPT , C hap t e r  2 ,

p rev ide a m o d e l i n g  f r a m e w o r k  f o r  c i  mu lot  ing  cue rgy trans fers within

~~~~~~~~~ t ot  ion e auop ie~ of spec i f ic geometric St  ruct tire • The t he rma l

m o d e l i n g  approach  is Un iqUe tU t h a t  it incorporates detailed geometric

canopy  s t r u c t u r e  t o  def [no the radiant t r a n s f e r s  o c c u r r i n g  w it h i n  the

canop y  sy s t e m .  The m o d e l  p rod  j e t s  the  m d  i ome t r i c  t e m p e r a t u r e s  as a

f u n c  t [on of look an g l e .  In add it ion , a rad ionic t r ic tempe rat ure height

prof ile ~f the  c an op y  is c a l c u l a t e d .  T h e  model was su c c e s s f u l ly

a p p l i e d  to a l o dg i -p o le  p i n e  ( l i nu s  c - e n t o r t a )  c an op y  w h i c h  m d  ic ated

that , e x c e p t  for ap e - if  Ic e n v ir o n m e n t a l  and phys  io  1e~ i ca l  c o n d i t i o n s ,

mean e I ent i) t t I - ape  r . tur e  s c lose  Lv app rex i m.i te air t e m p e r a t u r e .  The

mode l eu~g1eet s , however , t w i t  canopy structure can have significant

ft-c tS  on t h e response of a t he rma l  sensor above the canopy . T h e

a n g u l a r  t h er m a l  c x i  t an c e  prod let ion capability of t h e  TCSM recommends

it as a u s e f u l  t oo l  f o r  d e f i n i n g  opt  m u m  sensor view ang le  and environ-

m e n t a l  c ou d i t  ions fo r  t a r g e t/ b a c k g r o u n d  d i s er i m in at  ion s tud  ice .

The research described in th is report also addressed the devel—

opinent of me thods for deter m Ining forest canopy geometry , particularly

needle and bra nch angle f r e q u e n c y  d i s t r i b u t i o n s . I t  was found tha t

these distributions strongl y influence the ab s o r p t i o n  of solar radiation

w i t h i n  the canopy . Solar r a d i a n t  absorp t ion , in turn , affects the

overa l l  thermal  e q u i l i b r i u m  w i t h i n  the  canopy l ayers .  A d e s c r i p ti o n
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of the ge om et r y  t e c h n i ques has been s u b m i t t e d  and accepted by the

appropr ía Ii- journals (Appendix A)

+ There are m any broad areas of potential application of tile

model ing  approaches  des cr ibed depend ing on a user ’s orientation . Some

of these a p p l i c a t i o n s  ni ght  focus  on the  vege ta t Ion  canopy i tself  as

the primary scene of interest , as in agricultural or forest water

relation studies. Others might focus on the surface beneath the

can opy , as in geological  or snow cover e s t i m a t i o n  problems . A de ta i led

.4 exp loration and descri p tion o f such app lications is beyond the scope

of t~ijs report. Hoi.’ever , w i t h  regard to the modeling approach itself ,

the authors make the following reconnnendations .

Firs t , and most importantly , how well does the TCSM perform when

app lied to a wide variety of vegetation types and terrain conditions?

The model needs to be validated for other situations than the lodgepole

canopy simulated here . Undoubtedly, specific energy transfer algorithms

presently incorporated in the model will need modification. The

application of the model to closed versus open canop ies will also

need to be systematically addressed .

Secondly, what is the tradeoff in model p rec i s ion  or accuracy

versus the ~~‘a [lability of model parameters? A related question is

tile relative advantage , under different conditions , of emp loy ing a

de ta i led  model such as the  TCSM which  meticulousl y accounts for all

energy transfers and incorporates comp le te canopy geome try to tha t

of emp loying more simp le models?

In summary , the terra in feature models described in this repor t

provide a basic framework which  can be adapted or u t i l i z e d  to study
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a l a rge  number of  ri-search interests. l or  many design problems

r~’Iat  ive to p r e d i c t  ing b a c k g r ou n d  e l e c t r o m a g ne t i c  behavior  of n a t u ra l

features , the  1)r~ 5Lnt models shou ld  prove useful. However , further

v a l  id .it  ion and a p p ro p r i a t e  mod if icat ion of model processes is

ree omm~-nded be fore t h e  model  Is app  I i  ed genera l  iy
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A Monte Carlo Calculation of the Effects of

Canopy Geomet ry  on PhAR Absorption

D. S. Kimes ,* K.  3. Ranson and 3. A.  Smi th

College of Fores try and Natural Resour ces
Colorado State University
