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Remote Sensing of Angular Characteristics
of Canopy Reflectances

CLEMENS SIMMER AND SIEGFRIED A. W. GERSTL

Abstract-The influence of the atmosphere on the remotely sensed
angular distribution of canopy reflectance is studied by radiative trans-
fer calculations with both a coupled atmosphere-canopy model and a
pure atmosphere model with the canopy replaced by an equivalent bi-
directional reflectance distribution function (BRDF). The canopy model,
although one-dimensional, is able to reproduce typical canopy features
like the "bowl shape" and the canopy "hot spot." In the decoupled
mode, it can be used to compute canopy-equivalent BRDF's. The at-
mospheric perturbation of the angular reflectance pattern of a Lam-
bertian, a mixed Lambertian/specular BRDF, and of the measured
BRDF's of savannah and coniferous forest canopies is studied using one
aerosol-free and two polluted atmospheres with surface visual ranges
of V0 = 23 km and V0 = 5 km. It is shown that for surface albedoes
> 10%, local extremes in the angular distribution of the surface reflec-
tance and dependencies on the view azimuth angle are still detectable
above the atmosphere and are nearly invariant to atmospheric pertur-
bations. This result leads to the recommendation that off-nadir satellite
observations in the near-infrared may contribute additional valuable
information to crop identification. However, canopy reflectance varia-
tions with varying view zenith angles are dominated by atmospheric
perturbations even for relatively clear atmospheres.

I. INTRODUCTION
C ONTINUAL improvements of observational tech-
\_niques from satellite and high-altitude airplanes re-

quire and benefit from improved analysis methods that al-
low the prediction of upwelling solar radiation reaching a
remote-sensing instrument. Several coordinated funda-
mental research projects under the sponsorship of the U.S.
National Aeronautics and Space Administration [1]
(NASA) are presently being conducted to deepen our un-
derstanding of vegetation canopy reflectance patterns and
their perturbation by the atmosphere.

Identifiers for vegetated surfaces that can be used for
remote sensing are the spectral distribution and the an-
gular distribution of radiances above the canopy. The
spectral distribution is mainly determined by the optical
properties of the constituents of the particular canopy, e.g.,
leaves and stems, while the angular distribution is created
also to a large extent by the canopy architecture. The
spectral distribution of canopy reflectances is evaluated in
detail by Gerstl and Zardecki [2]. In this paper we con-
centrate on the complete angular distribution.
The influence of the atmosphere on the remotely sensed

canopy signal is twofold. The atmosphere superimposes
its own signature, which depends mainly on profile and
type of aerosol present in the atmosphere. These scatter-
ing and absorbing particulates perturb the natural radia-
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tion field already in the downwelling direction by chang-
ing its spectral and angular distribution. The reflected
upwelling radiation is again subject to the same atmo-
spheric perturbation to an extent determined by the loca-
tion of the receiving instrument.

In our model, we describe the propagation of solar ra-
diation as a radiative transfer problem through a coupled
system of atmosphere and vegetation canopy. No assump-
tions with respect to the distribution of diffuse sky radia-
tion is necessary, and the model gives us radiance distri-
butions at arbitrary layers within canopy and atmosphere,
including all orders of scattering.

Decoupling the atmospheric model and using only the
canopy model allows us to compute the bidirectional re-
flection distribution function (BRDF) of the canopy, which
is the most general description of the angular reflectance
properties of horizontal homogenous surfaces. In return,
the computed BRDF can then be used as a lower boundary
condition for the atmospheric model, replacing the can-
opy.

II. COUPLED CANOPY-ATMOSPHERE MODEL

A. Theory
The theory underlying the model is described in detail

by Gerstl and Zardecki [2]. Therefore, only a short sum-
mary will be given here.

