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Contrasts Among Bidirectional Reflectance of Leaves,
Canopies, and Soils

JOHN M. NORMAN, JON M. WELLES, anp ELIZABETH A. WALTER

Abstract—The apparent brightness of a natural surface depends on
the characteristics and direction of incident radiation, surface radia-
tive properties, and the direction from which the surface is viewed. The
bidirectional reflectance distribution functions (BRDF) for soils, vege-
tation canopies, and individual leaves have common features that arise
from an anisotropic diffuse scattered component as well as specular
reflections from irregular surfaces. The diffuse scattered component,
however, tends to dominate canopy and soil BRDF’s where as specular
reflection tends to dominate leaf BRDF’s. In this paper, simple models
are presented for predicting soit and canopy BRDF’s, and predicted
results are compared with some measurements. This effort represents
an attempt to illustrate the important features that cause observed
BRDF’s. The results of the models are compared with a simple three-
coefficient empirical equation that may be easier to invert than the cau-
sitive models so that radiation measurements can be used to obtain sur-
face features. Some BRDF measurements from corn and soybean leaves
provide a contrast for canopy and soil distributions, and also provide
needed leaf properties that are important to vegetation canopy models.
The knowledge of soil, canopy, and leaf BRDF’s is combined into a
single model, called Cupid, te predict the resultant BRDF of complex
natural surfaces.

1. INTRODUCTION

HE APPARENT brightness of a natural surface de-

pends on the characteristics and direction of the in-
cident radiation, surface radiative properties, and the di-
rection from which the surface is viewed. Although the
characteristics and direction of solar radiation incident on
natural surfaces is quite well understood, the dependence
of surface radiative properties on well-known physical
characteristics remains to be established for most typical
natural surfaces. Understanding the relation between re-
mote radiation measurements and vegetation characteris-
tics is essential if we are to use remote sensing as a veg-
etation monitoring tool. Most of the radiation mea-
surements, which have been made above natural surfaces
such as soils or canopies, have consisted of only nadir
reflectance factors. Although such nadir viewing mea-
surements have the advantage of simplicity, the amount of
information that can be inferred about the surface is lim-
ited mainly to that obtainable from wavelength discrimi-
nation and sun incidence angle changes. The results of
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recent studies suggest that multiple view angles may be
used to great advantage in estimating the structure and
characteristics of vegetation [1]. The relation between
view angle and surface characteristics is only beginning
to be understood. Clearly, from a remote-sensing per-
spective, observing a soil or vegetation surface from a
range of view angles will improve our chances of extract-
ing such useful information as soil roughness or canopy
architecture. Unfortunately, this additional information
costs more to obtain, and considerable research remains
to be done to determine whether the additional benefit is
worth the additional cost.

The objective of this paper is to illustrate how some of
the most important surface properties affect the brightness
of leaves, canopies, and soils when they are viewed from
various directions..

Throughout this paper we will use the term bidirec-
tional reflectance distribution function (BRDF); there-
fore, some discussion of this concept seems appropriate
in this introduction. The directional dependence of sur-
face reflectance on viewing angle can be characterized by
comparing the radiance of the actual surface to the radi-
ance of an ideal or Lambertian surface. If the instrument
of interest has a very small field of view and the surface
being viewed is very large, then the brightness of a Lam-
bertian surface is independent of view angle. In general,
for non-Lambertian surfaces, this distribution of apparent
surface reflectance factors with view angle depends also
on the source incidence angle. Since two directions are
involved (source direction and view direction), the term
bidirectional reflectance distribution function (BRDF) is
used to describe the normalized surface brightness as a
function of source-incidence and view angles [2]. BRDF
has dimensions of reciprocal steradians and values can
range between zero and infinity. Slater [3] suggests that
“...the BRDF relates the directional radiance of the sur-
face to the directional irradiance and directional source
radiance, respectively.”

The following sections of this paper represent our at-
tempt to illustrate the important features that cause ob-
served BRDF’s.

II. BARE SoiL

The BRDF for bare soils usually is highly non-Lamber-
tian. In fact, the soil BRDF can be more non-Lambertian
than the BRDF from most vegetated surfaces [4].