For t Collins , Colorado 80523 , U.S.A.

AL ST RACT

The a b i l i t y  of v e g e t a t i o n  canopies  to absorb  p h o t o s y n t h e t i c a l l y

ac t ive  radiation (PhAR) is known to be a function of the canopy geometry.

A Monte Carlo model was used to estimate relative PhAR absorption in

theoretical vegetation canop ies of differen t structure. The relatively

simp le sing le componen t , multilayer simulations adequately describe the

e m p i r i c a l l y  e s t a b l i s h e d  t r e n d s  r epo r t ed  by a wide v a r i e t y  of investi-

gators. Absorption trends for erectop hile (mostly vertical leaves) and

planophile (mostly horizontal leaves) canopies are indicated with

respect to leaf area index (LAI) and solar zenith angle . Generally,

our model results show that erectophile canop ies are more efficient at

absorbing i’hAR under medium to high LAI and all ranges of zenith angle .

Planop h i le  canopies  show increased absorp t ion  at lower LAI ’s.

*presen t Address
E a r t h  Resources  Branch
NASA/G oddard Space Flight Cen ter
Creenbelt , Maryland 20771 , U.S.A.
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Ex tens ion  of the Opt i ca l  D i f f r a c t i o n  Anal y s i s  T e c h n i q u e

for Estimating Forest Canopy Geometry

A A . B
D.S. Kimes , J.A. Smith , and J . K .  Ber ry

ACollege of Forestry and Natural Resources , Colorado State University ,
Fort Collins , Col orado 80523 , U.S.A.

BSchool of Forestry and Environmental Studies , Yale University ,
New Haven , Connecticut 06511, U.S.A.

Abstrac t

F Opt ical diffraction analysis of in s i t u  ground photographs has

p r ev i o u sly  been u t i l i ze d  to e s t i a at e  f o l i a g e  a n : i e  d i s t r i b n t i o n s  in

grassland canop ies. These canop ies are t y p i c a l l y  c h a r a c t e r i z e d  by a

s ingle  component , leaves , and the f o l i a g e  is h i g h l y l inear  in n a t u r e .

In th i s  paper , the diffraction technique is extended to a nilti—component

forest canopy containing needles and branches. Addition al convolution

and coordinate transformations are derived to estimate the branch and

needle angle frequency distributions for top , middle , and base sections

of two lodgepole p ine (Pinus c on t o r ta ) trees. The r”-iulting distribu-

tions show that th e b r a n c h  Inclination angles tend to increase as one

proceeds to the tree tops. The needle inclination angle di strihution

was rela tively cons tant for all layers, and it is believed tha t this

d istribution is characteristic of a large class of needle bearing

species .
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Optical Diffraction Analysis
for Estimatmg Foliage Ang le Distribution
in Grassland Canop ies

J. ~1. Smitn~’ ~iui I. K. Berry 8

~ Co’lege or r~~restrI - m d  ~\~i t u r i l  Rcsources . Colorado Sta te L’nise~s - iy,
Foct Collin s . Cob . S0523 , U.S.A.
S*thoi’l oi~ Foresu-v and ~nvcro nmemaj Studies , Yale Laivea ty ,
Ne~- Haven. Conn. 065 11 . US A .

4fr tract

- \ flOn--1e~5 ructi~e. ~a~ id ~c~nlqu~ wiiztng horaentj i  ‘i ;u ;rouru ‘ r et o I ~ra p ns for -atimat ing
:olzaee angl e c~~~ib u c i ons s -~~~-a~e-1. Or ,ti ca i Stfr ac : on auei --i s ~~ne rated f rom orthogonal
-h - e+t rarrt s s-e anai~ ed er ar .gu iM - i ~ -~ 

- -~ ec~~c ~u rnm e~~. ~ - ‘ a ~~i i l n  d i s t r i cu i t on s  ~er ~ban sr
~ro;ect!ons or ~oiage ortenia uons are ~e~iv ed ~rcm these Te . i s - Jr r m e : t t s  and mat  emaitcally convo-
uced to detc rtnine the aLtual - h r a t - i - - ’ r o L ~it ’ ul t- , J~s ir : c u s e n  ~-ar~t o e  er 0 1 5 cc angles. The

methoa is ‘art:~ -.aartv rrerrLi t-., ~or :er.~e canopies -~hch  -t at c r9 -.- --t d to mea—ure by other tech.
n ique s . The c ractton ecrinte uc -, e~ u.i1 J ~er irc t raci  ~a nec-e~ and -e r a c.lnopy of \Veste m
.~nea L grass .4~~r pt-r ~ ’t - - ‘ 1 4 ’ ! r i ). Ii as o  ~le:cs v - t caik Ons:~ ier. t nier~ ret ~t i :OflS for the 3henolo—
;:cai :c~eienment o f aemest ic Satarti a neat Trincuni ~ierts-urn ) .

Introdu ction
Foliage angle ui stribu tto n func t i o n s  for 1rassland canopies ha ve t r a a i t i o n a i l v  been

ta t im -ated by ~oin t  Jua cr a t  te cnn i qu e s  such-i as discussed by \\ i l son C l9~’O. ~~3) and
Phi!ip ( l9~~ . Other rc’~ent techni ques invo lv in g  photogr a~ h ic or photoce ll measure-
ments of foliage cap freqi enc . - -~ h ich c-a n be ~c~ated :o the fol iaie angle 2istrtbution
include the methods discussed by Norman and Tanner  ~i0Ô9’b and Bonhomme and
C: artter )