Solar radiative transfer through a coupled system of
atmosphere and plant canopy is modeled as a multiple-
scattering problem through a layered medium of random
scatterers. A complete problem description within the
framework of the radiative transfer equation requires the
knowledge of the total volume interaction cross section
at(z) (in reciprocal meters), the single-scattering albedo
w(z) (dimensionless), and the scattering phase function P(z,
Q' - £2) (in reciprocal steradians) for each layer of atmo-
sphere as well as canopy. The volume absorption coeffi-
cient a, the volume scattering coefficient au, and the di-
rection-independent volume-scattering coefficient au are
related to these by

aS(z) = @(Z) * a7t(Z)

s-+ 1 -+ --

as(z, 0 0) = -0,(z) 4 * P(z, ' 2)

(Y. (z) = r (z) - au(z)

co(z) - ua o(z)
@z= (Z)

(la)

(lb)

(Ic)

(ld)

The radiative transfer equation is solved numerically by
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the discrete-ordinates finite-element method. For the
cloud-free atmosphere, which we approximate by five lay-
ers, we used the cross section data from Shettle and Fenn
[3]. Ten layers are used for the representation of the can-
opy. Analytic expressions are derived that allow the cal-
culation of scattering and absorption cross sections for any
plant canopy layer from measurable biophysical parame-
ters, such as the leaf area index LAI(z), the radiation in-
terception function per unit leaf G(z, Q), as introduced by
Ross [4], and the individual leaf hemispheric reflectance
and transmittance functions p(z, X) and r(z, X), respec-
tively. From those, the canopy cross sections for a canopy
layer of vertical thickness A can be derived as [2]

oa (Z X, (2)=)[P(z, X) + r(z, )]

G(z, 9) L(z) (2a)

Ua(Z, X, ) = [ P(Z, X) - r(z, X)]

G(z, 9) LAi(z) (2b)

LAI()atz X, ) I G(z, 9) --LAIz (2c)

where X and z indicate wavelength and the vertical spa-
tial coordinate, respectively, and ( is the direction vector
of the radiation. Note that all canopy cross sections are
direction dependent because of the radiation interception
function, which can be identified as the average projection
of a unit leaf with respect to the direction of the incident
radiation. Because only direction-independent cross sec-
tions can be entered into our radiative transfer code, we
decouple the transfer calculations for the direct beam from
the calculations for the scattered radiation. The former can
be performed analytically. Since we know the exact direc-
tion of the direct solar beam, we can compute an appro-
priate G and by this the cross sections. For the intercep-
tion function of the scattered radiation within the canopy,
we average over all directions by assuming equal proba-
bility for all directions with respect to the radiation inci-
dent on each leaf. Following Suits [5] by replacing indi-
vidual leaves by their horizontal and vertical projections,
we obtain the following interception functions for the di-
rect and diffuse radiation, Go(z, 00) and G5, respectively:

GO(z, Oo) = H cos 0 + sin O0 (3a)H+V wH+ V

1
Gs = 2.(b2' (3b)

Here, 00 indicates the solar zenith angle and H and V the
average horizontal and vertical unit leaf area projections
according to Suits. A random distribution with respect to
the azimuth angle of the leaf normals is assumed here.
Normalization by (H + V) is necessary to avoid an ar-
tificial overestimation of LAI for solar zenith angles dif-
ferent from 0° and 900, an effect inherent to Suits' model.

To complete the optical data base for the plant canopy,
an expression for the phase function P(z, 2' -Q () is re-
quired. Ross [4] gives a general form based on geomet-
rical arguments that expresses P as a function of the in-
dividual leaf phase function. But, only few measurements
of the angular scattering characteristics of individual
leaves have been performed to date, e.g., Breece and
Holmes [10]. For our present analysis, we assume that a
Henyey-Greenstein representation of P can be made [2]

P(z, (2' . 0) =
1 - g2(z) ( (4)

[1+ (z)_ 2g(z) . (a' Q2]1 4

with g the asymmetry parameter. For g > 0, scattering is
predominantly forward, for g < 0 backward, and g = 0
corresponds to isotropic scattering. We use the backscat-
tering coefficient : [121 of the canopy to compute g. ( is
the ratio of backward-scattered to total-scattered radiation
with respect to the direction of incident radiation; it is
defined through the phase function by

S P(05) dOs
PA2

P= )

P(Os) dOs
0

(5)

where 05 = cos1 (9' * () is the scattering angle with ('
the incident and Q the scattered direction. Independence
on the scattering azimuth angle is assumed. We calculate
1 from the individual leaf hemispheric transmission and
reflection coefficients, including the leaf angle distribution
and the direction of incident radiation. A detailed descrip-
tion will be given in a forthcoming paper. The anisotropy
parameter g is then determined by fitting the Henyey-
Greenstein phase function via (5) to obtain this same 13 (cf.
[15]). Different g's are computed for the direct and diffuse
radiation. The calculations show that g ranges from small
positive values to about -0.4 for realistic canopies.

