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A Simple Bidirectional Reflectance Model for Terrestrial Surfaces

B. PINTY AND D. RAMOND

Laboratoire Associé de Météorologie Physique/Institut et Observatoire de Physique du Globe, Université de Clermont
Laboratoire Associé au Centre National de la Recherche Scientifique, Aubiére, France

A simple bidirectional reflectance model is derived for terrestrial surfaces. This model uses photometric
relationships together with data from the Nimbus 7 Earth Radiation Budget (ERB) Experiment. It is
shown that the model provides a good description of bidirectional patterns derived from satellite obser-
vations for two classes of broad uniform surfaces, namely, land and desert. Dependency of the derived
albedo model on solar zenith angle is also studied and compared with several observations made at the
surface of the earth. Despite the simplicity of the approach the proposed bidirectional reflectance model
might be useful for several applications in satellite remote sensing.

1. INTRODUCTION

The suitability of satellite measurements for accurate earth
radiation budget assessments is limited by the possibility of
inferring flux quantities from a single-angle observation at the
top of the atmosphere. Indeed, radiances measured by narrow
field of view instruments depend on the geometry of illumi-
nation and observation, namely, the solar zenith angle, the
satellite viewing angle, and the relative azimuth angle between
the two optical paths [Ruff et al., 1968]. Thus the angular
distribution of radiances with respect to observational geome-
try must be known in order to estimate the instantaneous
albedo for a given solar angle [Stephens et al., 1981]. Simulta-
neously, since daily values are desirable for the earth radiation
budget [Raschke et al., 1973], the variation of the instanta-
neous albedo with solar zenith angle is also needed. At a
climatic scale the bidirectional reflectance patterns derived
from the Nimbus 7 Earth Radiation Budget (ERB) Experi-
ment constitute a valuable data base [Barkstrom, 1984; Jac-
obowitz et al., 1984]. Patterns of bidirectional reflectance de-
duced from Nimbus 7 data show that the Lambertian hypoth-
esis is unacceptable for several surface types, even when con-
sidered on a large spatial scale.

The behavior of the angular distribution of the energy re-
flected by the earth is not yet predicted by models where the
reflector types and the geometric conditions are the input pa-
rameters. However, such models have been developed for the
study of bidirectional reflectance patterns of the moon and
other planets of the solar system [Minnaert, 1941; Hapke,
1963; Thorpe, 1977]. These models are based on semiempiri-
cal illumination laws and simultaneously involve the satisfac-
tion of simple optical laws such as the reciprocity principle
[Minnaert, 1941]. Basically, the anisotropy problem interven-
ing in satellite remote sensing of the earth surface is the same
as the one intervening in photometric studies of other planets.
Nevertheless, only a very few attempts have been made to use
such photometric relationships in studying the earth by satel-
lite [Gillespie and Kahle, 1977; Smith et al., 1980].

Our purpose is to adapt a bidirectional model developed for
lunar and Martian surfaces to observations of the earth by
satellites. The present investigation is limited to the study of
terrestrial surfaces (land and desert) which constitute a part of
the Nimbus 7 data file. Section 2 is devoted to the construc-
tion of a simple bidirectional model for land and desert sur-
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face types. The agreement between this model and surface
measurements is discussed in the last section.

2. CONSTRUCTION OF A BIDIRECTIONAL
REFLECTANCE MODEL FOR TERRESTRIAL
SURFACES

2.1.  Anisotropic Factors

According to the well-known study by Raschke et al.
[1973], the measured instantaneous albedos are usually ex-
pressed with the help of anisotropic factors:

1
a,(i) = E, cos { [TILsG, e, ¥)/f (i, e, ¥)] (n
with

211 IT/2
S, e, p)=TILg(,e, ‘P)/.[ J Lg(i,e, ) cosesinededy (2)
0 V]

where a,(i) is the instantaneous albedo, E, the terrestrial solar
irradiance, Lg the radiance measured by the satellite, i and e
the solar zenith angle and the satellite viewing angle, respec-
tively, and y the relative azimuth between the two optical
paths.