~~~~~). The present .sttt hors uescrtbed another photoeraph:c procedure for
~rjssIand canopies in an earlier paper Smi th  et I t .  )7~~ -~~eru bv o iT-an~ le photographs - 

-
arc used to record ~ap frequenc’. and a Frediloim ntesral equation is sol~ed whi ch
relates foliage and es to ~ap frequency.

The point quadrat technique offers practical difficulties in the amount of ~ield time
required to obtain the measurements. The photograp hic and photocell methods are
an improvement in this regard . but they are diff icul t, to apply in canopies ~ it h  dense
fol iage cover. The Fredho lm technique , (or examp le , cannot be app lied to dense
canopies n which canopy closure at most view angles a complete.

In this paper we present an alternative approach app licab le to dense -canopies
which utilizes optical diffrac tt on pattern ana l~ sis of h eld photo grap hs. P Ian ar  -j i s i r l ’
butions of foliage angles are determined from orthogonal zround ph oto graphs obtained
in the vertical plane of the plant canopy. These ci-thogonal d i s t r ibu t ions  are then
mat hema ti caHy convoluted to est imate the actual plant  canopy fo li age angle distri-
bution. This diffracti on technique is also a imp !e and rapid in situ measurement
method.
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Aust . J. DeL, 1977 . 25. 545-53

it Comparison of two Photograp hic Techn iques
for Estimating Foliage Ang le Distribution

J. .4. Spnuh~, R. E. OIii-er~~, and ). K. Be,rr;-~~
Ocpartn ieni of Ear th  Resour ces . Colorado State University,
Fort Collins , Colorado S0S23 , U S A .

~ Present address-. IBM Corroration , h ouston. Texas, U .S A .
~ Present address: School of ~~ :sirv and Environmental Studies ,

Yale U ni ve r stt v , Ncsc Ha v en , Connect icut , U.S.A.

lb SFTUC I

There is an in cre a s ing  in teres t  in theoretical models ~ hich describe the interaction of solar radiation
~ i i h vegetation can opie s . Common to these models is a need to describe mathematically the geo-
metr i C s t r u c t u r e  ot the p lani  canop~ The amount of radiaiion reflected or absorbed tsr the canopy
is rr : iri I~ de ie rn t i n ed  bs the di~ tr i hu t i o~ of rap s  in the  fol ia i t e ~ oh respcct to the rad i ation source .
S measure 0? c.inopv geometry re lated to gap lr equ enc~ at  c at  ou s vicsc angle s is the d i s t r i b u t i o n  of

leaf ang les. Iss o methods for m e a s u t in g  the distr ibut ion of leaf angles ar c discussed. The first
method — tO pr~ iect or thogonal l Y and photograph ind i s id ua l  plants and relate the measured leaf
ang les in the rro iec t iorl s to the canop y disir i but io n of angles. The second method is a rapid in situ
method based on ground icc-c? miiUi p le c- cw angle Pho~o1zr aph)- . A Frcdholrn integral equation
relating foliage angles to the Prop ort i on of gap i n the canop Y as a funct ion of view ang le is then
solved. (ompa ruso n s of the results us ing the t~~o methods are made for a canopy of Western whea t
gra ss ( 4 ~tropiro,, cmithii ).

I ntrod uction
M at h emat i ca l l y. a homogeneous veget at ion canopy may he described given the

fol lo w in g i n fo rma t ion :
( I )  inc l ina t ion  ang le d is t r ibut ion  of the fol iage elements.
(2 )  A , i m u t h a l  ang le d i s t r ibu t ion  of the foliage elements.
(3) Leaf area index ( ra t io  of the one-sided leaf area to a uni t  area of underl ying

soil surface).
(4) A relat ion describing the three-dimensional  dispersion of the leaf area ssith in

the canopy.

The s i tua t ion  becomes more comp lex if the canopy is heterogeneous in either
composit ion or structure.  Heterogeneity usua l ly  imp lies that the canopy must be
stratified in to  layers and the above informat ion  determined for each layer. Stratifica-
t ion may  he determined either from a height  d i s t r i bu t ion  (Oliver and Smith  197 3) or
from the apparent morphology characteristics of the vegetation under study.

The foliage inclination angle distribut ions for various typica l classes of stand
geometry arc shown in Fig. I (de Wit 1965). Horiiontal leaves are most frequent in
p lanop hile canop ies , and vertical leaves in erectophile canopies. The leaves in

J - plag iop hile canop ies are most frequent at oblique inc l ina t ions  of greater than  45
those in extremop hil e ca nop ies at obliqu e i nc l i na t i ons  of less t han  45 - In terpre ta t ions
of the c u m u l a t i v e  frequency distribution Function nitty he made as above and their
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A Portable Instrument for Simultaneous Recording of
Scene Composition and Spectral Reflectance

Jo seph K. Bersy
For nierl v ( ; r aduate  Research Associate

Departnient of Earth Resources , Colorado State University
Now w i t h  School of Forestry and Environmental Studies

~
‘ale University

Frederick J. hle ime s
( ;radua t e  Research Assis tant . l)epartment of Earth Resources

Colorado State University, Fort Collins . Colorado 80523

James A . Smith
Associate Professor , l ) e p a r t m e n t  of E a rth  Resources

Coloiado State Unive rsi ty,  Fort (‘ol l ins , Colorado 80523

Abstract the total  response from a resolution element wi thout  the capa-
bi l i ty  of providing a reg istered record of the composition of theA battery-powered scene recording radiometer  system has been 
resolution element.  One except i on is the system reported bydeveloped for relat ing spectral vanab i l i t y  and target compositio n. 
Da na 5 as used in determining aircraf t  r ef l ectance measurementsA remote controlled filter wheel radiometer is interfaced with a 
in which a bore-sighted camera is used in conjunction with aI l ass elb l ad 500 EL camera , so that the silicon detector is directed 
radiom etertoward the cam era ’s viewing glass Signal detect ion at disc rete ihe  i n s t r u m e n t  ds-scnhed in th i s  paper was developed to pro-wavelength bands is achieved by successively r o t a t i n g i n t e r ch a n g e -  
vi de a me thod  for o b t a i n i n g  a d i rec t  and s i m u l t a n e o u s  measure -able in te r fe rence  fi l ters tha t  in terdic t  the view of the detector . ment  of both scene composition and spectral response , using aFilter position ing is controlled by coding holes drilled in the fLI - 
common f i e ld  of  view. ‘Ihe instrument has been used by the au-ter wheel disk w h ic h  are interpreted by a bank  of oppostng l igh t  thor s  for invest igat ing mix tu e effects  in a lodgepo le pine (Pu n i4se m i t t i n g  diodes and phototransistors Upon o b t a i n i n g  a photo- contorta )  c o m m u n i t y  in the centra l  Colorado m o u n t a i n s  The  agegraphic record of the scene , the camera is au tomat ica l ly  advanced ,  of the stand studied was between 30 and 50 years w i t h  average
heigh t of the stand approximately 20 f t  Canopy  d e n s i t y  was van -Introduction able rang ing from approx ima te ly  80”~ crown closure to a corn-