B. Results for the Canopy Reflectance Distribution

Figs. 2 through 8 show the full angular distribution of
computed canopy reflectances using the measured indi-
vidual leaf reflectance (p) and transmittance (r) data, the
measured LAI profile, and the measured leaf angle distri-
bution of a soybean canopy from Ranson et al. [6]. The
total canopy height is 103 cm with total LAI = 3. The
measured soil reflectance data are also used in our anal-
ysis. For the five atmospheric layers above the canopy, we
used optical data from Shettle and Fenn [3] for a rural
atmosphere that includes varying amounts of aerosols in
the lowest 2 km. The figures show the upward radiance
distribution directly above the canopy in reflectance units
[13] according to the definition

R(Q) = cos
SO o s0 (6)

where S0 is the solar constant.
By this definition, the reflectance R, which is also called

the angular reflectance distribution, is the ratio of the ob-
served radiance 4(42), to the radiance that a 100% Lam-
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Fig. 1. (a) Angular geometry with z, vertical coordinate; do0, unit vector of
direct solar radiation; 20, unit vector into view direction; 60,sun zenith
angle; 60, view zenith angle; 0,, view azimuth angle. ¢, is measured
with respect to principal plane constructed by the vectors of the sun di-
rection and the z axis, which is also chosen to be the x-z plane. (b)
Angular distribution of the measured reflectance factor [11] of a conifer-
ous forest at X = 0.85 om and for an incident solar zenith angle of 300.

bertian reflector at the top of the atmosphere would pro-

duce. The data are shown as percentages.
Fig. l(a) defines the angular geometry with respect to

the sun direction that is always assumed in the x-z plane.
Fig. l(b) illustrates a typical plot of the angular depen-
dency of the reflectance R as given by Kriebel [11]. In
fact, Kriebel's data are reflectance factors as defined by
Nicodemus [14], which are equivalent to the reflectance
R, as defined in (6), for the special case that the atmo-

sphere above the reflecting surface is removed. Kriebel's
data are obtained using an iterative correction scheme ap-

plied to measured reflectances to remove the effects of the
atmosphere. The incident sun direction is specified by a

solar zenith angle 00 = 300 and an azimuth of 00 = ± 1800
by definition (cf. Fig. l(a). In contrast to contour lines in
a polar diagram, we represent R = R(00, 0,) as a surface
plot in rectangular geometry within a Cartesian coordi-
nate system (x, y, z) - (0w, 0, R). Note from Fig. 1(a)
that O is always measured from the z-axis to Q, which is
the direction of the reflected radiation (into the eye of the
viewer). Thus 0A = 0° indicates nadir view while A, =

VI ,04

Fig. 2. Reflectance at the top of the canopy for LAI = 3.0, v = 29.30, go
= g5 = 0, X = 0.65 tom. Atmospheric model with surface visual range
V0 = 50 km.

90° is parallel to the reflecting surface (i.e., horizontal).
Lines drawn from the back left to the front right connect
values ofR for constant view zenith angle as obtained when
the viewing instrument is measuring the reflected radia-
tion in a conical scan around nadir. Lines drawn from the
back right to the front left connect values of R for constant
view azimuth angle that is equivalent to swinging the
viewing instrument within a vertical plane from nadir out
to the horizon. It is obvious that the right-most line of
constant view zenith angle (00) must always be a horizon-
tal line since it represents only one direction, namely, na-
dir view. In contrast, the left-most line of constant view
zenith angle (90°) is the extreme of horizontal view, which
is unrealistic in slab geometry. Kriebel's values for R at
0, > 800 are extrapolated. According to the definitions
in Fig. l(a), an observer viewing in the principal plane
(x-z plane) with the sun at his back receives the reflected
radiation with a constant view azimuth angle k, = + 180°
that is the highlighted front right edge of the plot in Fig.
1(b). Obviously, k, = -180° is equivalent to ck = + 1800
and both edge lines represent the same values of R. Thus
for horizontally homogeneous reflecting surfaces, our
rectangular plots of R(0v, 0,) exhibit mirror symmetry with
respect to 4, = 00. If an observer views the reflecting
surface in the principal plane towards the sum (i.e., the
sun shines on his face), then 4, = 00. A view direction
of special interest is precisely along the incident solar ra-
diation (e.g., when an observer looks at the shadow of his
head), indicated by 0, = 00 and 0, = ± 1800. This direc-
tion is indicated in Fig. 1(b) by a sun symbol and the as-
sociated values for the reflectance show a local maximum.
This maximum is due to enhanced retro-reflection and is
called [5] the canopy "hot spot," which we will discuss
later in more detail. The bold highlighted line for constant
view zenith angle O, = 00 = 300 connects all values of R
that might be measured in a conical scan through the "hot
spot. "