A very simple model can be used to gain much insight

0196-2892/85/0900-0659$01.00 © 1985 IEEE
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Fig. 1. Sketch of soil block and projected shadow that forms the basis for
soil BRDF model.

into the dependence of soil brightness on view angle by
considering shadowing effects of an idealized soil aggre-
gate. Consider this soil aggregate to be a single block of
length L (perpendicular to the sun azimuth direction),
width W, and height H that is centered on a square lot
area of unity dimensions, which is composed of the same
smooth soil material as the block (Fig. 1). In addition, all
surfaces are assumed Lambertian so that the predicted soil
BRDF arises from shading effects of larger particles or
aggregates rather than scattering properties of basic soil
particles of silt or clay. If azimuth angles are referenced
to the —y axis (Fig. 1) and the azimuth of the sun is always
zero for simplicity, then for a given sun zenith angle 6,
the soil BRDF can be estimated from the relative contri-
butions of sunlit and shaded areas to the scene brightness
for a wide range of view directions (6, ¢,). This analysis
assumes the observer has a small field of view and is rel-
atively far from the block. Assuming the direct-beam flux
density to be unity on a surface perpendicular to the sun’s
rays and a sky diffuse illumination of d, the scene bright-
ness can be estimated by combining the brightness of each
surface with the area of that surface projected onto the
horizontal. In the case of the shadow projected by the
block, only that portion of the shadow that can be seen is
included in the scene brightness estimate. The following
equations describe the horizontally projected areas of the
block faces and the shadow that are viewed by an ob-
server:
If ¢, = 90

A, =0

A, = HW tan 0, sin ¢,
A; = HL tan 0, |cos ¢,
A, = LW

.= LHtan 6,. (1)
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If ¢, < 90
A, = HL tan 8, cos ¢,
A, = HW tan 0, sin ¢,
Ay =0
Ay = LW

(11 tan ¢, + L(H tan 6, — h),
h < Htan 0
3 (H tan 9, tan ¢,,
h > Htan 6, ¢, < ¢,
LH tan 6, — %L2 cot ¢y,
. h > Htan 0,, ¢, = ¢,

h=
b =

where A, is the area of the sunlit face of the block pro-
jected onto the horizontal, 4; is the area of the shaded face
adjacent to the shadow of the block projected onto the hor-
izontal, and A, is the horizontal projection of the block
surface connecting faces 1 and 3. Surface A, is always
shaded. A, is the top surface, and A, is the area of the
block’s shadow on the horizontal that can be “‘seen’ (Fig.
1). This shadow area A is kept separate from the shaded
block surfaces so that the block could be assigned a dif-
ferent reflectance if desired. The alert reader will realize
that horizontal projections of vertical surfaces can become
very large when zenith angles of the sun or viewer are
large. Therefore, without restrictions, the horizontally
projected areas for the shadow and block faces may ex-
ceed the lot area of unity. To avoid this eventuality two
restrictions are invoked:

H tan 0, cos ¢,

tan~! [L/(H tan 6,)]

Width of shadow = Htan 6, < 1 — W
Viewed area of shadow = 4, < 1 — 4, — 4, — 4s.

If either H tan 6, or A, exceed these limits, the limiting
values are used. The rationale for invoking these limits is
that as suh or view zenith angles increase, the likelihood
of the shadow being obscurred by projections of other sur-
faces increases. Also, shadows that extend beyond the lot
area are ignored. Without these restrictions (1) is appro-
priate only over a relatively narrow range of zenith angles.
Since the block is centered on the lot area, these restric-
tions imply a “folding” of projections: that is, a projec-
tion that would extend beyond one side is assumed to cover
the lot area on the opposite side. The second restriction
also implies that the top block surface can be obscured by
shadow; although this may not be possible physically, a
better fit of model to measurement results from this con-
straint.