A recurring problem in app lyi t i g  remote sensing technology to pletely open , grass-covered clearing. I h e  majori ty  of the under-
na tu ra l  resources is the d i f f i c u l t y  in correctly c lass i ly ing  a reso- story wi th in  denser regions of the lodgepole s tand was similar
lution element which contains a mixtur e  ot materials , This pros to tha t  of the meadow opening In this appl icat ion an aerial t ram-
It-ni is pa rticularly acute in natura l  vege ta t ion  communi t i es  such way system was required to suspend the  ins t rument .

‘I as those encountered in the West . where a great deal of hetero-
geneity occurs wi th in  the resolution e lement ,  A machine-assis ted
classification rule , however , is forced into one of two choices: Physica l Features
( I  ) i den t i fy ing  the resolution element as a singl e materia l when , The scene recording radiometer is essent ia l ly  a remote controlled
in fact, it may contain only a small percentage of the mater ia l ,  f i l ter wheel radiometer in terfaced to a Uasse lh lad EL 500 camera.
or ( 2 )  leaving the resolution element unclassified.  This problem A schematic of the instrument is shown in Figure I A remote
of mi xtures  is closely related mathematical ly  to the problem of readout and control station are u t i l i zed  in con j unctior  with the
signature ex t rac t ion , whtch describes the d i f f i cu l t y  of de ter m tn-  instrument.  ‘Ihe func t ions  of the system are five-fold: ( I )  signal
ing a typical spectral  response for materials when the underlying detection , ( 2 )  part i t ioning of the signal into d iscret e wavelength
-Jata distributions are heterogeneous , bands , (3 )  control of f i l ter  wheel position , ( 4 )  p hotographing the

There are two broad approaches to the mixtures  problem. scene , and (5) remote system control and signal readout.
1 hese include a least squares approach , and a parameter  esti- The radiometer  system uses a silicon detector directed toward
ma t ion technique using maximum likelihood procedures Pace the v iewing  glass of the camera . The optics of the camera define
and Detchmendy t as well as I l a l l um 2 discuss the former ap - the ins t rument ’s field of view . This allows adjustment 01 the ra-
proach. The maximum likelihood procedure is described by diometer field of view by va r ying the camera ’s lens system. Sha r p}lorwitz et al a and C .us ema n4 . Both approaches have as their def in i t ion  of the field of view of the inst i~urnent is achieved by
fundamental  assumption the hypothesis that there is a l inear overlaying a circular mas k on the viewing glass lhe diameter of
relationship between measured spectral response from a reso - the mas k was constructed to be slightly smaller than the physi . -lution element a nd the proportions of matena l s  conta ined wi th-  cally constrai ned field of view of t l .e detector  when interdicted
in the resolution element This assumption has never been clearly by an in ter ference  f i l ter .  This constrained field of view was mea-
evaluated through empirical data The prima r y reason for this sured by mounting the instrument on a goniometer and rotating
omission appears to be the fact that most spectrometers measure it about the optical axis of the camera , whil e exposing it to a

4 narrow beam of ligh t. An interference fi l ter  centered at 6328 A
14 27 received March 22 , 19 77  was use d to accommodate a helium neon gas laser ligh t source.
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Sei.~nc R~id i.s t i on Dv i ta in i cs

ABSTRACT

These reports arc a two—volume Final Report Series for Project

DACW 39—77-C—0073 issued by the Environmental Laboratory of the U.S.

Army Engineer Waterways Experiment S ta t ion . The period covered is from

11 August , 1977 t o 30 Sep tember , 1978. Overall objec tives of this one

year study were to develop a comprehensive optical and thermal signature

data base and to evaluate or develop optical  and therma l canopy radia -

tion models. A va r i e ty  of vegeta t ion terrain f ea tu res  were studied

including coniferous trees (F ir m s c o n t o r t a ) ,  d eciduous t rees (Elaeagnus

augus t i f ol i a ) ,  shrubs (P o t en t i ll a )  and grasses (Fe stuca) .  In order to

syn thesize the scene radiation dynamics with the use of models , accom-

pany ing geome tr ic  and meteorological  parameters were also obta ine d .

Volume I presen ts the optical and thortn.nl modeling descriptions and

includes terrain data modules for coniferous , dec iduous , and grass ter-

rain features. The optical SRVC (Solar Radiation Vegetation Canopy

Model) developed under previous U.S. Army Research Office sponsorship

is evaluated against  these terrain modules .  A thermal leaf model and

an ini tial thermal canopy s igna ture  model are described and compa red

agains t f i e ld  measurements.  Both op t ica l  and thermal s ignature  models

are infinite plane terrain approximations to a three—layer stratified

canopy . Source and view angle dependencies of the exitance are pre-

dicted . In addi t ion , the therma l model predic ts the temperature dis t r i -

bution of the vegetation layers.

Volume II contains the optical reflectance data listings and in—

cludes descriptive information for the experimental sites . The data

4
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types and data reduction methods are enumerated. Finally , an analysis

of optical data d ispers ions  is given including se asonal and diurnal

variabili ty and two—spectral space scatter plots. The applicability of

a Tasseled Cap typ e of t ransformat ion is e v i d e n t .