Fig. 2 shows the computed angular reflectance distri-
bution for X = 0.65 ltm and g = 0 within the canopy, and
for a relatively clear atmosphere of horizontal visual range
V0 = 50 km. Due to the isotropic canopy cross sections
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Fig. 3. Reflectance at the top of the canopy for LAI = 3.0, 00 = 29.30,
go = g, = O, X = 0.85 gm. Atmospheric model with surface visual range Fig. 5 Reflectance at the top of the canopy for LAI - 1.5, 0o = 29.3°,
VO = 50 km. go = g5 = 0, X = 0.65 jAm. Atmospheric model with surface visual range

V0 = 50 km.

Fig. 4. Reflectance at the top of the canopy for LAI = 3.0, 0 - 62.60,
go= g, = 0, X = 0.65 /Am. Atmospheric model with surface visual range
VO 50km.

(g = 0), no azimuthal variations occur. But the typical
"bowl shape" of the reflectance pattern, as also mea-
sured, for example, by Kimes and Deering [7], is obvious.
Note that part of our surface plots between 6=80=Oand
90° are artificial because Ov = 80° is the largest view
zenith angle for which data are calculated. The "bowl
shape" is often assigned to shading between canopy ele-
ments (Kriebel [8], Kimes [9], but it should be pointed
out that shading is not included in our present canopy
model. We attribute this increase in R with increasing Ov
to the increased optical path length for the lower view di-
rections.

Fig. 3 shows the results for X = 0.85 ,um, a wavelength
in the near infrared. Note the large increase of reflectance
by a factor of more than 10, compared to Fig. 2. This is
caused by the dominant scattering of leaves in the near-
infrared, while absorption is dominant in the visible spec-
tral range [2]. The "bowl shape" is still present.

In Fig. 4, the reflectance distribution for a sun zenith
angle of 62.60 is plotted for the same canopy and wave-
length as in Fig. 2. The overall reflectivity is larger than
for Oo = 29.3°, where the largest increase in R does occur
for large view zenith angles, which makes the "bowl

Fig. 6. Reflectance at thetop of the canopy for LAI = 4.5, 00 = 29.30,
go g5 = 0, X = 0.65 Am. Atmospheric model with surface visual range
V = 50 km.

shape" more pronounced. The increase in the "bowl's"
depth with increasing sun zenith angle is a common fea-
ture of plant canopies that has been observed and noted in
many measurements, e.g., Kriebel [8], and Kimes and
Deering [7].
To investigate the effect of canopy thickness on the an-

gular reflectance pattern, we performed calculations with
the overall LAI changed by a constant factor. Figs. 5 and
6 show the results for LAI = 1.5 and 4.5, respectively. For
LAI = 1.5, the "bowl shape" is inverted into a "hill
shape" showing maximum reflectances at nadir and min-
imum reflectances at large view zenith angles. For in-
creased LAI of 4.5, the "bowl shape" reappears, although
it is not as pronounced as in Fig. 2 for LAI of 3.0. The
"hill shape" for low LAI may be understood from the
standpoint of single scattering alone: when the soil albedo
is relatively high (in our case 20 percent) the path length
of radiation through the canopy increases for larger view
zenith angles, resulting in more extinction and thus lower
reflectances. The buildup of the "bowl shape" and again
the decrease in "bowl shape" for increasing LAI is prob-
ably a multiple-scattering effect.
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Fig. 7. Reflectance at the top of the canopy for LAI = 3.0, 0 = 29.3',
gO= -0.20, g, -0.16, X -0.65 gim. Atmospheric model with surface
visual range V0 50 km.

'3~~~~~~~~~~~~~~~~~~~~$

Fig. 8. Reflectance at the top of the canopy for LAI - 3.0, 6- 29.3',
go = g, = 0.4, X - 0.65 gim. Atmospheric model with surface visual
range V0 - 50 km.