The BRDF for the part of this simplified scene can be
calculated if the relative irradiance on each surface is
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Fig. 2. Soil BRDF predicted from simple model (H = 04, L = 0.85, W =
0.1, 0 = 0.67) and measured for a rough plowed soil with furrows and
15-cm clods for a solar zenith angle of (a) 63° and (b) 28°. The rms
difference between measured and modeled is 2.2 percent for (a) and 1.47
percent for (b) in reflectance units. Maximum view angle is 60° (outer
rim), center is nadir. Sun is at 0° azimuth.

known. Assuming the relative direct irradiance on a plane
perpendicular to the direction of the sun to be unity and
diffuse irradiance to be d, the relative apparent radiance
of each block surface is as follows:

R =sinb, +d

R2=R3=Rs=d

@)

Of course these are simplified expressions because diffuse
illumination of vertical surfaces would depend on whether
adjacent surfaces were sunlit or shaded. A relative BRDF
can be calculated by summing the contributions of all the
block faces, the block shadow, and the background lot area

Ri=(1-4 —4, — A4 —A) R, + AR,

R, = cos 0, + d.

+ AR, + A:R; + AR, 3)

The true soil BRDF can be obtained by multiplying (3) by
the ratio of a measured nadir soil reflectance (p,) and the
nadir reflectance (R,) calculated from (3)

Rn - (1 - As) R4 + AsRs- (4)

Equations (1)-(3) represent a very simple model of the
BRDF for a soil which captures many of the important
features present in measurements (Fig. 2(a),(b)). The
measured distributions in Fig. 2(a),(b) increase with in-
creasing zenith view angle at the 180° azimuth, and the
model results do not do this. Two possible explanations
for this increase are as follows: 1) The collimator on the
sensor that was used to measure the soil BRDF may have
allowed some stray light to reach the detector when point-
ing toward the sun at higher zenith view angles. 2) Some
soil surfaces may exhibit a significant specular reflection
component from the irregular surfaces. Since the orien-
tation of the block remains fixed relative to the azimuth of
the sun, the predicted BRDF is always symmetric about
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Fig. 3. Measured soil BRDF for (a) medium roughness soil (2- to 5-cm
clods from multiple tillages) and (b) a smooth soil (about 0.5-cm gravel)
with a solar zenith angle of 43°. Model fits to these data were (a) H =
04, L =085, W =0.1,0 =067and (b) H =04,L =06, W = 0.1,
o = 0.6 and the rms reflectance differences between model and data were
1.1 percent. Maximum view zenith angle is 60° (outer rim). Sun is at 0°
azimuth.
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Fig. 4. Dependence of modeled BRDF on fraction of total radiation that is

diffuse: (a) S percent diffuse, (b) 30 percent diffuse. Maximum view ze-
nith angle is 60° (outer rim). Sun is at 0° azimuth.

the principal plane. (The principal plane is a vertical plane
containing the spot being viewed and the sun.) The mea-
sured distributions in Fig. 2 contain ‘‘lumpiness’” near the
centers; that is characteristic of measured soil and canopy
BRDF’s because the small footprint on the surface, which
is associated with near-nadir viewing angles, emphasizes
surface variability. Soil roughness may affect the soil
BRDF; in general, a smoother soil tends to have a
smoother BRDF. A simple relative roughness parameter
is given by

o = [HL(1 — m)]". (5)

One might wonder why width (W) enters in a roughness
relation as in (5). Capturing the importance of three length
dimensions on BRDF with a single number is impossible;
however, at least (5) yields a o that tends to increase as H,
L, and W are varied to simulate rougher soils. With the
model a large value of ¢ might be 1.0 and as ¢ gets small
the soil becomes Lambertian and the BRDF becomes
“flat.”” From this simple model, however, the relative size
of elements compared with spacing is important and not
the absolute size of soil aggregates. That is, the relative
size of observed sunlit and shaded regions is most impor-
tant. It is not too surprising then that very different sur-
faces can have similar bidirectional reflectance distribu-
tion functions (Fig. 3).

The soil BRDF will depend on wavelength because of
the spectral properies of the material that make up the
aggregates and because of the illumination level of shaded
areas. At visible wavelengths the sky brightness is much
greater than at near-infrared (NIR) wavelengths; there-
fore, shaded regions are likely to be brighter in the visible
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and variations in the bidirectional reflectance factor with
view angle appropriately less (Fig. 4). Below a canopy,
however, diffuse levels may be much greater in the near

infrared than in the visible because of the scattering prop--

erties of leaves so that care must be used in combining soil
and canopy BRDF’s.