I
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E v alu a t  ion of I l l u m i na t i o n  and Ter ra  in Gt. o t n e L r v  l - i ’f ~~ t s  on

Spec - t ra 1 Resp onse  in  M o u n  ta in fe  rri in

AB STR.AC’l’

An extensive analysis of terrain geometric effects on the optical

s cat t e r i n g  p rope r ti e s  of n a t u r a l  resource  scene in mountainous terrain

has been per forw.ed .  Spec t ra l  r e f l e c ta n c e  measurements  were obtained

for  lod gepole pine , P~r.us contorta , ponderosa pine , Pinus pon derosa ,

R u s s i a n  olive , Elea cgnus cuigust-~f o l ia , grass species , Agropyro n sv.

and ~r~’~us s,. , and snow. Sensor p l a t f o rm s  included ground—based

measurements using aerial tramways , aircraft radiometric observations ,

and satellite (Landsat) measurements. A wide range of effective view

— and source i l l u m i n a t i o n  angles  were recorded fo r  the va r ious  t a r g e t /

sensor c o m b i n a t i o n s .

Regression ana lyses  and nh o t om c t r i c  p lo t s  were made f ro m  the da ta

in order to  test  the  Lambert ian  assumpt ion  fo r  the va r ious  m a t e r i a l

types .  In addi t ion  a process—oriented radiative transfer model was

appl ied  to the d a t a .  This model was also used to  evaluate initial

e f f e c t s  of back ground topographic variations .

Resul ts  of this  s t u d y  i nd i ca t e  tha t , p a r t i c u l a r l y  in the

chlorophyl l  absorpt ion band all ma t e r i a l s  exhibit non—Lambertian

behavior for effective zenith sensor or source angles greater than

60 degrees, but that for effective angles less than 40 degrees , the

Lambert ian assumpt ion  may be valid. For stable atmospheric conditions

and cons tan t  phase angle the  Minnaer t  r e la t ionsh ip  may be appl ied  to

q u a n t i f y  scene radiance p roper t i e s .  The canopy r e f l e c t a n c e  mode) was

found to follow the general trends of the f ie ld  measurements b itt over-

estimates infrared response. In order to adequately model topograph ic

influences or spectral  respon se , canopy densi ty  variat ions must be

included .
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APPENDIX B: Su p p o r t i n c ~ M a t e r i a l  for  Monte  Carlo C a l c u l a t i o n s  of
Absorbed  Solar  Rad i a t i on  in V e g e t a t i o n  Canopies

D i f f u s e / D i r ec t  R a t i o  S en s i t i v i t y  Anal ysis

i-me n t  T r a n sm i s s i o n  S e n s i t i v i t y  Anal ys is

V e r t i c a l  R e f l e c t i o n  Va l ida t ion

SRVC S imula t ed  A b sar p t ion C o e f f i c i e n t s

P r o g r a m  L i s t i n g  fo r  ABSORPT
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A P P E N D I X  B

The ‘ c ’ 1 v .;~ a~ ~-.~~-~~c c p r i .~~a~ ~~:H d- - r ~~a l  the  r e s u l t s  of t h e

d a t a  a n a l  vu i s  :~ud c i m u u : L e r  p r o g r a m s  m e n t  j oned in t h e  main t ex t  of

C hap t e r  I I I .

D i f f t t : ; e / P i r e c t  2 n t i ~ ~ens~~t i v i t v  A u t l ’ : u i s

F igures  1 and 2 p re s e n t  the  p r op o r t i o n  of n t ) so r b e d  spec t r a l  solar

ir r a d ian c e  fo r  a ~‘a v e l  e;n~t l i  of h L ;h c a n u p y  r e f l e c t a n c e  (p = .50 ,

T = .05 fo r  a l l  can opy  e l emen t s )  w i t h  a solar  zen i th  ang le of 00 and

72 ° , rt - u p e c t  ~vel y .  F i ~n i r e s  3 and !~ p r e a en t  the  p r o p o r t i o n  of a b s o r b e d

spec t r a l  solar  ir r ad i an ce  f o r  a low canopy r e f l e c t a n c e  (p = . 05 ,

= .001 fo r  a l l  c a n o p y  e l e m e n t s )  w i t h  a solar  z e n i t h  angle  of 00 and

72 ° , r e up e c t i v c l y .

P1 ement  T r a n sm i s s i o n__S en n i t i v it y  A n u l  ~~~~~

Figures  5 and 6 show t h e  si mu l .-~t ed  p r o p o r ti o n  of a bs o r b e d  s p e c t r a l

solar i r r a d i a n c e  fo r  a w.ss’elengrh of h igh canopy r e f l e c t a n c e  (p = .50

fo r  all  canopy e l e m e n t s )  as a f u n c t i o n  of canopy e lemen t  transmission

c o e f f i c ien t  for  a so lar  ‘e ni t h  ang le  of 0° and 72 ° , r e s p e c t i ve l y .

Ver t i c a l  R e f l e c t i o n  V a l i d a t i o n

The m e a s u r e d  ve r sus  s imu l a t e d  v e r t i c a l  s p e c t r a l  c a n o py  r e f l e c t a n c e

of  the mo d e l i n g  t r ee s  for  three  t ime per iods are presen ted  in Fi g ur e s

7 , 8 , and 9.
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PPV C 
-~ i l a t  ed Ah ;e ~

-J~t ion C e  Oj i - f ltS

The S i m ul a  t ed  - z  - ;ib : e r p t  ion co~~f f Ic i c t it s  f o r  var  ions mean
, i, , z

c a n c p v  e l e m e n t  r e f  l ect ances  and  for a solar a ng le of /~7 ° are shown

in Fi gu r e  10.