Figs. 7 and 8 show the influence of the anisotropy factor
g on the canopy reflectance. Fig. 7 results from an explicit
calculation of g from p, T, H, V, and 006 which gives
go= -0.20 for the direct solar beam and g, = -0.16 for
the scattered radiation. For Fig. 8, g is set to -0.4 for
both components of the radiation field. In all cases, g is
assumed to be constant throughout the canopy. In Fig. 7,
the "bowl shape" is still present in the principal plane
viewing with the sun (4, = + 1800), but the reversed
shape appears when viewed from opposite the sun (9, =

QO). This phenomenon is observed too [11], but is less
pronounced in Kriebel's measured BRDF data for savan-
nah, pastureland, and coniferous forest (compare Figs. 16
and 17 later). The calculation with g = -0.4 shows a
typical feature, relating to the "hot spot." A dominant
peak occurs when viewing with the direction of the sun
(sun at observer's back) Q, = 29.3°, 4) = 1800. This is
known as the canopy "hot spot." Earlier investigators
identified and explained the "hot spot" as a pure shading
effect: when viewing with the sun predominantly those leaf
areas that are illuminated by the direct solar beam can be
seen, which results in a bright spot in this direction. Shad-
ing, however, is not physically "built into" our model, al-

though we expect to include a description of leaf shading
as a future refinement into the model. The "hot spot" ef-
fect in our present model calculations, as evidenced in
Fig. 8, is clearly due to the choice of a negative canopy
anisotropy parameter (g = -0.4) that describes a pre-
dominance of backscattering of canopy components. Such
scattering characteristics have been observed experimen-
tally on soybean leaves for certain wavelengths by Breece
and Holmes [10]. The "hot spot" effect, together with the
"bowl" and "hill" shapes discussed earlier, transform our
refectance surface plot into a "saddle shape" that appears
characteristic for some measured reflectance distributions
[12] (compare Figs. 15 and 17 later).

III. CANOPY BIDIRECTIONAL REFLECTANCE DISTRIBUTION
FUNCTION (BRDF)

The BRDF is defined by [14]

BRDFir = -r( -i tAr(Qrr) =()
1,r ( , r)= 1'X) Cos 6,d(9,) (7)

In this definition, d4r(Ur, Qj) is the reflected radiance into
direction 2ri which is created by an incident flux from
direction Di within the solid angle d4i. This definition of
a BRDF differs from the reflectance factor only by a factor
of 7r and is more general. The total radiance that emerges
from the surface in direction Lr can then be calculated by
integration over all incident directions Di

O>r(=)-(J fr(Qi, Or) t/2i(Qi) * cos OidQi. (8)
(2-x)

Thus f r may be interpreted as a boundary condition re-
lating the upwelling radiance distribution to the down-
welling distribution at the lower boundary. If we are only
interested in the radiance distribution outside the canopy,
we can replace the radiative transfer calculation within the
canopy by an appropriate BRDF, and (7) gives us the rec-
ipe to compute this BRDF: for each incident direction 9i,
we perform one transfer calculation for a monodirectional
unit source with the atmosphere above the canopy re-
moved. The ratio of the resultant upwelling radiance dis-
tribution to the downwelling irradiance source defines g r.
The number of calculations necessary to compute the
complete BRDF is dependent of the angular resolution de-
sired. The azimuthally symmetric slab geometry case
considered here eliminates, of course, calculations for dif-
ferent incident azimuth angles and only source directions
with different zenith angles need to be considered.
The once-computed BRDF and its use as a canopy-

equivalent lower boundary condition has some advantages
over the coupled canopy-atmosphere model. First, com-
puter time is saved when several calculations for the same
canopy have to be performed because radiation need not
be transported through the canopy several times. Another
technical advantage of decoupling the canopy calculation
is the possibility of using a different order of scattering for
both models. This also saves computer time because can-
opy scattering cross sections are, in general, more iso-
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Fig. 9. Concepts of modeling solar radiation through atmosphere and can-
opy showing the difference between the coupled and the uncoupled BDRF
solution method.