The shape of soil aggregates may also have an effect on
the BRDF, but in practice this effect is not likely to be
very dramatic. The measurements in Fig. 2(a) are from a
field with deep furrows. If the model is altered to simulate
long thin ridges perpendicular to the sun direction (L = 1
and face 2 disappears), the results are very similar to those
predicted in Fig. 2(a).

III. INDIVIDUAL LEAVES

A remote observation of any plant canopy derives from
the collective effect of all the individual component parts
including leaves, stems, flowers, and, of course, the soil
background when the canopy is sparse. Therefore, canopy
remote signatures can best be understood by characteriz-
ing at least the most important components. The most im-
portant radiative components in live vegetation are leaves,
and their radiative properties depend on their surface
properties, cellular structure, and composition. Unfortu-
nately the dependence of leaf reflectance or transmittance
on leaf make-up is exceedingly complex, and little is
known beyond the general effects of pigment absorption
in the visible air-water interface scattering in the near-
infrared and water absorption in the middle infrared [5],
[6]. Many measurements of leaf spectral properties are
available over a wide range of wavelengths [7]. However,
most of these measurements are made with near-normal-
incidence sources and integrating spheres that collect all
of the radiation eminating from the leaf. Few measure-
ments have ever been made of the BRDF of leaves. Breece
and Holmes [8] made measurements on corn and soybean
leaves at source incidence angles of 0°, 30°, and 60° and
view angles in the principal plane. These measuremerit
results show the very strong dependence of BRDF on
source incidence angle and wavelength. Some estimates
of specular reflectance have been made from polarization
measurements at Brewster’s angle [9]. The results of these
measurements on many species indicate that the specu-
larly reflected radiation may vary from 10 percent (soy-
bean) to excess of 50 percent (corn and sorghum) in visible
wavelengths. Obviously, surface characteristics, such as
the amount of waxes, are important to the amount of spec-
ular reflectance.

The BRDF and bidirectional transmittance distribution
function (BTDF) for corn and soybean leaves are shown
in Fig. 5 for a source incidence angle of 45°. Clearly the
apparent brightness of a leaf depends very strongly on the
angle from which the leaf is viewed. The enhanced reflec-
tion from view angles near 180° (looking toward the
source) suggests specular reflection from an irregular leaf
surface. Clearly from Fig. 5, the leaf BRDF depends
strongly on wavelength. Although not shown, the leaf
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Fig. 5. Leaf BRDF and bidirectional transmittance distribution function at
a source incidence angle at 45° for (a) corn at near infrared wavelengths,
(b) corn at visible wavelengths, (c) soybean at near infrared wavelengths,
and (d) soybean at visible wavelengths. Source at 0° azimuth.

TRANSMITTANCE

BRDF also has a marked dependence on source incidence
angle.

All models of radiative transfer in vegetation require
leaf spectral properties to be known. Usually leaves are
assumed to be Lambertian and near-normal-incidence in-
tegrating sphere measurements are used to estimate the
leaf hemispherical refiectance or transmittance. Few leaves
in most canopies experience direct sunlight at normal in-
cidence. A more representative incidence angle for indi-
vidual leaves in a canopy would be 45° and in some can-
opies, such as corn, 60° would be more reasonable.
Unfortunately, the hemispherical leaf reflectance depends
on source incidence angle, and normal incidence values
of reflectance tend to be too low and transmittance too
high compared with other incidence angles (Table I). In
corn and soybeans, the errors that occur from using nor-
mal-incidence leaf properties instead of mean-incidence-
angle properties can be significant.

IV. PLANT CANOPIES

Radiative transfer in vegetation has been studied for
many years because of the impact of this radiation on plant
production and water use [10], [11]. Past research has em-
phasized radiation penetration into canopies; however, the
same simple and approximate geometric approaches can
be used to model plant canopy BRDF’s.