: o : r a n  ~‘• P O ~-U L ’

The For t  ran v i rc -.~ um -\ ~ - -~ P l’ 1 ca l c u l a t e s  t h e  : ;ne c t r al  and t o ta l

ab a u r p t i o n  w~. t h i n  t h e  e tn , )- cy u ~~em us i n g  t lt ~ i nt e r p o l a t i o n  and

int e~~ra  t ion  tee ha iqu i ’s ~i~~- u C  r ihed  in ~‘h t p  or I I I
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F’ i gur e  I . Tin’ in n  1 1  ed p rep i z t ’ t ion  of ah .-~o~~b - ~1 S~~L’(’ t ca l no h a r
i r i a d  i a t t e e  for  a ~s a v z - I~’ni ~t h t  o f I t I ~h & - . i i t o p v  r e t  1 oc t  an i -e
(p  = . ~i0 , = . fYi fo r a l l  z a n o j z v  el  omen I s )  w i t h  a eel  ic
c e t t  i t h  ~n~~1e (2 )  ot  00 . ‘th e p t o p o t t  i o n  h~e o 1 t ’e i I  (
by  t - i ch  c a nop y  h a v o c  ic  shown as w e l l  t h e  t o t a l
can opy al ) s& ) rp t I on .
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F i gor e  2. The s i m u l a t e d  i ~~p o~’t i ens of a h eo r l i ~ul solar  i rr ad  lance  f or
a wave I e n g th  of h i  ~h Canopy  ri f l e e t  au i ’e (p  . 50 , T .05
for  a]  1 c . in opy e le m ent s )  w i t h  a sol ar  u e t i i t h t  a r t i ; l e  (Z)
of 72 0 . The p r o p or t  ion a b s o rb e d  (a .)  by c . i c h i  c anopy  Liv er
is shown as w i - i  t as the  t ot a l  ean opy  a h so rp t  ion .
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DI f f u ~ ~/D~ r c c t  e.i ’ t o

FI gure  3. The s i m u l a t e d  p r o p o r t i o n  of absorbed spec t ra l  solar
t r r a d i a n c e  for a w a v e l e n g t h  of low canopy r e f l e c t a n ce
(r = .05 , t = .001 for all canopy el e me n t s )  w i t h  a
solar ‘.en i th  angle of 0° . The p r o p o r t i o n  absorbed (c~~)
by each canopy layer  is shown as wel l  as the t o t a l
canopy abso rp t ion .
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F i g u r e  4. The simulated proportion of absorbed spectral. solar
irr ad ian ce  fo r  a waveleng th  of low canopy r e f l e c t a nc e
(p = .05 , t = .001 f o r  all canopy  e l e m e nt s )  w i t h  a
solar z e n i t h  ang le  of 72° . The p ropor t ion  absorbed (a .)
by each canopy layer  is shown as well as the total
canopy ab s o rp t i o n .
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1 = 0 °

.6

_____________ 
l iver 2

‘1 C _ _ _ _ _ _ _ _ _  ______________________
.10 .20

i ~- in  o f E1 -r ~~~ t~

Fi gure  5. The simulated proportion of absorbed spectral solar
irradiance for a wavelength of h igh canopy reflectance
(p = .50 fo r  a l l  canopy e l emen t s )  for  f o u r  canopy
element transmission coefficients and for a solar z e n i t h
angle of 0° . The p r o p o r t i o n  absorbed (ct 1) for  each canopy
layer  is shown as well  as the t o t a l  canopy a bs o r p t i o n .
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F r 1 : .~~O~~~ o~ of r t - -~~~~t s

Fi gure  6. The s i m u l a te d  p r o p o r t i o n  of absorbed spec t r a l  so la r
irradiince for a wavelength of h i gh canopy r e f l e c t a nc e
(p = .50 fo r  a l l  canopy e l emen t s )  f o r  f o u r  canopy e lement
transmission coefficients and for a solar z e n i t h  a n g le
of 72° . The p ropor t ion  absorbed (ix . )  for e u - li  canopy
layer  is shown as wel l  as t h e  t o t a l  canopy  a b s o r p t i o n .
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i~.ivi~l C n g t l i  (u n )

