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A surface bidirectional reflectance model has been developed for the correction of surface 
bidirectional effects in time series of satellite observations, where both sun and viewing angles are 
varying. The model follows a semiempirical approach and is designed to be applicable to heteroge- 
neous surfaces. It contains only three adjustable parameters describing the surface and can potentially 
be included in an algorithm of processing and correction of a time series of remote sensing data. The 
model considers that the observed surface bidirectional reflectance is the sum of two main processes 
operating at a local scale: (1) a diffuse reflection component taking into account the geometrical 
structure of opaque reflectors on the surface, and shadowing effects, and (2) a volume scattering 
contribution by a collection of dispersed facets which simulates the volume scattering properties of 
canopies and bare soils. Detailed comparisons between the model and in situ observations show 
satisfactory agreement for most investigated surface types in the visible and near-infrared spectral 
bands. The model appears therefore as a good candidate to reduce substantially the undesirable 
fluctuations related to surface bidirectional effects in remotely sensed multitemporal data sets. 

1. INTRODUCTION 

Applications of remote sensing of solar radiation reflected 

by the Earth-atmosphere system to observe the evolution of 

Earth's resources have become increasingly important. 

When a high frequency of observations is required, the land 

resources may be monitored using wide field of view sensors 

such as the advanced very high resolution radiometer 

(AVHRR) from NOAA or pointable sensors such as System 

Probatoire d'Observation de la Terre (SPOT), with large 

variations of the viewing configuration. Another possibility 

is to use geostationary sensors such as Meteosat, often with 

large variations of solar illumination conditions. A given 

point on Earth is then observed in time series of sensor data 

characterized by a large range of view or sun angles. 

The surface reflectance bidirectional effects can in many 

circumstances add a significant component of noiselike 

fluctuations to the time series [Taylor and Stowe, 1984; 

Gutman, 1987; Roujean et al., 1992]. The magnitude of these 

effects can lead to large errors, in particular when observing 

the phenological evolution of vegetation on a regional scale 

[Gutman, 1987; Roujean et al., 1992]. A model of correction 

of the surface reflectance bidirectionality is thus necessary 
to normalize the sensor data. 

A model of correction of bidirectional effects is also 
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needed in other remote sensing applications. The estimation 

of the directional and diffuse albedos from a sample of 

bidirectional reflectance observations requests the assess- 

ment of such a model. Also, surface anisotropy algorithms 

can serve as lower boundary conditions for atmosphere 
radiative transfer models. 

Parallel to the necessary development of in situ measure- 
ments of bidirectional reflectance distribution functions 

[e.g., Kriebel, 1978; Kimes, 1983; Kimes et al., 1985; Deer- 

ing and Leone, 1986], considerable attention has been given 

in recent years to the elaboration of analytical and nonana- 

lytical models of these effects (see the review by Goel 

[1988]). We restrict the discussion here to analytical models, 

which are the only models of relevance for the sensor data 

correction problem. Some of them are based on the analysis 

of the geometrical structure of reflectors at the surface [e.g., 

Egbert, 1976, 1977; Otterman, 1981; Otterman and Weiss, 

1984; Deering et al., 1990]. A number of other models have 

considered the bare ground [Hapke, 1963, 1981, 1986; 

Lumme and Bowell, 1981; Norman et al., 1985] or the 

canopy [e.g., Suits, 1972; Ross, 1981; Verhoef, 1984, 1985; 

Camillo, 1987; Verstraete et al., 1990] as a turbid medium 

made of scattering and absorbing particles with given geo- 

metrical and optical properties and have proposed analytical 

solutions of the radiative transfer equation with various 

degrees of complexity. 

All these models are, however, devoted to the examina- 

tion of thematically homogeneous surfaces, whereas a pixel 

of a satellite sensor, whose size ranges from tens of meters to 

a few kilometers, contains generally a heterogeneous mix- 

ture of bare soils and vegetation canopies. Moreover, the 
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number of surface parameters of these models, generally 

greater than or equal to 5, turns out to be too high in practice 

for the correction of sensor data. For example, few AVHRR 

data can be obtained usually within a period comparable to 

the vegetation evolution time scale, about 10 days, princi- 

pally because of cloud contamination. This number of sensor 

data is generally too small to statistically adjust a large 

number of parameters. The empirical models of Minnaert 

[1941], Walthall eta!. [1985], and Shibayama and Wiegand 

[ 1985] contain 2, 3, and 4 parameters, respectively; however, 

their empirical nature makes them difficult to apply to a wide 
variety of targets. Moreover, the first of these models does 

not contain any dependence upon the relative azimuth between 

the sun and viewing direction, which is a major shortcoming, 

and the two latter models do not satisfy the reciprocity condi- 

tions, by which the bidirectional reflectance should remain 

invariant by inverting the sun and view directions. 