The BRDF for a vegetation canopy is influenced by
many factors including the following: 1) zenith angle of
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TABLE 1
HEMISPHERICAL REFLECTANCE AND TRANSMITTANCE OF FIELD-GROWN
CORN AND GREENHOUSE-GROWN SOYBEAN CALCULATED BY INTEGRATING
THE RESULTS OF LEAF BRDF MEASURMENTS

Incidence Visible NIR

Crop Angle Refl (%) Trans (%) Refl (%) Trans (%)
Corn 0 7.7 3.9 42 53

20 9.1 4,2 42 48

45 9.3 3.4 42 b

70 14.2 3.9 37 36
Soybean 0 8.3 7.0 40 48

20 9.3 7.5 42 47

45 9.6 8.2 b4 45

70 16.1 7.0 55 38

(The results for normal incidence are from integrating sphere measure-
ments. For corn, the mid-rib of the leaf was oriented perpendicular to the
direction of the light source.)

the sun; 2) ratio of direct beam to sky diffuse illumination;
3) distribution of leaf angles in the canopy; 4) leaf BRDF
and BTDF of top and bottom leaf surfaces; 5) soil BRDF;
6) leaf area per unit of ground area in the canopy (leaf
area index (LAI); 7) horizontal and vertical distribution of
leaf position such as individual trees, row structures, or
uniform cover; 8) distribution, spectral properties, and
amount of component structures other than leaves such as
stems, flowers, or heads, and 9) wavelength. Kimes [12]
discusses many of these factors and presents numerous
BRDF measuremens for various canopies and a bare soil.
The approach to be described here first considers radia-
tion penetration into a vegetation canopy in an average
sense, then the canopy BRDF is obtained from a combi-
nation of this average solution and viewing angle consid-
erations.

A simple model of radiation penetration into vegetation
is based on dividing the canopy into N thin layers each of
equal leaf-area-index increment A F [11]. For simplicity in
this derivation we can assume each layer to have the same
reflectance (R;) and transmittance (7;). These layer prop-
erties can be related to leaf refiectance and transmittance
and canopy geometry. Again for simplicity in this deri-
vation, assume leaves to be randomly positioned in the
horizontal with any leaf angle distribution [g(c, 8)]. If
the fraction of direct beam radiation intercepted by a can-

opy layer of LAI increment A F is given by I (6,, ¢,)
IB(0s’ ¢s) =1- €Xp (—kBAF/COS ox) (6)

then the direct beam radiation that would be reflected or
transmitted through leaves in a layer can be defined in
terms of leaf reflectance (p,) and transmittance (7,) as

Ry 5 = 1(0,, b o
T, p =10, o) 7 ¢))]

where kg is the extinction coeflicient for direct beam ra-
diation from a solar zenith angle 6, and azimuth angle ¢,
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given by
w2 2w
kg = S S g(a, B) |cos 8| dg d /2, 8)
0 240
4
where
|cos 8| = |cos 6, cos o
+ sin 6, sin « cos (8 — ¢,)| ©)

with a being leaf inclination angle to the horizontal and 8
being leaf azimuth angle. Essentially kp is the fraction of
the entire canopy leaf area projected in the direction of
the sun and cos (8,) is the projection of that single leaf
element, which is inclined at the angle « and oriented at
B in the direction of the sun. Several simplified distribu-
tions are useful such as the spherical (kz = 0.5), horizon-
tal (kg = cos 6,), vertically inclined with azimuthal sym-
metry (kg = 2 sin 8,/7), and even heliotropic [10]. General
leaf angle distributions with azimuthal symmetry can be
represented by two coefficients with the beta distribution
[13].

If all of the diffuse angular distributions can be assumed
isotropic, then the diffuse interception factor for any layer
can be obtained from the integral of (6)

w2 2%
I, = S So Ig(@, ¢) sin 0 cos 0 d6 do/w. (10)
0

The diffuse layer reflectance and transmittance can be de-
fined as

RL,d = Ip

iag=Ln+A-1) (11

where 1 — I, is the fraction of diffuse radiation that passes
through the layer without intercepting any leaves. An in-
teresting note is that the leaf properties for diffuse radia-
tion (11) need not be the same as leaf properties for direct
beam radiation (7). In fact leaf reflectance and transmit-
tance for direct beam radiation depend on the sun inci-
dence angle with the leaf normal.

