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T o  calculate the plant canopy bidirectional re- 
flectance distribution function (BDRF), the Monte 
Carlo method is used. The Ross-Marshak canopy 
model (Ross and Marshak, 198& 1987a, b; 1988) is 
generalized to the case of  the arbitrary leaf angle 
distribution (LAD). The contribution of the specu- 
lar component of  leaf reflectance given by the 
Fresnel law, resulting from the presence of  the wax 
layer of  a leaf, is taken into account. The influence 
of  the LAD on the BRDF is estimated in the 
principal plane. The differences of the BRDF are 
shown between the canopies with equal first mo- 
ments of  the LAD and unequal second ones. The 
mathematical technique of the Monte Carlo method 
which allows estimation of the contribution of the 
specular component of the BRDF is derived. With 
the help of  this technique a series of numerical 
experiments, showing the influence of the LAD on 
the contribution of the specular component of leaf 
reflectance, has been carried out. These results can 
be used for the interpretation of the remote sensing 
data of  vegetation and for the inversion of canopy 
reflectance models, for estimating the LAD, and 
the size of  the leaf wax layer. 
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INTRODUCTION 

In previous papers (Ross and Marshak, 1985; 
1987a, b; 1988) we described the geometrical model 
of a plant and a canopy structure on the whole, 
derived the technique of the Monte Carlo method 
for the calculation of the plant canopy bidirec- 
tional reflectance distribution function (BRDF), 
and carried out a series of numerical experiments 
to estimate the influence of various parameters of 
the model on the BRDF. It was proposed that all 
the leaves were mat and they had a constant 
inclination angle 01: However, numerous experi- 
mental data show (see, for example, Ross, 1981) 
that there is a broad distribution of leaf inclination 
angles and this distribution can be described by 
the statistical function of the leaf angle distribution 
(LAD) g(v~L, q0L), where q~L is the leaf azimuth. 
Different distribution functions g have been pro- 
posed by Bunnik (1978), Ross (1981), and Goel 
and Strebel (1984). Some experimental data on the 
phase function of a leaf (Moldau, 1965; Breece and 
Holmes, 1971; WooUey, 1971; Gausman et al., 
1973; Ross, 1981, p. 180) show that the phase 
function of a large variety of plants has a strong 
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specular reflection, resulting from the presence of 
the wax layer on a leaf surface. Some optical 
models (Moldau, 1967) have qualitatively ex- 
plained the regularity of reflection and transmis- 
sion. However, sufficiently simple formulae and 
algorithms for the calculation of the leaf phase 
function are absent with the exception of the 
Nilson-Kuusk model (Nilson and Kuusk, 1984) 
and SAIL model (Verhoef, 1984; Reyma and Bad- 
hwar, 1985), in which the specular component has 
been added to the leaf reflectance. It is necessary 
to add a very versatile paper of Vanderbilt and 
Grant (1985). They discuss a model for the amount 
of light specularly reflected and polarized by a 
plant canopy. 

The purpose of the present paper is the im- 
provement of our previous model of the plant 
canopy by the introduction of the LAD function g 
instead of a constant inclination angle ~L and 
calculation of the specular component of leaf re- 
flectance. With the help of a series of numerical 
experiments the influence of these parameters on 
the BRDF is estimated. The following simple opti- 
cal model of a leaf is proposed: The transmission 
is isotropic and characterized by the spectral co- 
efficient T x. The reflection consists of two compo- 
nents: the diffuse component defined by the spec- 
tral coefficient R x and the specular component 
R e(#' ,  n), depending on the angle v ~' of the inci- 
dent light ray on the leaf and on the optical index 
of refraction of the wax n (Gausman et al., 1973; 
Nilson and Kuusk, 1984), and independent of the 
wavelength. [In fact, following the results of 
Vanderbilt and Grant (1985) the index of refrac- 
tion depends slightly on the wavelength.] 

In most models which describe the radiative 
transfer in the atmosphere and in global models of 
climate, the reflection from the ground surface is 
defined by the Lambert law with some albedo. The 
results of the present paper show in which cases 
the Lambert surface approximates the plant canopy 
well and when such approximation gives serious 
errors. Finally, the conclusions of this paper are 
applied to agricultural canopies in general. 

