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Influence of Sky Radiance I 
Distribution on the Ratio Techn~que 
for Estimating 
Bidirectional Reflectance 

The error induced in the estimation of bidirectional reflectance1 
factors using the standard ratio technique is less than five percent for 
zenith view and sun angles less than 55 degrees. 

T HE BIDIRECTIONAL reflectance distribution 
function, BRDF, of a surface is an intrinsic 

property of the material and is independent of in- 
cident irradiance (Kriebel, 1976). In reality, one 
generally utilizes the average of the BRDF over fi- 
nite solid angles of incidence and exitance. This 
average quantity is termed the (bidirectional) re- 
flectance factor, R, and is also defined to be the 

standard Lambertian reference p&el for varying 
view and sun angles. 

Several authors have recently highlighted the 
potential errors induced in this method by a time 
varying irradiance field and have suggested po- 
tential improvements in the measurement proce- 
dures (Duggin, 1980; Duggin, 1981; Milton, 1981; 
Richardson, 1981). A second potential source of 
error is that induced by the diffuse sky radiance 
field. The interaction of the angular sky irradiance 

ABSTRACT: The technique of ratioing scene radiance to the radiance obtained 
from standard Lambertian reference panels in order to estimate bidirectional 
reflectance factors may depend on the angular distribution of the dgfuse ir- 
radiance field as well as the direct solar irradiance. A simulation study was 
performed to estimate the magnitude of this effect for dqfering clear sky ir- 
radiance distributions for a variety of vegetated surfaces. For the seven surfaces 
and wavelengths analyzed, the error induced in the estimation of bidirectional 
reflectance factors using the standard ratio technique was less than 5 percent 
for zenith view and sun angles less than 55 degrees. 

I 
ratio of the radiant flux reflected by the surface to distribution with target reflectance anisotropies 
that which similarly would be reflected by a Lam- yields contributions to the target radiance in ad- 
bertian surface under the same viewing and il- dition to that induced by the direct solar term. 
lumination geometries (Robinson and Biehl, In order to yield a bidirectional reflectance factor 
1979). A commonly used measurement method to corresponding to the solar incidence direction, 
estimate (bidirectional) reflectance factors is to these contributions of the sky radiance distribu- 
ratio the radiance of a target to the radiance of a tion are implicitly assumed to be negligible. For 
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cloudy or partially cloudy conditions the sky ra- 
diance contributions can be significant and affect 
observed reflectance trends (Fuller, 1979; Gordon 
and Church, 1966; Kimes et al., 1979). The pur- 
pose of this study was to examine the sky radiance 
contributions under clear sky conditions for a 
variety of vegetation canopies in order to deter- 
mine at what view and solar angles these contri- 
butions may be significant to the radiation of the 
canopy. 

Kriebel(1977) recognized the importance of un- 
derstanding the effects of different irradiance dis- 
tributions on final surface radiance. His approach 
to determining intrinsic surface reflectance prop 
erties was to obtain aircraft radiance mea- 
surements of the scene and measurements of the 
optical depth of the atmosphere. The latter were 
then used to calculate the irradiance by iterative 
solution of the atmosphere radiative transfer 
equation. The radiances were then used in a sys- 
tem of linear equations which were solved for the 
reflectance factors by inversion of the integral 
equation for radiance. 

Bauer et at., (1977) investigated the use of a 
subtractive technique to remove the effects of 
diffuse irradiance. Bv measuring the radiances of 
the shadowed target and shaaowed reference 
panel, subtracting them from the corresponding 
measurements under normal sky illumination, and 
ratioing the results, a bidirectional reflectance 
factor related only to direct solar irradiance was 
obtained. However, they reported that the relative 
uncertainty associated with the measurement 
technique was greater than that of the standard 
ratio method. 

Robinson and Biehl(1979) calculated the effect 
of sky radiance for a uniform overcast sky, an 
example anisotropic target bidirectional reflec- 
tance distribution function, and varying sun an- 
gles. However, only a nadir viewing geometry was 
simulated. Generally, they found the sky radiance 
contributions to the target reflectance factors to be 
less than three percent. 