According to (2), the anisotropic factor f(i, e, ) can be de-
fined as the ratio of the “isotropic irradiance” to the integrat-
ed anisotropic radiance. Thus the anisotropic factor is equal
to 1.0 for isotropic materials and any departure from 1.0 rep-
resents the intrinsic anisotropy of the sensed medium. The
chief advantage of (1) lies in the fact that the anisotropic fac-
tors can be estimated from long-time series of Nimbus 7 data
which allow a numerical computation of the integrated aniso-
tropic radiance. Proceeding this way, Taylor and Stowe
[1984a] have obtained the anisotropic factors for eight uni-
form surface types; their classification separates land, desert,
ocean, and snow regions under clear and cloudy conditions.

The monochromatic radiance Lg at the top of a cloud free
atmosphere over a flat homogeneous terrain can be written as

Lg(i, e, ) = L (i, e, ¥) + % E, cos i Td(i) Td(e)

LG, €, ¥) + alirDI[L + rie)]  (3)

where L, denotes the upwelling sky radiance, Td the direct
transmittance, r the ratio of diffuse over direct transmittance,
p the bidirectional reflectance of the surface, and a the direc-
tional hemispherical reflectance of the surface which is equal
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to the integral of the directional reflectance over all reflection
angles and azimuths divided by II. Note that the effect of
multiple scattering between the ground and the atmosphere is
neglected in (3).

The bidirectional radiance and the anisotropic factors may
be obtained explicitly from (2), (3), and (4) if the appropriate
parameters describing the optical properties of the atmosphere
and of the surface are known. This is not easy for the present,
mainly because the bidirectional properties of the surfaces are
still poorly known at the spatial scales convenient for earth
radiation budget investigations. However, using the aniso-
tropic factors from the Nimbus 7 ERB experiment as an input
parameter and using average atmospheric [unctions a priori
given, it is possible to search for an analytical expression of
the surface reflectances which ensures a good fit of the aniso-
tropic factors obtained under clear-sky conditions. Obviously,
this approach assumes that it is possible to describe the con-
tribution of the atmosphere in the Nimbus 7 data base
through a set of averaged optical parameters corresponding to
typical clear-sky atmospheric functions. In some ways the
choice of such a crude modelization of the atmosphere means
that the anisotropy is mainly controlled by the reflection func-
tions of the underlying surfaces. Although (3) is defined for
monochromatic quantities, we will reduce the complexity of
our approach by using functions averaged over the entire
solar spectrum to estimate the broadband radiances. In the
following discussion it must be kept in mind that this sim-
plifying approximation introduces an error in the estimate of
the masking effect of the atmosphere.

2.2.  Atmospheric Functions

As mentioned above, the present investigation is limited to
cloudless and dust free cases. Assuming conservative single
scattering, the upwelling radiance is obtained from the follow-
ing expression:

, Eycosi  P(la)
Lﬂ(l’ e’ l//) =

cos i+ cose 4I1

“{l—exp [—t(m(i) + m(e)]} 4

where 1 is the total extinction coefficient, m the relative air
mass taken from Kasten [1966], £a the scattering angle, and P
the single-scattering phase function. For an atmosphere scat-
tering with a Rayleigh directional distribution, P(£q) is given
by (5):

P(¢a) = 2[1 + cos? (¢a)] &)
The product of the direct transmittance factors in (3) becomes:
Td(iYTd(e) = exp {—t[m(i) + m(e)]} (6)

The ratio of diffuse to direct transmittance has complex func-
tional dependencies, mainly with respect to the total optical
depth, the ground albedo, and the solar zenith angle [King
and Herman, 1979]. Here again we made a simplifying ap-
proximation by considering that this ratio is only dependent
on the solar zenith angle for low to intermediate ground
albedo and for low optical depth. The functional dependency
upon the solar angle [or angles less than 70° has been ob-
tained [rom a numerical interpolation of the results presented
by Braslau and Dave [1973] lor an atmosphere including Ray-
leigh scattering plus gas absorption. An investigation of lower
sun conditions would require a more sophisticated treatment,
since under such angular conditions a large amount of the
total illumination comes from the diffuse radiation.