THE SIMULATION OF THE SPATIAL 
LEAF ORIENTATION 

Let the function (1 /27r )g ( rL) ,  independent of 
depth, be the probability density of the distribu- 
tion of leaf normal orientated to an upper hemi- 

sphere (Ross, 1981) and 

21 fa,, g(rE)dra 

= 2--~ Jo J0 g(#L' q)L) s'n v~,.dv~Ldq~L = 1. 

Here f~u is an upper hemisphere, r L = (~L, VL) is 
the unit vector of the direction of leaf normal, 
dr L = sin ~L dV~L dOPE' Let us suppose that the in- 
clination angle t~ L and the azimuth ¢PL are inde- 
pendent and the distribution along qo is uniform. 
Then g(rL) = g(1}L) and f f f /2g(t~L)sin t~ L d ~  L = 1. 
For convenience let us introduce the function 

g*(~L)=g(~L)s in l}L  [fo~/2g*(t~L)dt}L=l], 

which defines the fraction of leaves per unit leaf 
zenith angle ~n. 

Such a model allows us to choose the following 
LADs. 

1. All leaves have a constant inclination angle ~0: 

g( L) = 

where 8 is a Dirac delta function. 
2. Trigonometrical orientation (Bunnik, 1978): 

g*(l~L) = a + b .cos20  L + c - c o s 4 ~  L. 

3. Beta distribution (Goel and Strebel, 1984) 

~r x~-l(1 - x) ~-1 
g ( O L ) - - f l ( l ~ ' V ) = 2  B ( ~ , v )  ' 

x ~ (0,1), 

where B(~t, v) = + ~) is the 
beta function (F is the gamma function). 

With the help of distributions 2 and 3, one can 
simulate the following orientations: 

(a) Uniform (a = 2/¢r ,  b = c = 0 or / ,  = v = 1): 

g(v~L) = (2/~r)(sin #L) - ' ,  

= 

(b) Spherical (a = sin ~L, b = c = 0 or Iz = 1.930, 
v = 1.101): 

= 1 ,  = s i n  

(c) Planophile (a  = b = 2/7r ,  c = 0 or/~ = 1.172, 
v = 2.770): 

g(v~L) = (4/rr)cos 2 V~L(sin OL) - ' ,  

g*(v~L) = (4/rr) cos 2 v~ L. 
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Figure 1. Various LAD: 1) (©) planophile; 
2) (---) uniform; 3) ( - - )  spherical; 4) (× )  
erectophile; 5) (O) plagiophile; 6) (+ )  
extremophile; 7) ( - . . )  soybean. 

(d) Erectophile (a = 2/7r, b = - 2 / 9 ,  c = 0 or 
/~ = 2.770, u = 1.172): 

g(01+) = (4/~r) sin 0L, 

g*(0L) = (4/~r)sin 2 0 L. 

(e) Plagiophile (a = 2/7r, b = O, c = - 2/~r or 
/~ = u = 3.326): 

g ( 0 , + )  = (4/ )sin 2 20,+(sin 0L) - l, 
g*(0L)  = (4/~r)sin 220 L. 

(f) Extremophile (a = 2 / ~ ,  b = 0, c = 2/~r or 
/~ = u = 0.433): 

g ( 0 c )  = (4/Tr)cos 2 20L(sin 0 L ) -  l, 

= (4/ )cos ++ 2 o L .  

In practice, the extremophile distribution is not 
realized in the actual canopies and it is interesting 
only for model calculations. The graphs of various 
functions g* are represented in Fig. 1 together 
with the data for the soybean canopy, which have 
been taken from the paper of Goel and Strebel 
( 1984~ 

For the case of trigonometrical distribution 
the angle 0 L is constructed as a solution of the 

Table 1. Relative Computer Time for the Construction of a 
Canopy Model 

Beta Trigonometrical 
Canopy Type Distribution Distribution 

Uniform 4.9 2.0 
Planophile 9.0 14.4 
Erectophile 9.0 5.4 
Plagiophile 63.1 13.6 
Extremophile 3.6 10.2 
Spherical 6.7 1.5 
Constant 1.0 1.0 

equation 

ff '+g*(0) dO = a, 

where a ~ (0,1) is uniformly distributed. The solu- 
tion of the last equation can be easily found ac- 
cording to Newton's method, where the initial 
value is 7r/2. 