In this paper, we first extend the work of Rob- 
inson and Biehl by considering varying view an- 
gles as well as solar angles and by using two 
canopy reflectance models (Suits, 1972; Smith and 
Oliver, 1972) to generate a variety of theoretical 
canopy bidirectional reflectance distribution 
functions with known properties. We then also 
consider the more general clear sky distribution 
function of Pokrowski (1929). 

As a ratio of two quantities, reflectance cannot 
be directly measured. The measured quantity, 
radiance, is expressed mathematically by the fol- 

lowing equation (Note: for convenience the 
wavelength subscript has been suppressed): 

Here f represents the bidirectional reflectance 
distribution function, (Oi,&) is the direction of the 
incoming ray, (er,+,) is the direction of the re- 
flected ray, and the integral is taken over all 
sources of incident radiation throughout the hemi- 
sphere of the sky. The bidirectional reflectance 
distribution function (Nicodemus, 1970; Kasten 
and Raschke, 1974) is an intrinsic property of the 
surface which describes how incident radiation 
from any given (ei,+) direction will be scattered 
or reflected into any given direction (@,,I#+). It is 
independent of the irradiance and has units of sr-'. 
As noted earlier, present techniques do not derive 
a true bidirectional reflectance distribution func- 
tion which would describe the reflection prop- 
erties of a surface for every idealized pair of inci- 
dence and exitance angles. Instead, reflectance 
factors, R, are calculated which describe the be- 
havior over finite solid angles. These factors are 
dimensionless quantities equivalent to .R times the 
bidirectional reflectance distribution function av- 
eraged over the solid angles of incidence, o<, and 
exitance or: 

Making use of these reflectance factors, Equa- 
tion l can be approximated for any solid angle of 
reflection, or, as 

where L(or) and L(oi) &e the reflected and inci- 
dent radiances in their respective solid angles or 
and mi, Pi is equal to $ case, dw,, and the summa- 
tion is over all wi sources of incident radiation, oi. 

The commonly used technique of ratioing the 
radiance of a target to that obtained from a stan- 
dard Lambertian reference panel is one method of 
estimating bidirectional reflectance factors. In this 
case, the surface radiance as normally obtained in 
the field, L,, is ratioed to the radiance of a standard 
Lambertian panel, L,. Thus, 

The solid angle of incidence, o, is the entire 
hemisphere of the sky and the solid angle of re- 
flectance, or, is the field of view of the observer's 
radiometer. The constant reflectance factor of a 
standard Lambertian panel has been taken to be 
one in the above expression on the assumption 
that it is a perfect, uniform reflector. The global 
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irradiance, E, is represented in the above expres- 
sion as 

E = 8 L(wi)Pi 
0, 

This may be rewritten tokmphasize that the global 
irradiance consists of terms arising from both di- 
rect, E,,,, and diffuse irradiance components: 

-< 

Similarly, the equation for radiance may be re- 
written as 

The implicit assumption made when ratioing field 
radiance measurements to estimate the reflectance 
factor is that the diffuse irradiance source is negli- 
gible. In this case, the incident source angle Ot,4i 
becomes the solar zenith and azimuth and the ratio 
simplifies to 

In reality, the diffuse irradiance field is not zero 
and the correct expression for the ratio, Equation 3 
is applicable. In this case, the ratio does not re- 
duce to the simple bidirectional reflectance factor 
corresponding to a specific view angle and the 
solar direction. Rather, it represents a complex 
sum over all components of the bidirectional re- 
flectance factor matrix. 

In this study we used simulation techniques as 
discussed in the following sections to calculate 
both target reflectance factors, R(oi;wr), and inci- 
dent radiance distribution fields, L(wi), in order to 
evaluate Equation 3 for various sun and view an- 
gles, the results were then compared to the in- 
ferred reflectance factors, Equation 4. 

Two distinct canopy reflectance models were 
used to calculate representative reflectance factor 
matrices, Equation 2. The first was the Monte 
Carlo SRVC Model (Smith and Oliver, 1972), 
originally developed for grasslands, then extended 
to wheat canopies (Smith et al., 1978), and further 
extended to lodgepole pine canopies (Kimes et al., 
1978). The second model used was the Suits 
Model (Suits, 1972), based on the Duntley equa- 
tions. 