3~~~

Fig. 10. Computed reflectance distribution at the top of the canopy using
an atmosphere model with surface visual range V0 = 5 km, with 00 =

29.3', LAI = 3.0, X = 0.65 ym, go = g, = 0. Results from coupled
atmosphere/canopy model.

tropic than the atmospheric cross sections. The BRDF
model has the third advantage that each incident radiation
beam from the atmosphere into the canopy encounters
cross sections calculated for this particular direction. In
this canopy BRDF concept, there is no difference made in
cross section calculations for the direct (unscattered) ra-
diation from the sun and any specific direction of the in-
cident diffuse atmospheric radiation. In contrast, within
the coupled model, the diffuse sky radiation encounters
the same cross sections inside the canopy as the diffuse
radiation produced within the canopy, namely, a quasi-iso-
tropic canopy structure (Gs =2)

Fig. 9 tries to explain this difference schematically. The
difference between both models increases for atmospheres
of high optical depth because of the increase of the frac-
tion of the diffuse incoming radiation that the total sky
radiation holds. Figs. 10 and 11 compare the results from
both models for a strongly polluted atmosphere with an
extreme amount of boundary layer aerosol (VO = 5 km).
Isotropic canopy cross sections are assumed for the can-
opy in this comparison. The largest difference caused by
the different treatment of the diffuse sky radiation enter-
ing the canopy amoutts to about 7 percent with an average
of 4 percent. For clear atmospheres, however, the solar
radiation is strongly peaked around the unperturbed direct
beam so that only negligible differences appear in the an-

Fig. 11. The same parameters are used as in Fig. 10. Results obtained with
canopy BDRF model.

gular reflectance patterns above the canopy when com-
puted these two different ways.

IV. ATMOSPHERIC PERTURBATIONS
Remote sensing of plant canopies from high-altitude ob-

servation platforms must take into account the perturba-
tion by the atmosphere. Even assuming a Lambertian
BRDF at the surface, the angular reflectance pattern mea-
sured at the top of the atmosphere, or some 100 m from
the ground, can differ substantially from a Lambertian
distribution. Different path lengths of the measured radia-
tion through the atmosphere will induce dependencies on
the zenith angle. Any off-nadir solar zenith angle, in com-
bination with the strong anisotropic scattering by air rhol-
ecules and aerosols, will also produce azimuthal depen-
dencies. Depending on the amount of scatterers and
absorbers, even the downwelling radiation field is dis-
tinctly different than the plane wave that enters the top of
the atmosphere. In the following, we will quantify these
atmospheric perturbations of the angular radiation distri-
bution patterns. All the calculations in this section are
carried out for the sun at 29.30 zenith angle. Radiance
values are computed for 84 directions in one half-space
from an S12 approximation in two-angle slab geometry
[16]. The figures are interpolated between these computed
values at the 84 discrete directions.

Fig. 12(a)-(c) shows the downwelling diffuse radiation
in absolute radiance units for an aerosol-free (clear) atmo-
sphere and for a rural aerosol distribution [3] with bound-
ary layer aerosol horizontal visual range V0 of 23 and S
km. The total optical thickness of the three model atmo-
spheres (X = 0.55 Mm) is 0.12, 0.45, and 1.33, respec-
tively. For the wavelength shown (X = 0.65 um), the total
optical thickness is slightly less. At the top of the atmo-
sphere (70 km altitude in our model), the diffuse down-
ward radiance is always identically zero because of the
vacuum boundary condition, while it increases with in-
creasing depth into the lower atmosphere layers. The con-
tribution of the aerosol-free atmosphere (Fig. 12(a)) to the
diffuse radiation field is negligible (note different scale for
Fig. 12(a)), while the scattering of the direct solar beam
by aerosols is not. The fraction of the diffuse downwelling
solar radiation flux compared to the total downwelling ra-
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Fig. 12. Downwelling diffuse radiance distribution at the surface, 1 km,
and 70 km (bottom to top) at X = 0.65 ,um (surface albedo a = 10

percent) for (a) an aerosol-free atmosphere, and for aerosol-loaded atmo-
spheres with surface visibility of (b) 23 km and (c) 5 km. Note, ordinate
scale is intermittent and increases downward. In order to remain con-

sistent with the definitions in Fig. 1(a), all downward directions have
zenith angles larger than 900, such that = 90° is horizontal and 0, =

180° vertically downward. Cloud-free conditions are assumed.

TABLE I
PERCENTAGE OF DOWNWARD DIFFUSE SOLAR FLUX TO TOTAL DOWNWARD

FLUX FOR THREE DIFFERENT ATMOSPHERE MODELS
(X = 0.65 um, a = 10 percent, and 00 = 29.3°.)