Using the preceding equations a set of layer equations
can be written for scattered radiation in the canopy. If the
top canopy layer is denoted by N and the soil surface by
zero, and fp is the fraction of the radiation above the can-
opy that is direct beam, then the downward diffuse flux
density above an intermediate layer j (D) is

Di=0 —fp) Djs1Tpa + URLp + ST p

f (12)

where §; (T, p is the direct beam source of downward
diffuse radiation that arises from interception in layer j +
1 and §; . is given by

Sj+1 = fgDy exp (—kgF;, /cos 0) (13)
where F; . is the leaf area index above layer j + 1. The
upward flux density above layer j + 1 is given by

Ui = A = fo) (UTLa + Djp iR p) + Sji R s (14)
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Equations (12)-(14) can be solved in any of several ways
using boundary conditions of soil reflectance at the bottom
(Uo/Dy = pgoy1) and Dy = 1 at the top [11], [14]. The result
is all the upward and downward diffuse fluxes in the can-
opy.

Several assumptions have been made in this derivation
such as isotropic diffuse radiation angular distributions and
Lambertian leaves. Clearly these assumptions are not nec-
essary with a numerical solution of the preceding equa-
tions. The diffuse angular distribution (canopy BTDF) in
the canopy has been shown to have a very small effect on
radiation penetration into vegetation under clear sky con-
ditions [14], and this BTDF is likely to have an even
smaller effect on the canopy BRDF. The non-Lambertian
leaf effect is not negligible and has been incorporated in
the model Cupid using data for leaves such as that in Table
I and Fig. 5. Results from the model Cupid will be pre-
sented later. A further assumption of random leaf posi-
tioning also has been removed [15], [16].

The previous model for radiation penetration into veg-
etation can be combined with an analysis of viewing ef-
fects to provide equations that predict canopy BRDF. The
previous equations are particularly useful for obtaining the
diffuse and direct beam irradiation on a leaf. However, the
radiance in a particular viewing direction depends not only
on the direct and diffuse irradiance on leaves, but also on
the relationship between sun and view angles. The radi-
ance [R.(0,, ¢,)] from the canopy in a particular viewing
direction (8,, ¢,) can be approximated as follows, if each
layer in the canopy is of equal thickness A F:

N
R.(6,, ¢,) = ,-Z. S Sﬁ g(a, B)

“ {lIfs| feDyp{lcos 8, + Ej(o)] C;

+ E(@ (1 = C)} If| WydBda  (15)
where

g(a, B) is the fraction of leaf area inclined at « and
oriented at 3.

[ = cos 6, (see (9)).

I = cos 6, ((9) with 8, ¢, replacing 6, ¢,).

Iz is the fraction of radiation above canopy that
is direct beam.

Dy is the total irradiance above canopy on hori-
zontal.

E(x) is the diffuse irradiance on leaf inclined at «

and in layer j.

=piDjp, + p:Dim + pyUi_y7 + paUi_ o1,
iff, = 0.

= pDjr, + pDjp, + piUi— o + p2U;_ 17,
if , < 0.

(Note: f, = 0 means top of the leaf is viewed

and f, < 0 indicates bottom of the leaf being

viewed.)

P is the fraction of downward (upward) iso-
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tropic diffuse radiation impinging on the top
(bottom) of a leaf inclined at « [14].
= (1 + cos a)/2.
D2 is the fraction of downward (upward) iso-
tropic diffuse radiation impinging on the bot-
tom (top) of leaf inclined at o [14].
= (1 — cos a)/2.
is the leaf reflectance and transmittance; in
general both p; and 7, may be different for di-
rect beam and diffuse radiation.

ot is the reflectance of the top of the leaf when
the sun shines on the top of the leaf and the
viewer sees the top of the leaf (f; > O, f, >
0). The leaf reflectance of the bottom of the
leaf would be appropriate if f; < 0 and f, <
0.Iff, > 0,f, < Oorf, > 0, f, < O then the
leaf transmittance is used in this term.
; are the downward and upward diffuse flux
density above layer j, respectively.
is the factor that weights the contribution of
various layers to the view from a particular
direction; using (6) and replacing B and s sub-
scripts referring to the sun by v subscripts re-
ferring to the view,
= exp (—kuF}/COS 00) Iv(ov, (bu)
y is the fraction of leaf area in layer j that is
sunlit.
= exp (—kgFj/cos 0;) Iz, ¢,) cos 6/
(kgAF).
F; is the leaf area index above layer j.
kg, k, is the extinction coefficient for direct beam ra-
diation (8), and extinction coefficient for view
((8) with 6, replacing 4,).