Fi~~t ir e  7. N easured  versus s i m u l a ted  ve r t i ca l  spec t ra l canopy
reflectance for May 24 , 1.978, 0800 Standard Time.
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Fi.~ ure  8. Measured ver s is s i: i i l a t e d  \‘i - r t  l eal  sp ect r a l  canopy
r e f l e c t a n c e  for  Ju ly  1, 1977 , 1000 Standard  Time .
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F igure  9. Measured versus  s imula ted  v e r t i c a l  spec t ra l  canopy
r e f l e c t a n c e  f o r  Oc tober  14 , 1977 , 1200 S tand ard  Time .
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Figure  10. SRVC s imu la t ed  
~~~~~~~~~~ 

ab so rp t ion  c o e f f i c i e n t s  for  various

mean canopy e lement  r e f l e c t an co s  and f o r  a so lar  z e n i t h

angle of 47 ° . The ct)~ ~ , ~ 
for each canopy layer is presented

as we l l  as the  t o t a l  p r o p o r t i o n  of t h e spectral irradiance

absorbed .
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APPENDIX C: Supporting Material for Thermal Exitance
V e g e t a t i o n  Canopy Model

C Data  Reduc t ion and I n i t i a l  Anal ys is

Day and Nigh t  Inpu t  and Ou tpu t

S e n s i t i v i t y  Anal ysis

- Air Temperature Variations

-~~ Program L i s t i ng  fo r  TCSM
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A PP EN DIX C

The f o l l o w i n g  top ics presen t  in f u l l  de t a i l  the data , a naly) ’7~’s

, C : CJ  C C : - O ) 1 ! t e r  p r ’O C ; ranls  C l C I l L i 0 0 0d  in the ma in  t e x t  of C h a p t e r  IV .

D a t a  R ( - d I ,CC t ion and m i t  m l  Al’ - lvsis

1 1  U l l ’ t ’S 1 and 2 p r e sen t  LiCe m easur en :c ’nts  of a i r  t e m p e r a t u r e

(~~l S i t e ) ,  the  c o n ta c t  thermistor and the lhCat  Spy on two branch t i ps

fo r  O c t o b e r  14— 15 , 1977. Figure  ~ SbO W S the  s imu la t ed  TCSM r e s u l t s

fo r  O c teh er  14— 15 versus  the  th ree  c o n tac t  t her m is t e r  m e a s u r e m e n t s .

D,-iv a n i  ~. 1 Cl) t II) )’CI t , t C ’ld O u t p u t

The TC~ M i n p u t  and o u t p u t  f t r  0930 and 0330 S t anda rd  Times for

J ’ : lv  15—16 , 1977 , are p r e i~’” l -I t e d  in F igures  4 and 5. The i npu t  d a t a

t , ,r  t i l l ,’ cICIV and n i gh t  cnv i  r OIICC’Ti --rl  La 1 c ( ’C Cj  i Lions are the  f ixed

parameters used for the sensitivity analysis.

Se n s i t i v i t y  A n ; C l v s t s

Figu res 6, 7, 8, and 9 show the t’CC ’~ C’Uivitv and internal resistance

to water  v op o r  diffusion sensitivity results for the day and n i g h t

environmental conditions.

Air  T emp e r a t u r e  V a r i a t i o n s

Figures  10 and 11 show the a i r  t emperatu re  measurements  fo r  Ml ,

M2 , and M3 Sites fo r  July 14 and Jul y 15—16 , 1977. F igure  12 p r e sen t s

the simulated versus measured horizontal ERT’s for July 15—16 The

air temperature was recorded in the meadow opening (Ml S i te )  and is

presented in Fi gure 13. - 
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Pr o ’~r am TCSM

The F’O r C L IC CI n I’I’O1’,0.ICI I l - SM is  L I Ce  t I C A ’CC:I, C l (‘, I i l I’V S~ ~1, t t ,Ure  C :IOilc ’l

— as pr e~~’~s t ed in Chap t or IV.  f lh e  r e qu  i red lI l p u  t s a re  deso  r ned in

l’OU t ine I u p u t L i a - The p r o g r a m  ~ SY STM of the  l ut e  r u n t  i ~na l  NI l  t i C s - ’—

CCCI t i C, l I lA U d  St a t U t  ica l  L i b r a r y  (197 7)  l ’ 7I I ’- t be C L I  t CAU I1L ’(I
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Figure 1. N e a n I C r e d  contact t h o r n i  c t  or and h e a t  Spy Wi t ci for  ci b r a n c h
t i p  in Lay er  2 , an d a ir  t e C I p e r a t l C r e  at  t h e  Ml S i te  t ier
Oc tober  14— 15 , 1977.
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Figure  2. Me a s u r e d  c o n t a c t  t h er m i st e r  and Heat  SPY d a t a  f o r  a
branch  t i p  in Layer  1, and air  t emp e r a t u r e  at the  Ml Site
fo r  October  14— 15 , 1977.
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F igu re  3. S i m u l a t e d  moan canopy layer  t e m p e r a t u r e  ve rsus  the  data
froni  t h r e e  c o n t a c t  t i l er m i s t e r s  in branch ’)  t ips  of Layers
1, 2 , and 3 fo r  Oc tober  14— 15 , l977 Air  t e m p e r a t u r e  was
recorded at the Ml Site.
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‘ Time  = 09 30

L:~c i s s i v i t v  ( i e iv e r s  1— 4)  = 1.0, 1.0 , L U , 1,0

S ol ar  ir r a di an c e  855 52/rn

A i r  t e iC lp L ’ r : C t u r e  = 1/4 . 6 ° C

:5 Ci - ciund t e : c ; , er a t C t l r e  = 11.7° C

1’ ind ‘~‘c i nc  i t y = 1 .0 L’m/s

R e l a t iv e  ! I I 1 r C L d i t y  .20

cc L eaf  r t ,l c c i s t an c e  to v ot e r  va p or  d i f fu s i o n  = 0.66 nm /cm