Atmosphere Model

Al ti tude Clear V0 = 23 km VO = 5 km

Top of 0 0 0
Atmos phere

30 km 0.04 0.06 0.07

9 km 1.0 1.9 2.0

2 km 2.6 11.6 12.1

1 km 2.9 17.6 34.1

Surface 3.3 26.0 64.4

diation for the three cases is summarized in Table I. At
the surface, or at the top of any vegetative canopy, a

quarter of the downwelling flux is diffuse for V0= 23 km,
and more than half of the total solar radiation arrives as

scattered flux for V0 = 5 km. Obviously, if there are clouds

in the atmosphere, the diffuse component is increased even

more.

Fig. 13(a)-(c) shows the upwelling radiance distribution
produced by a 10-percent Lambertian BRDF for the same

three atmospheric models. Even for the aerosol-free atmo-
sphere, the resultant angular distributions are quite differ-
ent from Lambertian. Note the large increase towards
large view zenith angles in the principal plane and oppo-

(c)

site to the sun ( = 00), which is caused by the strong

forward scattering of aerosols. This increase is already
noticeable at rather small view zenith angles (< 60°) and
may even affect measurements from low-altitude aircraft
when aerosols are present.

Fig. 14(a)-(c) shows-the results for a mixed Lamber-
tian/specular BRDF (80-percent Lambertian, 20-percent
specular) with a total albedo of 10 percent. We observe
the same features as in Fig. 13, but note the different scale;
in addition, we see a peak caused by the specular reflec-
tion of the direct solar beam. Such a surface condition
may be similar to a sea surface or a flooded agricultural
field, although the chosen parameters are selected arbi-
trarily. The upward peak decreases rapidly with increas-
ing optical depth of the atmosphere, but it can still be ob-
served at the top of the atmosphere with the highest aerosol
load. Figs. 15 through 17 show the results for measured
BRDF's of vegetated surfaces by Kriebel [11]. Sparsely
vegetated savannah (Fig. 15(a)-(c)) has a relatively high
albedo (- 10 percent) for X = 0.65, which is partially due
to the highly reflective bare soil. The upward radiance dis-
tribution at the surface shows for all three atmospheres the
so-called "hot spot." This increased reflectivity back into
the direction of the sun is, in this case, caused also by
irregularities of the soil and not only by the vegetation
[11]. The latter is so sparse that the bare-ground BRDF
plays a significant role. The angular reflectance patterns
and their magnitudes do not show a marked change to-
wards higher wavelengths, indicating also that these re-
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Fig. 13. Upwelling radiance distribution at surface, I km, and 70 km (bot-
tom to top) at X = 0.65 um with a Lambertian surface albedo of 10
percent for (a) an aerosol-free atmosphere, and for aerosol-loaded atmo-
spheres with surface visibility of (b) 23 km and (c) 5 km. Note ordinate
scale is linear and intermittent (increasing upward).
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Fig. 14. Upwelling radiance distribution at surface, 1 km, and 70 km (bot-
tom to top) at X = 0.65 ,um with a mixed Lambertian/specular (80/20
percent) BRDF of total albedo a = 10 percent.

(c)

flectances depend only weakly on the vegetation cover (not
shown here).

Figs. 16 and 17 show the results of our atmospheric RT
calculations for coniferous forest BRDF's at X = 0.65 pm

and X = 0.85 pm, respectively. Due to the dominance of
canopy absorption in the visible spectral range, the albedo
of the coniferous forest is very low for = 0.65 pum
(cx 2 percent) and comparable to our model calculation
for a soybean canopy (compare Fig. 2). Note also the
(shallow) "bowl shape" of the measured reflectance pat-
tern at the surface. A very weak "hot spot" may also be
observed at OQ = 300, = 1800. Due to the low albedo,