The present paper describes a semiempirical model of 

surface reflectance bidirectional effects, which intends to 
overcome the above mentioned difficulties. The model con- 

tains three parameters, a number sufficiently small to nor- 

malize a time series of sensor data in a relatively small period 

of observation. Simple physical representations of the sur- 

face are used as a guide to obtain the functional dependence 

of the surface reflectance upon the sun and view angles. A 

series of assumptions is then made to reduce the number of 

surface parameters to three, and to linearize the model as a 

function of its surface parameters to make it easily applica- 

ble to heterogeneous surfaces. 

The model is developed in section 2 and is compared in 
detail in section 3 with a series of in situ measurements of 

bidirectional reflectance over a wide variety of surface 

types. Section 4 discusses the possibilities of application of 
the model to the normalization of time series of sensor data. 

2. BIDIRECTIONAL REFLECTANCE MODEL 

2.1. General Considerations 

The concepts of our model have been guided by the 

examination of the comprehensive set of observational data 

and associated physical pictures which have been published 

in the literature [e.g., Hapke and van Horn, 1963; Coulson, 

1966; Coulson and Reynolds, 1971; Kriebel, 1978; Eaton and 

Dirmhirn, 1979; Kimes, 1983; Kimes et al., 1985, 1986; 

Deering and Eck, 1987]. According to these works, the 

observed bidirectional diagrams show specific and repetitive 

signatures. One important signature of many bare soils and 

canopies is to have strong backscattering characteristics. 

This is interpreted as an effect of the geometrical structure of 

reflectors on the surface [Egbert, 1977; Kimes, 1983]; as the 

sensor direction moves away from the solar direction, the 

reflectance decreases, since two phenomena occur in the 

sensor's field of view. First, the relative proportion of 

shadowed surfaces increases, and second, the proportion of 
viewed facets with normals that deviate from the solar 

direction increases, causing decreased solar irradiance on 

these facets. Another important signature, occurring in partic- 

ular for dense canopies, is at all sun angles and spectral bands 

a minimum reflectance near nadir viewing, and increasing 

reflectance with increasing off-nadir view angle for all view 

azimuth directions. (The hot spot phenomenon, mentioned 

later in the text, is an exception to this general behavior.) This 

is thought to be caused by the shading of lower canopy layers 

by components in the upper layers and by viewing different 

proportions of the layer components as the sensor view angle 

changes [Kriebel, 1978; Kimes, 1983]. Clearly, volume effects 

are at the origin of this latter phenomenon. 

The surface reflectance may then be viewed as a combi- 

nation of two different components representative of these 

two different bidirectional signatures. 

1. First is a component of diffuse reflection by matedhal 

surfaces, of reflectance Pgeom, which takes into account the 
geometrical structure of opaque reflectors and shadowing 

effects. This component is modeled here by vertical opaque 

protrusions reflecting according to Lambert's law, placed on 

a flat horizontal plane. They represent mainly irregularities 

and roughness of bare soil surfaces but may also represent 

structured features of low transmittance canopies. This 

modeling has been adopted for its capability to describe 

simply the shadowing effects. 

2. Second is a component of volume scattering, of re- 

flectance Pvol, where the medium is modeled as a collection 
of randomly located facets absorbing and scattering radia- 

tion. The facets represent mainly leaves of canopies, char- 

acterized by a nonnegligible transmittance, but can also 

model the behavior of dust, fine structures, and porosity of 

bare soils. A simple radiative transfer model is used to 

describe this component. 

A discussion of the involved length scales seems appro- 

priate at this stage. We can identify two observational length 

scales, which are the sensor pixel scale, from tens of meters 

to a few kilometers, and the ground radiometer length scale, 

from about one meter to a few meters, hereafter referred to 

as the subpixel scale or subpixel surface. Within the sensor 

pixel scale, the Earth's surface is frequently highly hetero- 

geneous, while the surface is generally thematically homo- 

geneous at the subpixel scale. However, even "homoge- 

neous" surfaces at the subpixel scale are in fact highly 

heterogenous at smaller scales, with the presence of stalks, 

leaves, ears, buds, etc., and soil roughness at various scales. 

The geometrical and volume components identified above 

may operate at various length scales. Opaque structured 

features with associated shadows exist at relative large 

scales (shadows of trees, stalks, stones). They also exist on 

microscales (larger than a few microns) associated with soil 

or leaf roughness [Irvine, 1966]. The facets of the volume 

component have a dimension which ranges from the size of 

leaves of a canopy (a few centimeters) down to the size of 
microdust in bare soils (a few microns). 