PINTY AND RAMOND: REFLECTANCE MODEL FOR TERRESTRIAL SURFACES

2.3. Bidirectional Surface Model

Using semiempirical photometric relationships, together
with the reciprocity principle, Minnaert [1941] has proposed
the following equation for lunar surface reflectances:

™

where p, is the reflectance for overhead sun and nadir obser-
vation, and k is a parameter varying typically between 0 and
1.0 for lunar surfaces.

Equation (7) gives the dependency of the reflectance not
only upon geometrical conditions but also upon the physical
state of the surface through the k parameter. From this equa-
tion it appears that the k parameter is equal to 1.0 for iso-
tropic surfaces, whereas intermediate values of k describe a
departure from this case. From laboratory experiments, Hapke
and Van Horn [1963] have illustrated the variation of the k
parameter with the actual surface roughness of the sensed
surface. Under small phase angle conditions, several authors
have shown that (7) is able to account for observational results
from moon and Mars surfaces (see, for example, O’Leary and
Briggs [1970]; Young and Collins [1971]; Thorpe [1977]; Kief-
fer et al. [1977]). However, in (7) the dependency of reflectance
with the phase angle is omitted. From theoretical studies,
Hapke [1963] and Veverka and Wasserman [1972] have ex-
pressed this last angular dependency of the surface reflectance
in some specific cases. More recently, using a best fit tech-
nique, Kieffer et al. [1977] and Thorpe [1977] have taken into
account the variation of the reflectance with the phase angle
for some Martian regions observed during the Viking mission.
The phase angle £ is related to the relative azimuth by:

poli, &, Y) = po cos* ! (i) cos* ™ (e)

cos ¢ = cos i cos ¢ + sin i sin e cos ¥ (8)

Depending on the nature and on the geometrical arrange-
ment of the elements making up the surface, all reflectors must
belong to one of the four following categories according to
their indicatrix scattering shape: orthotropic (isotropic scatter-
ing), specular (large scattering in the direction of specular re-
flection), pitted (predominantly backward scattering), mixed
(minimum scattering near the normal to the surface). With
regard to the broad classification of terrestrial surfaces used
by Taylor and Stowe [1984a] for the whole earth, it can be
thought intuitively that land and desert surface types belong
to the third or the fourth categories mentioned.

With the limitations mentioned above and using a Min-
naert characterization for the surface, the bidirectional radi-
ance reaching the satellite can be expressed as follows:

cos i
cosi+cose

L(i, e, ¥) = B{A[l + cos? (£a)]

- [1 —exp (—tM)] + exp (—‘cM)I:cos" (i) cos* ! (e) g(&)
kg (201 (12
+r(i) MJ J. cos* ™1 (e) g(&) cos e sin e de dl/l:l
I Jo b

[+ r(e)]} )

with
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Fig. 1. Normalized phase function for the surface (see equation
(11)).
and

M = m(i) + m(e)

In (9), (&) is the surface phase function which depends on the
phase angle ¢, defined as zero when the reflected ray is direc-
ted toward the sun. Using (9) in the definition of the aniso-
tropic factors (see equation (2)) it is possible to adjust the
parameters k, 7, A simultaneously and to choose a g(¢) func-
tion such that the corresponding factors fit those deduced
from the Nimbus 7 ERB experiment. The fit criterion which
has been considered here is based on the minimization of the
following quantity:

n=8 p=7

DEV(’) = z Z [fe(l’ €, ‘/’) —fm(is e, '//)]2

n=1 p=1

(10)

where f,,(i, e, V) is the anisotropic factor from Nimbus 7, .G, e,
) is the anisotropic factor estimated with (9), and »n and p are
the indices for azimuth angle increment and satellite angle
increment, respectively.