this pattern is totally perturbed when transported through
the atmosphere. The former "hot spot" can barely be de-
tected, with the "bowl shape" already having disap-
peared, even for the clear atmosphere. The obvious dom-
inant feature of the angular reflectance pattern above the
atmosphere is the strong forward scattering peak due to
atmospheric aerosols. In the near-infrared, however, a
strong reflective pattern including the canopy "hot spot"
is observed [11], with an overall albedo of about 10 per-
cent. Note the similar pattern of canopy reflectance we
obtained with our canopy model using anisotropic canopy
cross sections (Figs. 7 and 8). Fig. 17(a)-(c) shows that
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(b)
Fig. 15. Upwelling radiance distribution at surface, 1 km, and 70 km (bot-
tom to top) at X = 0.65 vm with a measured BRDF of savannah (a
10 percent) for (a) an aerosol-free atmosphere, and for aerosol-loaded
atmospheres with surface visibility of (b) 23 km and (c) 5 km.
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(b)
Fig. 16. Upwelling radiance distribution at surface, I km, and 70 km (bot-
tom to top) at X = 0.65 itm with a measured BRDF of coniferous forest
(a 2 percent) for (a) an aerosol-free atmosphere, and for aerosol-loaded
atmospheres with surface visibility of (b) 23 km and (c) 5 km.

local maxima, like the "hot spot, ' are still detectable
above the atmosphere even if observed through heavily
aerosol-loaded atmospheres. It appears that especially
those patterns that vary with the azimuth angle for con-

stant view zenith angle are better preserved than varia-
tions with view zenith angles for constant azimuth. Ob-
serve, in particular, how the shape of the reflectance
pattern along q5& = 1800 changes when transported
through the atmosphere, while variations with the azimuth
along O, 00 = 300 remain basically the same (high-
lighted lines in Fig. 17). The underlying cause for this
effect is, obviously, the constant path length through the

atmosphere for all directions with the same view zenith
angle. Thus strong azimuthal variations typical for any

surface or canopy reflectance pattern undergo only minor
perturbations by the atmosphere, while the angular pat-
terns for varying view zenith angles are much more per-

turbed by atmospheric effects.

V. CONCLUSIONS
Our canopy model shows the ability to reproduce typical

features of measured canopy reflectances like the "bowl
shape," the increase of the bowl shape with increasing
solar zenith angle, low albedoes in the visible and high
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Fig. 17. Upwelling radiance distribution at surface, 1 km, and 70 km (bot-
tom to top) at X = 0.85 ,um with a measured BRDF of coniferous forest
(<x 10 percent) for (a) an aerosol-free atmosphere, and for aerosol-
loaded atmospheres with surface visibility of (b) 23 km and (c) 5 km.

albedoes in the near-infrared part of the solar radiation.
The canopy "hot spot" can also be reproduced using an-

isotropic canopy cross sections, although shading is not
yet included in our model; hence, the complete modeling
of the "hot spot" effect is still open. Also, the assumption
of anisotropic diffuse radiation field within the canopy that
is used to compute the radiation interception function for
the scattered radiation will be replaced in the future with
a more realistic representation based on measurements or

model calculations. The ability to compute canopy
BRDF's with our canopy model adds to the flexibility of
the model, improves its physical consistency, and makes
computations concerning only atmospheric effects more

efficient.
The perturbation of measured surface reflectance pat-

terns by the atmosphere is significant for medium to high
aerosol loads. Especially variations of the reflected an-

gular distributions with view zenith angles are perturbed
due to different path lengths of the upwelling radiation
through the atmosphere. Strong local extremes like spec-

ular reflection peaks and the retro-reflection peak of nat-
ural surfaces and vegetation canopies (the "hot spot") are

always retained through the atmosphere and should be de-
tectable from high altitudes. Also, azimuthal variations of
surface reflectance patterns with constant view zenith an-

gle are shown to be only minimally perturbed by atmo-
spheric effects. This finding suggests that off-nadir satel-
lite observations with varying view azimuth angles may

contribute significant new data that are expected to be val-
uable for crop identification. To recognize such character-
istic angular reflectance features from a satellite platform
requires detectors with a small field of view and the ca-

pability to point such an instrument off-nadir to , =00
with data collection for several view azimuth angles rela-

tive to the principal plane. Such remote sensing instru-
ments (like a conical scanner with small FOV) are not yet
in operation but should be developed [17].
The low albedo of vegetation canopies in the visible part

of the solar radiation spectrum causes the almost complete
extinction of the angular pattern of surface reflection dur-
ing its transport through the atmosphere. In the near-in-
frared, however, the large albedo of vegetative canopies
keeps the dominant features of the upward angular radia-
tion distribution detectable at high altitudes even for atmo-
spheres with large aerosol loads.
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