Seven different canopies were simulated at the 
different wavelengths. The two wavelengths cho- 
sen were at 0.68pm, where reflectance is typically 
low due to absorption of the radiation by 
chloro~hvll. and at 0.80wm in the near infrared 

- . <  

region of the electromagnetic spectrum where 
healthy vegetation characteristically exhibits a 
high reflectance. 

The seven canopies simulated included a 
lodgepole pine canopy with a measured leaf- 
area-index of 5.1 and a grass canopy with a mea- 
sured leaf-area-index of 1.2, and a measured 
spherical leaf-slope distribution. Five additional 
theoretical canopies were simulated correspond- 
ing to a grass canopy also with spherical leaf slope 
distribution, but leaf-area-index equal to 0.5 and 
4.0 and a grass canopy with a Planophile leaf slope 
distribution and leaf-area-index equal to 0.5, 1.2, 
and 4.0 (Kirchner, 1980). For the cases simulated, 
azimuthal isotrophy of reflectance was assumed. 
Consequently, each reflectance factor matrix de- 
scribed the reflection properties ofthe target sur- 
faces at nine zenith view angles ahd nine source 
angles at equally spaced intervals centered at 5 to 
85 degrees. 

The second function required to evaluate 
Equation 3 is a specification for the irradiance 
field, L(w,), which includes both the direct solar 
term and the skylight distribution. We selected 
two broad types of skylight distribution functions 
for this study. The first was to assume that L(oi) 
was a constant, independent of mi, except for the 
solar term. We then allowed L(w,) to vary over the 
hemisphere. 

As mentioned previously, the uniform sky dis- 
tribution case has been addressed by Robinson 
and Biehl (1979). In their paper they show how 
Equation 3 may be reduced to the following ex- 
pression for L(oi) constant and a vertical view, i.e., 
wr = 0: 

A(wr) = ~(w,,,;o)[l + Kl(wsun) ~,(wsun)] 

where Kl(wsun) is the fractional amount by which 
the target reflectance factor differs from a Lam- 
bertian surface with the same hemispherical re- 
flectance, and K2(oSun) is the ratio of the constant 
diffuse field to the total irradiance (diffuse plus 
solar). They then used the above expression to 
evaluate the difference between A(o,) and 
R(ws,,;O) for a variety of solar angles, us,, and a 
vertical view. 

The above expression generalizes to the fol- 
lowing equation when off-nadir views are in- 
cluded: 

A(wr) = ~(w,,~;w,)[l + ~ ~ ( w , , ; w ~ ) ~ ~ ( w , ~ ) ]  
(3') 

where K1 is now a matrix of deviations for each sun 
angle and view angle considered and K2 is again 
the variation in the hemispherical sky radiance 
with sun angle. 

The four theoretical canopies simulated with 
the Suits and SRVC models corresponding to 
sparse (LA1 = 0.5) and dense (LA1 = 4.0) grass 
canopies with both sperical and planophile leaf- 
slope-distributions were used to derive Kl(wsm;wr) 
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for sun and view angles between 5 degrees and 75 
degrees in 10-degree increments. The data for 
K2(o,,) are extracted from Figure 7 in Oliver et al. 
(1975). 

We utilized the following clear sky radiance 
distribution function developed by Pokrowski 
(1929) to generate anisotropic sky radiance dis- 
tributions, L(y): 

L, ,  = B(l - e-P c-) (1 + cos2a)/(l - cosa) 
(5) 

Here b,, is the radiance at a point an angle 6 
above the horizon and an angle a from the sun, P is 
a scattering coefficient whose value was given by 
Walsh (1961) as 0.32, and B is the radiance at the 
two points on the horizon at angular distances of 
90" from the sun. 

This distribution is similar to actual conditions 
as reported by Kimball and Hand (1921). Further- 
more, the angular radiance distribution varies with 
sun angle. Thus, in this study the effect of eight 
different clear sky distribution functions was eval- 
uated corresponding to zenith sun angles between 
5 and 75 degrees. 

Integration of the above equation over the 
hemisphere and over each sector to determine 
L(w,) values is somewhat cumbersome because of 
the dependence of a on 6 and on the difference in 
azimuth between the sun and observed point. In 
order to perform the necessary integrations, a 
bicubic spline interpolation routine from the In- 
ternational Mathematical and Statistical Library 
(IMSL) was used. Complete details are given in 
Kirchner (1980). 