2.4. Results

As mentioned in section 2.2, an investigation of the cases
characterized by large solar zenith angles would require a
more sophisticated treatment of the atmospheric functions
than the one we use here. So for the land regions we have
applied this technique for solar zenith angles between 0° and
66°, corresponding to the first six solar bin radiances of the
Nimbus 7 data set, and for the desert regions we have studied
the whole data set corresponding to solar zenith angles be-
tween (0° and 60°. The computation is made with the medium
value of each angular bin, and the integration is numerically
performed with a Gauss formula. In practice, an estimate for
k, 7, and A parameters can be determined easily by plotting
and contouring the DEV(i) values as a function of k and A for
fixed values of 7. For the determination of the surface phase
function g(&) the problem is slightly different, and as has al-
ready been done by Hapke [1963L, we are led to choose and
mix scattering curves representative of forward and backward
scattering. For the two studied surface types a good fit of the
measured data is provided by a simple phase function of the
form:
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TABLE 1. Fitted Values lor 7, A, and k Parameters Over Land and
Desert Regions
Extinction
Coefficient Parameter Minnaert Parameter
T A K
Land 0.2 0.9 0.84
Desert 0.2 0.7 0.94

9() =1+ (1 — k%) cos” (§) (11)

The corresponding normalized phase function is represented
in Figure 1 for different values of k varying between 0 and 1.0.
This function leads to maxima of the same intensity in the
forward and backward directions and to a relative minimum
centered on 90°. A decrease of the k value tends to decrease
the intensity in that direction. Although (11) has no theoretical
support, it has the advantage of being able to satisfy the reci-
procity principle and to parameterize the intrinsic physical
state of the surface through the parameter k. The use of an
unique surface phase function to describe the reflection
characteristics of a given scene for a set of solar angles be-
tween 0° and 66° may smooth out the prominent backscatter
regime observed by Salomonson and Marlatt [1968] and Davis
and Cox [1982] for intermediate solar angles over desert
sands. It must be recalled that we have represented typical
clear-sky conditions without aerosols, but when this assump-
tion is not verified, the forward component of the surface
phase function we derived can be artificially enhanced.

Values obtained for the parameters k, 7, and A are summa-
rized in Table 1 for land and desert surfaces, respectively. As
expected, for the two studied surface types, a good fit is ob-
tained for a low value of the extinction coefficient. Since the
desert albedo is higher than the land albedo, we find a com-
paratively lower value for A over the desert regions. The most
interesting feature lies in the values of the parameter k: first,
the significant departure from 1.0 indicates a marked ani-
sotropy of the two surface types; second, with a high surface
albedo the desert regions are less anisotropic than the land
regions. For the two surface types we studied the magnitude of
the anisotropic factors is significantly different, but the reflec-
tion characteristics are found to be roughly the same. This
result can easily be explained by the fact that Taylor and
Stowe’s land category included the desert regions in the total
land sampling. However, for intermediate solar angles a great
deal of similarities between desert and land surface cases have
been observed by Davis and Cox [1982] from independent
data sets. If this result is confirmed by further extensive stud-
ies, it might suggest that the angular patterns of large-scale
anisotropic factors are more sensitive to the macrostructure
than to the microscattering properties of the sensed surfaces.

Comparisons between the calculated and measured aniso-
tropic factors are illustrated in Figures 2 and 3 for all solar
bins over land and desert regions, respectively. For the two
studied surface types the correlation coefficient r, between the
two estimates is better than 0.9. However, when the satellite
viewing angle is between 75° and 90° (points marked by
crosses in Figures 2 and 3), our model overestimates the aniso-
tropic properties of the surface. A possible explanation for this
discrepancy is that at large satellite viewing angles, the
average functions chosen to describe absorption and scatter-
ing significantly underestimate the masking effect of the atmo-
sphere, which acts to smooth out the intrinsic anisotropy of
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Fig. 2. Comparison between theoretical and measured land an-
isotropic factors for solar zenith angles between 0° and 66° (circles
indicate viewing angles less than 75° and crosses show viewing angles
between 75° and 90°).

the sensed surface. The deviation of the points from the bissec-
trix line can be due to the rather crude modelization we made
but may also be due to the intrinsic errors in the anisotropic
factors deduced from Nimbus 7. One may expect that this
uncertainty mainly comes from the merging of different sur-
face types into a broad category such as land, for instance. An
estimate of the intrinsic error can be derived through a first-
order development of (2), which leads to

oL, e, Y1)
I_‘S(is e, I//)

where 31 (i, ¢, ) and 8Lg(i, e, ) denote error in anisotropic
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Fig. 3. Same as Figure 2, except over desert regions.
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Fig. 4. Estimated errors in Nimbus 7 anisotropic factor versus the
relative dispersion (in percent) in measured radiances.

factor and radiance, respectively, and overbars represent spa-
tially averaged values.