P Ty

The weighting factors |f,| and W; must be normalized to
unity. The contribution of the soil layer can be derived
from a combination of the soil block model presented pre-
viously and the canopy equations above as follows:

Rg(ow ¢v) = [(fBDN/COS Os) Rx(pnCO/Rn)

+ Doprem(l — Co)] W (16)

where p, is the nadir-view measured soil reflectance, R,
is from (4), py.m i the soil hemispherical reflectance from
the integral of (3), R, is from (3), and C, is the fraction
of sunlit soil given by

Cy = exp (—kgFy/cos 6,) a7

and W, is a weighting factor accounting for the amount of
soil contributing to the “view’ given by

N.
Wo=1- 2 W,

j=1

18)
The F, is the canopy leaf area index. The diffuse contri-
bution d, used in (2), is given by

d= DO CcoS 0s/(fBDN) (19)

If the measured soil reflectance that is used as a boundary
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Specular Reflection

VIEW B

Fig. 6. Illustration of canopy geometry that contributes to the observed
canopy BRDF.

condition is a hemispherical measurement, then p, must
be computed from this measured hemispherical value and
the integral of (3). Equations (15) and (16) are summed to
yield the final BRDF of the canopy plus soil system.

All of the preceding equations for canopy and soil BRDF
are appropriate for a single narrow-wavelength band.
Clearly more generality can be obtained with the numer-
ical evaluation of (12) than is shown in that equation. For
example, the leaf angle distribution may depend on depth,
or the layers need not be in equal increments of leaf area
index, or specular reflectance equations could be incor-
porated. Furthermore, the angular distribution (or BTDF)
of radiation within the canopy could be incorporated, but
under clear-sky conditions this is a lot of computation with
marginal improvement in predictions of BRDF.

The preceding equations represent one approach to
modeling homogeneous-vegetation-canopy BRDF. Other
models have been developed such as that of Suits [17].
Although the model of Suits is relatively uncomplicated
and does capture the character of canopy BRDF’s, it does
not adequately represent the leaf angle distribution or in-
clude leaf BRDF effects or soil BRDF. This model was
extended to include the leaf angle distribution in greater
detail and is referred to as the SAIL model [18].

The various canopy BRDF models attempt to consider
the dominant effect of leaf angle distribution on the radi-
ance distribution. The presence of the leaf angle distri-
bution g (e, B) in (15) along with sun and view projections
(f» f,) shows clearly the importance of leaf angles. The
origin of some of the terms in (15) can be illustrated by a
very simple example. Consider two flat leaves in the prin-
cipal plane, each inclined at 45° with a sun zenith angle
of 50° (Fig. 6). Leaf 2 is nearly perpendicular to the sun
and thus is brightly illuminated while leaf 1 is nearly par-
allel to the sun and only dimly lit by the direct beam. An
observer with view 4 in Fig. 6 (sun behind observer) will
“see” the bright leaves well and will not ““see” the dimly
lit leaves. Thus the scene appears bright. In the case of
view A in Fig. 6, the scene brightness is influenced by the
reflectance of the bottom of leaf 1 and top of leaf 2. An
observer with view B in Fig. 6 will “see” leaf 1 well,
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Fig. 7. Modeled canopy BRDF for a canopy with characteristics similar to
a soybean canopy (LAI = 2.9) but with an erectophile leaf orientation
(mostly vertically oriented leaves) and planophile leaf orientation (mostly
horizontally oriented leaves). Sun zenith is 63° and sun azimuth is 0°.

which is dimly lit, and will not *“see’” much of leaf 2,
which is brightly lit. Therefore, from view B the scene
will appear darker. From view B the transmittance of leaf
1 and top reflectance of leaf 2 will determine the scene
brightness. Specular reflectance from leaf 1 and leaf 2 will
not be observed at either view 4 or view B. An actual
canopy is composed of many such leaves with a wide range
of azimuth and zenith angles. Equation (15) is a formal
statement of the various projections and spectral proper-
ties, along with the implicit assumption of random leaf
positioning, that are required to predict canopy BRDF. A
comparison of the BRDF for a canopy of mainly vertically
oriented leaves with a canopy of predominantly horizontal
leaves is shown in Fig. 7 for a leaf area index of 3.0 and a
random canopy. Clearly observations of canopy brightness
may lead to indirect estimates of canopy architecture [1].