2.2. Estimate of the Geometric Scattering 

Component Pgeom 

The geometric scattering component is evaluated by as- 

suming that the subpixel surface contains a large number of 

identical protrus.ions (Figure 1), the average horizontal sur- 

face associated with each protrusion being S. Each protru- 

sion is modeled by a vertical wall of height h, width b, and 

length l much larger than b and h (see the appendix). The 

long-wall protrusion shape has been chosen for convenience 

to permit an easy analytical reduction of the equations. The 

exact protrusion shape should not be of importance anyway, 

since the macroscopic bidirectional behavior of the pattern 

has been found by Egbert [1977] to be rather insensitive to 

the adopted protrusion shape. Each illuminated surface of 

the protrusion and of the background is assumed Lambertian 
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Fig. 1. Random distribution of protrusions inside a subpixel surface. 

of reflectance P0, while the shadowed areas are taken abso- 
lutely dark. The orientations of the walls within the subpixel 

surface are taken at random. The spacing between protrusions, 

and the solar and viewing angle ranges, are assumed such that 

mutual shadowing between protrusions can be neglected. 
The calculation of the bidirectional reflectance associated 

with this system is derived with no further assumption in the 

appendix. The result is 

Pgeom -- P 0 

hl 

1 + •-fl(Os, 0 v, c•) (•) 

where 

1 

fl(O s, 0 v, qb)= •---• [(rr- qb) cos qb + sin c•]t90st90 v 

• 2+ tg02 2tgOstgO cos &) (tgO s + tgOv + tgO s v- v 

(2) 

In these expressions, Os and 0v are the sun and view zenith 

angles, respectively, and •b is the relative azimuth between 

sun and sensor directions, chosen by convention to be 
between zero and rr. 

The function fl, displayed in Figure 2 (top), depends only 
on sun and view angles, and appears as the difference of two 

positive terms. The first term corresponds to slope effects 

where the changing orientation of the vertical wall relative to 

the sun causes changing irradiance on these vertical sur- 

faces. This term is basically similar to that found by Suits 

[1972] or Otterman [1981] in similar protrusion analysis 

(vertical facets with random azimuthal orientation). The 

second term corresponds to the account of shadowed and 

unviewed areas and is to our knowledge original. 

The analysis of the variations of fl as a function of 0v in 

the principal plane shows that fl presents a local maximum 
in the backscattering direction for 0v = Os, •b = 0 ø, only 

when the sun zenith angle Os is below a limit given by Os = 

arc t#(4/rr) • 51 ø. When Os goes beyond this limit, fl 

increases monotonically with Or. The function f• is strongly 

dependent on the azimuth, with an enhancement in the 

backscattering direction and a depletion in the forward- 

scattering direction, and vanishes for observations at nadir 

with a sun at zenith. Note that the divergent behavior of f• 

when 0v approaches rr/2 originates from the fact that we 

have neglected mutual shadowing between protrusions. 

Such extreme viewing geometries are, however, far from 

being reached by usual satellite observations. 

2.3. Estimate of Scattering by the Volume 

Component Pvol 

For the estimation of the volume scattering component, 

we consider a homogeneous medium made of randomly 

located scattering plane facets of volume density N. This 

medium is placed above a reference flat horizontal surface oI 

Lambertian reflectance P0 (Figure 3). Each facet is charac- 
terized by an area or, a Lambertian reflectance r, and an 

isotropic transmittance t. The medium has a height Zmax 

above the reference surface, corresponding to a facet area 

index F = Ncrzmax. When the medium is made of leaves, F 
stands for the leaf area index (LAI) of the canopy [Ross, 

1981]. 

The radiative transfer in the medium is solved simply by 

assuming the single scattering approximation, that is, the 

upward emergent radiation on top of the medium is made of 

photons which have been scattered only once on a given 

facet or on the reference surface, without encountering other 

facets in their incident and reflected optical paths. The 

expression of the bidirectional reflectance with these as- 

sumptions reads 

w P(Os, Or, 

Pvol = 4Nor cos 0s cos 0v 

1 - exp {-F[(G(Os)/COS Os) + (G(Ov)/cos 0v)]) 
ß 

[G(0 s)/COS 0 s] + [G(0 v)/COS 0 v] 

1 F 

+p0exp - \co-•-•s +cos 0v? 
(3) 
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Fig. 2. Diagrams showing the functions fl and f2 (equations (2) 
and (8)) for three sun angles Os, as a function of Ov, in the principal 
plane. Positive (negative) Ov correspond to forward (backward) 
scattering. 

where w is the volume scattering coefficient, G(O) is the 
so-called facets area orientation function for a radiant beam 

oriented at 0 [Ross, 1981], and P(Os, 0v, •b) is the phase 
function of the medium. In (3) the distribution function of the 

facets has been taken independent of •b. If we assume 
moreover that this distribution function is isotropic (the 
orientation of the facets' normals is taken at random), then 

the quantities w, G, and P have the following simple 
expressions [Ross, 1981]: 