Equation (12) is established under the assumption that §Lg
is independent of the observational geometry. Figure 4 illus-
trates the relationship expressed by (12). Taylor and Stowe
[1984b] have published values for the relative variation in
radiance for each bin. The most common values for this dis-
persion parameter are located between 20 and 40% for land
regions. According to Figure 4, such values lead to uncer-
tainties close to 0.1 and 0.3 in cases where the anisotropic
factors are 0.5 and 1.5, respectively. As a matter of fact, the
differences between the results from our model and the obser-
vations are not larger than the intrinsic errors of these obser-
vations.

3. CoMPARISON WITH SURFACE ALBEDO
MEASUREMENTS

Several experimental studies of the surface boundary layer
have emphasized the variation of surface albedos with solar
zenith angle (see, for example, Graham and King [1961]; Stew-

o)

(2) =

NORMRLIZED RLBEDO

] ] ! | |
0. 15. 30. 45. +60. ?75. 90.

SOLAR ZENITH ANGLE

Fig. 5. Variation of normalized surface albedo, with solar zenith
angle estimated from (14) [or various k values.
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(lower curve) and k = O (upper curve).

art [1971]; Arnfield [1975]; Idso et al. [1975]). These studies
are conducted over parcels with very specific covers, and so
the results are representative of a local spatial scale. As ex-
pected, the variation of albedo with solar zenith angle is de-
pendent on the surface cover types, and most authors have
parameterized the observations with the help of exponential
functions. Since the variation of albedo is well documented
over some specific surface types, it is, valuable to test our
surface reflectance model against these observations. The
albedo is given by

‘7 200 {*11/2
ai)y == J J cos“~! (i) cos* ™! (e)
IT 0 1v]

“[1 4+ (1 = k2) cos? (£)] cos e sin e de dr 13)

So

(14

k—1 (7 1— k2
ali) = po2 °°: " 1(’) {1 ¥ (k " 3) [k cos? (i) + 1]}

The theoretical variation of albedo with solar zenith angle is
shown in Figure 5. In this Figure 5 the normalized albedo,
that is, a(i)/a(i = 0), is reported for different values of k be-
tween 0 and 1.0. Tt can be seen that the dependency of albedo
on solar zenith angle increases for low sun and for low k
values. The curves of Figure S are to be compared to the
albedo values published by Nkemdirim [1972] for a variety of
surface covers and at different hours of the day (Figure 6). For
the sake of comparison the albedo values have been normal-
ized by the albedo measured at the highest sun elevation. In
Figure 6 the two dashed lines give the theoretical dependency
estimated from (14) at the same solar zenith angles and for k
equal to 0 and 1.0, respectively. From this set of experimental
curves it appears that with appropriate k values, (14) could
provide a good fit of the observations.

4. DiscussiON AND CONCLUSION

From simple photometric relationships designed for lunar
and Martian regions we have derived an analytical expression
for the bidirectional reflectances of terrestrial surfaces. This
expression has been established with the help of a best fit
technique of the anisotropic factors deduced from Nimbus 7
ERB experiment. The proposed model, which satisfies the reci-
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procity principle, gives explicitly the form of the bidirectional
reflectance for two broad surface categories, one correspond-
ing to land regions and the other corresponding to desert
regions.

The main interest in such an expression for the reflectance is
to provide a simple support to help understand the aniso-
tropic behavior of currently sensed surfaces. The proposed
formulation is also helpful for angular interpolations of exist-
ing bidirectional radiance measurements. Obviously, the pres-
ent model is adapted to describe angular distribution of terres-
trial radiances at a spatial scale involved in earth radiation
budget studies. Under dust free and cloudless conditions, the
main problem lies in the choice of the surface phase function.
Although the integrated anisotropic radiance compares favor-
ably with local surface observations, it must be kept in mind
that the scattering function used here is not necessarily con-
venient for specific surface covers. This point must be investi-
gated by using other anisotropic measurements such as those
given by Kriebel [1978] and also from future Nimbus 7 data
analysis, which should yield anisotropic factors estimated for
more specific land categories.
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