One can simulate the beta distribution with 
the parameters t~ and P in the following way 
(Hastings and Peacock, 1975). Let al, a 2 E (0, 1) 
be uniformly distributed. One calculates S 1 = a~/~' 
and S 2 = a~/~ and if S x + S 2 ~< 1; then f l ( /~ , l , ) -  
S1/(S 1 + $2). If S 1 + S 2 > 1, one must take the next 
two uniformly distributed values, calculate S~ and 
Se for them, and check the last inequality again. 

Now, the question arises: which distribution 
must be used to simulate, for instance, the 
planophfle leaves? Since both distributions have 
statistically similar results (Goel and Strebel, 1984), 
then a convenient criterion for such a choice may 
be the computer time spent on the construction of 
a canopy model. In Table 1 the times for the 
construction of the canopy model relative to the 
most simple case of a constant inclination angle 
are shown. It is evident from the table that for 
some orientation (uniform, erectophile, plagio- 
phile, and spherical) the trigonometrical LADs 
have an advantage, except in the cases of 
planophile and extremophile. The very long simu- 
lation time for plagiophile canopy type according 
to the beta distribution is a result of the great 
values for parameters/~ and u. 

CONTRIBUTION OF THE SPECULAR 
COMPONENT OF LEAF REFLECTANCE 

The specular component of the reflection results 
from the presence of the wax layer on the leaf 
surface (Vanderbilt and Grant, 1985). Intensity of 
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the specular component R F is defined by the 
formula of Fresnel: 

1 [ s in2(~'-  i) t a n ( ~ ' -  i) ] 
R v ( W , n ) = ~ L s i n 2 ( O , + i )  +tan(v~ ,+ i )  , (11 

where i = sin-l(sinva'/n). Reflection takes place 
in the plane defined by the leaf normal r L and the 
incident ray r', and the reflection angle v ~ is equal 
to the angle t~' between r L and r'. Note that in the 
limiting case v ~ '=  0 (the incident ray goes along 
the normal) the formula (1) does not work and in 
that case 

RF(0, n ) =  [ ( n -  1 ) / (n  +1)] 2. 

Evidently, with the help of direct imitation or 
the so-called method of straightforward simulation 
it is impossible to estimate the contribution of the 
specular component, since the probability that af- 
ter the interaction the photon reflects in the direc- 
tion of a receiver at a solid angle A~2 is too small. 
Below we suggest the following algorithm: 

After the interaction with the upper surface of 
a leaf, i.e., cos(r L, r') > 0 (in the opposite case the 
specular component is neglected because the re- 
flected photon goes down), we artificially twine 
the normal of the leaf along the azimuth to the 
vertical plane with the receivers and begin "to 
fluctuate" the leaf orientation according to the 
normal law with the mathematical expectation 
equal to the difference between the leaf normal 
and incident angle with some dispersion. For econ- 
omy of computer time, first, we do not simulate 
the normal distribution itself but approximate it by 
two normalized hyperbolas. Secondly, we use only 
trigonometrical functions of the angles of the in- 
cident and reflected rays and not the angles 
themselves. However, the values of the angles 
themselves are needed for the construction of the 
hyperbola since a hyperbola is described by f(x) 
= 1/x .  Therefore, in this case, the trajectory goes 
only along the net of directions defined before and 
the hyperbolas themselves are approximated by 
the piecewise functions. 

Then the contribution of the specular compo- 
nent of the leaf reflectance is given by the equality 

~fl~ R vg( rc ) drL 
v = (2)  

Let us describe the above process more pre- 
cisely. Let a parameter 8 ~ [0,1] characterize the 

dispersion of our approximation ("a spread" of the 
specular component). If $ = 0, then the contribu- 
tion occurs in all directions and, if $ = 1, the 
contribution is only to the receiver in the direction 
of the reflected ray. Further, we introduce the 
coefficients a~, i = 1 . . . . .  L (L is the number of 
receivers). Let (~, = $, then 

a i=  1 , . . . ,L ,  

r ~ A~2~, 

cos(r,, r') > O, 

cos(rL,r' ) < O. 