For the analyses using the more general expres- 
sion for sky radiance, Equation 5, the number of 
theoretical canopies studied was extended to in- 
clude grass canopies of intermediate denseness, 
LA1 equal to 1.2, and a forest canopy, lodgepole 
pine, with LA1 equal to 5.1. 

the inferred reflectance factors, Equation 4, the 
percent differences between them were calcu- 
lated for all of the cases simulated. The informa- 
tion was organized into tables for each target sur- 
face as a function of wavelength and of view angle 
and solar angle, between 5 and 75 degrees. These 
tables were then systematically examined to de- 
termine the maximum zenith view and sun angles 
where the difference exceeded five percent. 

Table 1 shows the results for the uniform sky 
distribution; Table 2 for the more general clear sky 
distributions. Generally, both tables indicated that 
the error induced in the estimation of bidirectional 
reflectance factors using the standard ratio tech- 
nique is less than five percent for zenith view and 
sun angles less than 55 degrees. 

While the results of this study have strongly in- 
dicated the negligible contribution of the sky 
radiance distribution to target reflectance factors, 
there are two potential limitations to the analyses 
performed. 

First, target reflectance isotropy in the azimuth- 
al direction was assumed. Azimuthal reflectance 
asymmetry could have an effect; however, essen- 
tially no effect was observed for very strong target 
reflectance asymmetries in the polar directions. 
Thus, we do not believe this to be an important 
factor. 

The second potential limitation is more serious, 
and further theoretical analyses are recom- 
mended. This is the potential effect of strong 
angular anisotropies in the sky radiance distribu- 
tion caused by scattered cloud patterns. In effect, 
such patterns could behave as secondary direct 
sources. As mentioned in the Introduction, there is 
experimental evidence for significant sky radiance 
contributions for cloudy or partly cloudy condi- 
tions. Theoretical analyses similar to those per- 
formed here could define the magnitude of such 
effects. 

To facilitate the comparison of the measured re- The research reported here was funded by the 
flectance factors, Equation 3 or Equation 3' with U.S. Army Engineers Waterways Experiment Sta- 

TABLE 1. Uniform Sky Results: THE TABLE INDICATES THE ZENITH VIEW ANGLE, go, AND SOLAR ANGLE, gs, 
WHERE THE DIFFUSE SKY-LIGHT CONTRIBUTION CAUSES THE MEASURED REFLECTANCE FACTOR TO DIFFER BY MORE 

THAN FIVE PERCENT FROM THE INFERRED REFLECTANCE FACTOR CORRESPONDING TO THE ANGLES go AND 9,. RESULTS 

ARE GIVEN FOR THEORETICAL SURFACES SIMULATED ACCORDING TO BOTH THE SUITS AND SRVC MODE= FOR THE 
WAVELENGTHS 0.68 AND 0.8 MICROMETERS. 

Suits SRVC 

0.68 0.80 0.68 0.80 
Surface LA1 00 0. 90 9. 00 0. 90 0. 

Grass Spherical 0.5 75 65 65 75 75 75 75 75 
4.0 55 65 65 75 75 75 75 75 

Grass Planophile 0.5 75 75 75 75 75 65 75 75 
4.0 75 65 75 75 75 75 75 75 
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TABLE 2. CLEAR SKY DISTRIBUTION RESULTS 1 
Suits SRVC 

0.68 0.80 0.68 I 0.80 
Surface LAI eo es eo es eo es eo es 

Lodgepole Pine 5.10 55 55 45 55 75 65 75 75 
Grass Spherical 0.5 75 65 65 75 75 75 75 75 

1.20 65 45 45 65 75 75 75 75 
4.00 55 65 65 75 75 65 75 75 

Grass Planophile 0.5 75 75 75 75 75 65 75 75 
1.20 75 65 75 75 75 55 75 55 
4.00 75 65 75 75 75 75 75 75 

tion under Contract Number DACW3977-C-0073 
and, in part, by the U.S. Army Research Office- 
Durham under Grant No. DARG29-79-C-0199. 
The calculations and analysis with the Suits model 
were performed by Mr. S. Youkhana as part of his 
doctoral research work. 
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