Average e l c ’me [l t  tca~’eL-atsz r e s  (Layers  1—3) = 20.4 , 16.6 , 16.3° C
- 2G round ttn , ’ rmal  ( ‘ l-c i tance = 372 v/rn

Sky t her mal  e xit a nc e  = 302 v / rn
2

‘~ Mean absorbed s o lar  f l u x  d e n s i ty  f o r  e lements  Layers  1— 3 =

144 , 49 , 46 v/rn 2

E m i t t e d  therma l  f l u x  d~~n c i ty  fo r  the  a v e ra g e  e le m e n t s  ( 1—3) =

420 , 399 , 397 v/rn

AbSCJ l ’bCd L b - O r C C ’ C  1 ~ iC , lX ( ! ( CCC IT ‘ y Or ~d L - ,~ n v n C ’ — ’Cge ci c ’’Ci- ’ lI  t s  (1— 3)  =

375 , 387 , 384 v/rn
2

E n e r g y  ‘ C a i n  by convec t ion  f o r  the  average elements (1—3) =

—90 , —31 , —26 w/ m ~
E n e r g y  loss by t r a n s j) ir a t~~on fo r  t h e  av e r a g e  ci c’i’:, ’n t s  ( 1—3)  =

9 , 7 , 7 w i r n~

The t h e r m a l  e X i t , I U L e ;1nd ERT above the  canopy for  the  v a r i o u s

viewi ng c I S C  1 L’S a re :
‘,

Ioc 1~ fli t l O f l ( h~~~l’c’eI-1) L’-:C I C O C ) c e (w/ m  ) 1’RT (° C)

‘1 5 !( 19 2 0 . 3
15 “113 19 .2
25 41.0 18 .6 C

35 ,;08 18.4
45 408 18.2
35 407 18.1
65 407 18.1
75 407 18.1
85 407 18.1

The thermal  c:: itance  and ERT f o r  the  h o r i z o n t a l  view arc :

Lay er  E~- : it ance (v /rn  ERT (° C)

1 42 0  20 .4
2 399 16.6
3 397 16 .3

Fi C C I r o  4 .  E n v I r o n m e n t a l  and s i n C i l a t  ‘ C i  c o n d i t i o n s  fo r  0930 (day environ-
men ta l  coIC , i  i t  ions) Jsi 1y 15 , 1977. I n p u t  ~-I ,A r a r n e t e r s  are
denoted  by a I ;t e r i s k s .
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cc ‘I’inc 0330

* l-~f l i s c -u v L t y  (Layers  1— 4) — 1.0 , 1.0 , 1.0 , 1.0

So la r  i r rad ian c e  0 .0  v/m 2

* A i r  t emp er a t u r e  0 .4 ° C

:5 Ground t e m p e r a t u r e  = 5.0°C
cc 1-.’ind v e l o c i t y  = 10 cm/ s

Rela ,’e I C : r : l d L t y  = 0 8 5

* Leaf  r e s i s t ance  to  w a t e r  vapor  d i f f us i o n  0 .66  mm /cm

Average  element t e m p e r a t u r e s  (Layers  1—3) = — 1~ 0 , 0~ 0 , 0 .5° C

Ground  th e rma l  exitance = 399 w/ r n~
Sky the rmal  exitance = 234 v/ni 4

M a n  absorbed so lar  f l u x  fo r  Layers  1—3 0 .0 , 0 .0 , 0 .0  v/rn 2

E : n i t t e d  the rmal  f l u x  d e n s i t y  fo r  the  average  e l e m e n t s  (1—3)  =

310 , 315 , 317 v/ rn 2

A : l . C : ~ C’1 ’L ’ d t h e r m a l f l u x  d e n s i t y  fo r  tile average e lements  (1—3)  =
‘7

288 , 309 , 320 v/ rn
4

E n e r gy  p A i n  by convec t ion  for  t u e  ave rage  e lem ents  (1—3) =

22 , 7 , -2 v/ rn 2

io)t ’rgy loss by t r a n s p i r a t i o n  f o r  the  average  el ement s  ( 1—3)  =

0 . 2 , 0 .4 , 0 .5  w/n ’2

The thermal  exit ance  and i~i-~T CJCOVO the  canopy fo r  t h e  var ious

v i e w i ng  ang les  a re :

7
f n c : l i na t l o Ii ( d ecr e e s )  E x it ,’inc e__(v/rn ) F,RT (° C)

5 310 —1.0
iS 311, — 0 . 6
25 31,3 — 0 . 4
35 314 — 0 . 2
45 314 — 0 . 1
55 314 — 0 . 1
65 315 —0.1
75 31,5 — 0 . 1
85 315 — 0 . 1

The t h er m a l  ex i t a n ce  and ERT for the  h o r i z o nt a l  view a r e :

Lay er  Ex i t a n c e  (v/ rn 2 ) ERT (° C)
1 310 — 1 . 0
2 315 0.0
3 317 0 . 5

Fi gure 5. Env i ronmen ta l  and si u lu l at ed  con d it i ons  f o r  0330 Jul y 16 ,
1977. Input paranCeters are  denoted by asterisks .
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F i g u r e  6. Se n s i t i v i t y  anal ys is  O f  lye i’I A C C ’  L’ lemc ’nt e mi s s i v i  t y  v er s u s
n ’,’ ( ’ C ’CC C e e l e m e n t  L C ’:’ pL - r n t u r e  of t h e  t hr e e  canopy lay e r s
fo r  the  day etw i ronnien ta l  c o n d i t i o n s .
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Figure  7. S e n s i t i v i t y  ana l ysis  of average c l emen t  en i s s i v i t y  versus
average  c lement  t e m p e r a t u r e  of the t h r e e  e c i no py  layers

- fo r  the  n igh t e n v i r o n m e n t a l  c o n d i ti o n s .
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Fi gure  10. A i r  t ’ ’r ~p e r a t ur e  m e a s u r e m e n t s  a t  the  Ml , M2 , and M3 S i tes

for  Ju ly  14 , 1977.
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Fi gure 11. Air  t e mp e r a t u r e  r’~-:;s ur ’mefl tS at the Ml , M2 , and M3 S i t es

- 

fo r  J u l y  16 , 1977.
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- Fi gure 12. S i m u l a t e d  v ”r-SC C S measured lodgepole pine canopy horizontal
e f f e c t i v e  r a d i a n t  t emp e r a t u r e s  (ERT)  fo r  J u l y  15—16 , 1977.

• Me asured  ERT ’ s arc  the meal ’) of 4 h o r i z o n t a l  ERT ’ s of t u e
m i d d l e  layer as meas ur ed by the Uea t Spy. Air  t empera tu re
was recorded at tile Ml Site.
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Figure  13. Measured a ir  t e m p e r a t u r e  a t  the Ml S i te  fo r
Jul y 15—16 , 1977.
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