Here r is the specularly reflected ray and 

t3ii = 7iAv~i 

f IO, - Oil- l, i 4= j ,  % = ¢Pi' 
o 

10i+0jl  -~, i--/:j, % = T j + 1 8 0  °, 

where the parameters Yi are chosen as normaliza- 
tion factors in such a way that ~L=16ij = 1, j = 
1, . . . ,  L. 

So, for every act of interaction with leaf for the 
calculation of the specular component contribution 
to the ith receiver, we summarize the values of 
Rv(r  L, r', n) .ai(xk) . (s in OL) -1. Bi(xk). Here x~ is 
the point of Markov's trajectory, and Bi(xk) is the 
"weight" of photon for k-order scattering for j th 
trajectory, B i ( X l )  = 1, Bi(xk) = (1 - x)Bi(xk_l),  
k = 2, 3 . . . .  , and x is the coefficient of leaf absorp- 
tion. The presence of (sin #i~)-l results from the 
fact that in the above model the LAD has been 
constructed according to the function g*(0x.) but 
not g(~L), which is summarized in Eq. (2). 

If N trials are carried out, then we obtain an 
estimation of the contribution of the leaf specular 
component for the ith receiver, namely, 

1 N 
e,= E E 

j = l  k = l  

• ( s in~ i . ) - l .  Bj(xk), i = 1  . . . . .  L. (3) 

Note, that in the case of interaction with the soil or 
stem, R~. = 0. 

CALCULATION OF THE BRDF 

Let us introduce the coefficients Q according to 

pi'J(xk) = P,(xk)Bj(xk),  i=  1 ... .  ,L ,  
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where 

= 

K f pdr 

, 

if a photon from the 
point xk flies to the 

direction of a solid 
angle A~ i , 
in the opposite ease, 

and p(r,  rE )=  2cos(r,  rE) is the phase function of 
the Lambert ian surface of a leaf. Here K = T x or 
K = R x, and it depends on whether  reflectance or 
t ransmit tance takes place. Thus, Qi, i(xk ) is a con- 

6 

tr ibution of the j th photon at the point x k to the 
estimation of the i th functional. Then one can 
calculate the estimate of the contribution to the 
i th receiver as an average of N realizations, namely, 

1 N 

I , = ~  E E Q"J(xk) .  (4) 
j = l k = l  

In order not to add the "small weight" Bi(xk) into 
the inner sum in (3) and (4) but  to obtain the 
unbiased estimations, we undertake a random cut- 
off of the trajectory (Ross and Marshak, 1985; 
1988). 

Taking into account (3) and (4), the BRDF is 
calculated according to 

I~+F~ 
bi - cos ffi "A~i ' i = 1 , . . . ,  L. 

RESULTS OF NUMERICAL EXPERIMENTS 

The results of nmnerical experiments, carried out 
for the standard set (Ross and Marshak, 1987b) of 
parameters of the canopy model, are demonstrated 
below. They show the influence of the LAD and 
the specular reflectance component  on the crop 
BRDF. 

So, the plant architecture is described as fol- 
lows: The height of the plant H = 60 cm; each 
plant has four round leaves with a diameter of 7.6 
cm; the azimuth angle between the successive 
leaves on the genetic spiral a r = 120°; the stems 
are absent. The canopy architecture is a check 
rows crop with leaf area index LAI = 3. The opti- 
cal parameters are: The leaf reflection coefficient 
R x =  0.04; the leaf transmission coefficient Tx= 
0.04; the index of refraction is varied from n = 1.0 
to n = 1.4; the soil is black (Rsoil = 0). The condi- 
tions of illumination are: The solar azimuth related 

to the row is % = 30°; the solar zenith angle is 
~o = 30° or v~ 0 = 60°; the diffuse radiation is ab- 
sent. 

All calculations are carried out in the principal 
plane. 