Heterogeneous vegetation canopies which may have
widely spaced rows, clumped foliage, or individual trees
have an additional effect that random canopies do not ex-
hibit: the shadowing effect of subcanopies, such as indi-
vidual trees or rows, on adjacent canopies or the soil. This
shadowing effect is similar to the soil shadowing illus-
trated in Fig. 1 except that the block is a vegetation can-
opy. This is illustrated in Fig. 9, which contains the pre-
dicted BRDF from a three-dimensional ellipsoidal model
[15] and measurements for a young corn canopy of
LAI = 04 (Fig. 8). When the canopy consists of well
defined rows, symmetry of the BRDF about the principal
plane may be lost unless the sun is parallel or perpendic-
ular to the rows. The major influence of the soil can be
seen in Fig. 9 at view azimuths near 180° (looking back
toward the sun) because the reflectance factor continues
to decrease as the view zenith angle increases. More dense
vegetation tends to have a minimum reflectance factor at
slightly off-nadir with increasing reflectance factor as the
view zenith angle increases. Another feature in the mea-
sured results in Fig. 9(a) is the clearly defined maximum
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Outline of ellipse 0.9
projected on horlzontal
from direction of sun

Fig. 8. Sketch of a corn canopy with LAI == 0.4 including the ellipsoids
used to approximate the canopy structure.
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Fig. 9. Comparison of measurements on a corn canopy of LAI = 0.4 hav-
ing north-south rows with model predictions. (a) Solar azimuth of 7° and
solar zenith of 18°. (b) solar azimuth of 276° and solar zenith of 47°.
South is at 0°. Maximum view zenith angle is 60° (outer rim), nadir view
is at center.

when the sun is behind the observer. This feature is often
termed the canopy “‘hot spot” and the equations presented
in this paper do not adequately describe this feature.

V. SUMMARY

The BRDF’s of vegetation canopies and soils have com-
mon features that arise either from leaf projections and
shading or shadowing from soil aggregates. The BRDF
for individual leaves differs from that for canopies because
of the greater importance of specular reflectance; further-
more, leaf surfaces are not smooth (relative to the wave-
length of radiation) but they are much smoother than can-
opies so that canopies with specularly reflecting leaves are
likely to have much different BRDF’s than individual
leaves in any event.

In remote sensing the ultimate benefit of models, such
as those discussed in this paper, is to infer canopy features
from radiance measurements. The canopy model dis-
cussed in this paper, which is named Cupid, has been in-
verted by N. Goel [1] to estimate leaf area index and mean

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. GE-23, NO. 5, SEPTEMBER 1985

leaf inclination angles. This, however, is not a simple in-
version problem. The relatively complex surfaces that rep-
resent soil and canopy BRDF’s can be fit with a three-
parameter equation of the following form:

R = ab? + b6, cos (¢, — ¢,) + ¢ (20)

where 0, is the view zenith angle, ¢, is the view azimuth,
¢, is the sun azimuth, and a, b, and c are fitting constants
that can be obtained from three or more directional reflec-
tance estimates by exact fit or linear least squares [19].
Equation (20) has been used to fit vegetation and soil
BRDF’s over a range of wavelengths, solar zenith angles
and leaf area indicies with rms reflectance errors of about
0.2 percent in the visible and 2 percent in the near in-
frared. Equations such as (20) are very useful in reducing
the number of observations required to characterize the
BRDF of natural surfaces. This may be essential if we
are to use satellite observations to obtain surface features.
Equation (20) is most reliable in representing the BRDF
surface when the three observations are on the principal
plane; for example, 8, = 0, ¢, = 0; 8, = 30, ¢, = 0;
6, = 30, ¢, = 180 would be a reasonable triplet with a
solar zenith angle of 35°. Walthall er al. fit (20) to pre-
dictions from the model Cupid and showed that the coef-
ficients are ‘“‘well behaved” with solar zenith angle and
leaf area index. Thus models such as those presented in
this paper may be useful in deriving simpler algorithms
for use in operational remote sensing.
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