INFLUENCE O F  T H E  LAD 

In this section we suppose that the specular com- 
ponent  of leaf reflectance is absent, i.e., n = 1.0. In 
Fig. 2 the crop BRDF for different LADs is pre- 
sented. The average leaf inclination angle is varied 
from the horizontal ( E # L = 0  °) to the vertical 
(E~  E = 90 °) (here E is the mathematical  expecta- 
tion). By decreasing the average leaf inclination 
angle the BRDF increases for all view directions. 
Hence, the effect of the hot spot also increases and 
it is the cause of asymmetry of the BRDF in 
relation to the nadir view direction. Some in- 
creases of the BRDF in the nadir view directions 
for the horizontal and planophile leaves can be 
explained by the concrete angle in the genetic 
spiral a r = 120 °. For example, if a r <~ 60 ° (Ross 
and Marshak, 1987b), this increase disappears. 

The picture of reflectance changes sharply with 
the increase of the solar zenith angle. In Fig. 3 the 
vertical cut of the BRDF in the case of ~0 = 60° is 
presented. In comparison with ~0 = 30° (see Fig. 
2), the dependence of the BRDF on the view angle 
increases strongly to both sides in relation to the 
nadir direction (towards the antisolar azimuth di- 
rections) and b(~)  is described by the parabola 

b ( 0 )  = a2~ 2+  ao (5) 

sufficiently well, especially for the crops with more 
erectophile leaves. By increasing the number  of 
planophile leaves, the value a 0 increases: from 
a o = 0  for vertical leaves to a o =  R x / 2  for 
planophile leaves. [In the case of horizontal leaves 
and even planophile leaves the approximation of 
the BRDF by a parabola (5) is not quite correct, 
since in the case of horizontal leaves in the oppo- 
site side of the sun (¢p = % + 180 °) it is seen from 
Fig. 3 that the reflection is practically constant for 
all view directions.] As is seen from Fig. 3, the 
coefficient a 2 in (5) decreases from erectophile to 
the planophile LAD and the "extension" of the 
parabola takes place. An essential distinction of 
parabola arises only in the direction of the hot 
spot, where a sharp and slim peak is observed. 
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Figure 2. Polar diagram of the canopy BRDF on the principal 
plane at different LADs, #0 = 30°, n = 1.0• 

N o f  curve LAD Mathematical Expectation 

1 (o) horizontal 0.0 
2 (©) planophile 26.8 
3 (---) uniform 45.0 
4 (--)  spherical 57.3 
5 (×)  erectophile 63.2 
6 ( + ) vertical 90.0 
7 (---) soybean 51.8 
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Figure 3. Polar diagram of the canopy BRDF at different LADs, 
~0 = 60°, n = 1.0 (the definitions are the same as in Fig. 2) 

The comparison of the BRDF for the orienta- 
t.ions having equal first m o m e n t  (EVIL ~ 45 °) and 
unequal dispersion (see Fig. 4) is of interest. If in 
the sun's side (q0=qgo) , the BRDFs practically 
coincide, but  if in the opposite side of the sun 
(cp = q% + 180 °) for 10 ° < 0 < 70 ° strong distinc- 

tions are evident. Note that by increasing the 
dispersion the BRDF increases correspondingly. 
The minimum of the BRDF occurs in the case of 
Dv~ L = 0 since the leaves whose normals are di- 
rected near the sun's opposite side q9 L = q~0 + 180° 
are slightly illuminated by  the direct solar radia- 
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tion (Ross and Marshak, 1987b; 1988). Thus the 
BRDF around the region of ~ = 90 ° - Et~ L is very 
sensitive to the dispersion of the LAD. 

INFLUENCE OF THE SPECULAR 
COMPONENT OF LEAF REFLECTANCE 
ON THE BRDF 

It is obvious that considering only first-order scat- 
tering, the contribution of the specular component 
of leaf reflectance is independent of the diffuse 
coefficient of reflection and transmission but it is 
defined by LAD and by the refraction coefficient 
n. Since this contribution is the same for all spec- 
tral regions, it is most interesting to investigate the 
influence of the specular component contribution 
on the LAD in the red spectral region. 

Additional numerical experiments for the 
canopy with spherical LAD indicate that in the 
case of t~ 0 = 30 ° and n = 1.4 the contribution of 
the specular component makes up the values of 
the BRDF from 0.01 to 0.02 and the maximal 
value is achieved in the region of the hot spot. By 
increasing the solar zenith angle the contribution 
of the specular component increases correspond- 
ingly and for t~ o = 60 ° and view directions t~ >~ 60 ° 
(in the sun's side) it reaches 0.04. The presence of 
nearly vertical leaves, the specular component from 

which is directed to these directions, is a cause of 
such an increase. By increasing n from 1.0 to 1.4 
the sharp increase of the BRDF is clearly seen 
(especially in the hot spot region). Such an increas- 
ing BRDF has an exponential character. 

Figures 5 and 6 demonstrate the influence of 
the LAD on the contribution of the specular com- 
ponent in the cases of ~0 = 30° and 0 o = 60 °. If 
v~ 0 = 30 ° for the orientations that have a large 
number of planophfle leaves in the BRDF, the 
specular shine is clearly seen and the more hori- 
zontal leaves give the strong peak. (For the crop 
with horizontal leaves in the region of the specular 
reflection the 8 function appears.) The ex- 
tremophile leaves have the largest value (up to 
0.20) of the contribution of the specular compo- 
nent, since they have nearly horizontal leaves, then 
planophile leaves (up to 0.16), and uniformly ori- 
ented leaves (up to 0.12). For the spherical, plagio- 
phile and especially erectophile oriented leaves, 
the peak in the specular region is generally absent 
since the number of horizontal leaves in these 
orientations is small. By increasing the view direc- 
tions in the opposite side of the sun the BRDF 
decreases for extremophile leaves and, on the con- 
trary, it increases for the plagiophile leaves since 
for these view directions the essential role is played 
by the plagiophile leaves. The contribution to the 
near nadir directions ~ < 20 ° is given by the 

=+',(o 

+ +0 ++ 

- 0.03 

i e 

.0.04"--~ I - "  

Figure 4. Polar d i ag ram of the  c a n o p y  B R D F  at equa l  average  
incl inat ion angle  E#I+ = 45 ° and  u n e q u a l  d i spers ion  D~)I, 
v % = 3 0  ° , n = l . 0 .  

N of  curve LAD Dis'person 

1 (---) constant (v% = 45 °) 0 o 
2 (O) plagiophile 4.6 ° 
3 ( X ) uniform 11.8 ° 
4 ( - - )  extremophile 18.9 ° 
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Figure 5. Polar diagram of the  canopy  B R D F  taking into 
account  the  specular  c o m p o n e n t  of the  leaf reflectance,  #0 = 
30 °, n = 1.4 (the definitions are the same as in Fig. 1), 

leaves whose normals are oriented to the near 
vertical directions v~ L < 30 °. That is why in this 
region the BRDF is ordered according to the exis- 
tence of such leaves: planophile and extremophile, 
then uniform, plagiophfle, spherical, and finally 
erectophile. An analogous picture is observed in 
the region of the hot spot. 

The same leaf orientations, except for the solar 
zenith angle v~ o = 60 ° are presented in Fig. 6. 
Note that in comparison with ~0 = 30° the peak in 
the specular region is absent and the continuous 
increasing of the BRDF takes place by increasing 
the view directions in the opposite side of the sun. 
The cause of this effect is the fact that in spite of 
the decrease of the number of photons, reflected in 
the directions ~ > 60 °, the "weight" of them, i.e., 
the value of R F [see Eq. (1)] increases. This is due 
to the fact that in this case the reflection occurs at 
a large angle relative to the leaf normal and by 
increasing the angle between the normal and the 
incident ray the sharp increase of the specular 
component  takes place. This is the result of the 
composition of these factors. By this fact one can 
explain that the BRDF for the plagiophile leaves 
does not surpass the BRDF for the spherical leaves 
in the case of large view directions in the opposite 
side of the sun. In the sun's side for the same view 
directions (the region of hot spot inclusive) the 
sharp increase of the BRDF for erectophile, ex- 
tremophfle, and spherical orientations is observed. 
The cause of that is the presence of the large 
number  of the vertical leaves. 

In Figs. 2, 3, 5, and 6 we have shown the 
BRDF of the real canopy of soybean, the LAD of 
which is simulated by the beta distribution. The 
parameters /z and u were calculated by Goel and 
Strebel (1984), namely, /z = 2.177 and u = 1.607. 
Such a canopy, as compared with the spherical 
orientation, has more planophile and fewer erec- 
tophile leaves (see Fig. 1). This fact is reflected by 
their BRDFs. In Figs. 2 and 5 (v~o=30°) the 
BRDF of the soybean surpasses slightly that of the 
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Figure 6. Polar diagram of the canopy BRDF taking 
into account the specular component of the leaf re- 
flectance, ~o = 60°, n = 1.4 (the definitions are the same 
as in Fig. 1). 
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spherically oriented canopy but it is significantly 
less than that for a uniform LAD. The peak in the 
region of the specular reflection is absent, which is 
a result of the small number of horizontal leaves 
(see Fig. 1). In the opposite case in Figs. 3 and 6, 
for the large view directions, the BRDF of the 
soybean canopy is less than that for the spherical 
canopy since in this region the photon reflected 
from erectophile leaves gives the significant contri- 
bution to the BRDF. In the near nadir region for 
both specular reflected photons (Fig. 6) and pho- 
tons reflected by the Lambertian law (Fig. 3), the 
role of plagiophile leaves is essential and the BRDF 
of soybean crop in this region is a little greater 
than that for the spherically oriented leaves. 

Remark.  The sharp increase of the specular 
component for the more horizontal leaves in the 
case of ~9> 60 ° is not realized in the actual 
canopies and it is necessary to modify the formula 
of Fresnel (1) by the attenuation factor k, de- 
pending on the angle between v ~' and ~9 L (see 
Vanderbilt and Grant, 1985). 

CONCLUSION 

The results represented in the present paper show 
that the method of Monte Carlo is a useful tool for 
the estimation of the influence of the LAD and the 
specular component of leaf reflectance on the 
BRDF. This method allows us to simulate an arbi- 
trary theoretical LAD as the LAD measured exper- 
imentally. The presence of only two independent 
parameters of beta distribution gives it an advan- 
tage in comparison with the trigonometrical distri- 
bution, especially for those orientations for which 
the computer time spent for their realization does 
not surpass significantly the time spent on the 
construction of the realization of the trigonometri- 
cal distribution (see Table 1). 

The analysis of numerical experiments shows 
that for high sun (Fig. 2) the BRDF is larger if the 
fraction of planophfle-oriented leaves is larger. The 
increase of the dispersion of the LAD in the case 
of equal mathematical expectation leads to an in- 
crease in the BRDF in the region near the view 
direction v ~ = 90 ° -  E~9 L in the opposite side of 
the sun (Fig. 4). 

For low positions of the sun the dependence of 
the BRDF on the LAD is quite different (Fig. 3). 
For the canopy with more erectophile leaves, the 

BRDF is sufficiently well described by the parabola 
with inclusion of the peak in the region of the hot 
spot. For such crops the greatest distinction from 
the Lambertian surface arises, but for horizontal 
and near horizontal orientations, the approxima- 
tion of the canopy by the Lambertian surface gives 
fewer mistakes with the exception of the region 
around the hot spot. 

The consideration of the specular component 
of leaf reflectance significantly changes the BRDF. 
In the region of specular shining for high sun the 
large increase of the BRDF is observed in the case 
of nearly horizontal leaves and the height of the 
peak increases as the leaves become more horizon- 
tal (Fig. 5). 

For low sun (Fig. 6) the peak in the specular 
region is absent and the BRDF increases continu- 
ously for the view directions 19 >~ ag0, especially for 
crops with planophile orientation. This effect can 
be explained by the significant increase in the 
contribution of the specular component in these 
view directions. 

So, for the red spectral region the considera- 
tion of the contribution of the specular component 
is necessary for the construction of a canopy re- 
flection model. In the near infrared spectral region 
for the crops with the spherical and more erec- 
tophile LAD, the contribution of the specular com- 
ponent may be neglected. Hence, for the 
planophile leaves (especially in the case of low 
sun) even for the near infrared spectral region 
neglecting of the specular component may give a 
serious error in the results. 
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