1 

G(0 s) = G(0 v) = • (4) 

r+t 

w = Nrr (5) 
2 

P(Os, Ov, 

8 [(z' - •) cos • + sin •]r + (-•cos • + sin •)t 

3•r r+ t 

(6) 

where • is the phase or scattering angle (Figure 3), related to 
conventional angles by 

cos • = cos 0s cos O v + sin 0s sin O v cos 4• 

The single scattering approximation is valid when the 

absorption coefficient of the facets is high, which is the case 

of leaves in the visible spectral band, and probably of most 
dust particles of bare soils. This approximation is not valid, 

however, for leaves in the near-infrared spectral band char- 

acterized by a relatively low absorption. But it has been 
shown that the additional interactions due to successive 

scattering orders have a bidirectional signature whose am- 

plitude decreases sharply as the scattering order increases 

[Rondeaux, 1990]. Thus, in a first approximation, the multi- 

ple scattering interactions tend to add to the single scattering 
radiant field a significant but roughly isotropic contribution 
[Rondeaux, 1990]. As a result, the modeling of bidirectional 

effects proposed in (3)-(6) remains approximately valid, the 

isotropic contribution resulting from multiple scattering be- 

ing included in the Lambertian term P0- 
We make at this point two further approximations. 
1. Considering that the model must be a linear function 

of its surface parameters to be able to extend the model to 

the heterogeneous surface situation, we choose to approxi- 
mate the function 

f(Os, Or) = {l - exp Cod 

ß (cos 0 s + cos 0 v) -• 

appearing in (3) by the simpler function 

I - e -bF 

cos O s + COS 0 v 

where b is a constant which represents a rough average of 

(1/2)/(cos 0s + cos Ov) for realistic variations of 0s and Ov. 
(A typical value of b is 1.5 for a range of Ov and 0s between 
0 ø and 60ø; the exact value has no incidence on the angular 

functions of the reflectance.) The above approximation is 

Z = Zmax 

Z=O 

Fig. 3. Single scattering on an infinite discrete medium made of 
randomly distributed facets. 
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certainly good for optically thick media (F >> 1), where the 

exponential term may be neglected in front of 1, and for F 

close to zero, where both approximate and exact functions 

vanish. This approximation is rather gross for F -< 1, with 
induced relative errors which can reach 50% in the most 

unfavorable configurations, when both 0,, and Os are small. A 
better approximation in that case would be to take the optically 

thin approximation rios, 0,,) = (F/2)/cos Os cos 0,,, whereas 

our simpler function reduces when F << 1 to bF/(cos Os + 
cos 0,,). The two latter functions both increase monotoni- 

cally with 0s and 0,,, but are somewhat different. However, 

numerical tests using these two functions alternatively 

against the observational measurements described in section 

3, have led to quite comparable correlation results. Note also 

that it has seemed to us preferable to describe more accu- 

rately the optically thick domain rather than the optically 

thin one, since the relative contribution of the volume 

component to the total reflectance is expected to be weaker 

in the optically thin case. 

2. Second, in an attempt to reduce the number of free 

parameters, we take r = t, an assumption which appears 
reasonable for leaves both in the visible and near-infrared 

regions, but may become questionable for dust particles of 
bare soils. 

Then (3)-(6) may be rewritten 

1 

pvo: +f2(os, - + (7) 

where 

4 1 

f2(0.•, 0,,, 0) 3rr cos 0.• + cos 0•, 

(8) 

The function f2 has been defined such that it cancels for 0,, 

= Os = 0 ø, as does fl. This function, contrary to f•, has 
relatively little dependence on azimuth •, especially at high 

sun zenith angles 0 s. Figure 2 (bottom) shows that f2 has a 
minimum in the principal plane, on the forward-scattering 

side. The function f2 increases with 0v, at least when 0,, is 
sufficiently large, for all azimuths •. 

2.4. Complete Model Expression 

The final step for the completion of our model is to 

combine the geometric and volume components described in 

sections 2.2 and 2.3. This combination is made in an empir- 

ical way, by assuming that the bidirectional reflectance p(0s, 
0,,, O) of the considered subpixel scale surface can be 

expressed as 

p(Os, Ov, qb) = O•Pgeo m + (1 -- o•)Pvo 1 (9) 

where a is an empirical coefficient which characterizes the 

relative weight of the geometric and volume component in 

the final bidirectional signature. Equation (9) assumes that a 

partition of the subpixel surface exists, with a fraction a of 

the subpixel surface dominated by geometric effects, while a 

fraction (1 - a) is dominated by volume effects. 

From (1), (7), and (9), our bidirectional reflectance model 

may be written 

P(Os, Or, O)= ko + klfl(Os, Or, O) + k2j•(0s, Or, O) 

(10) 
where 

r 

ko = po[a + (1 - a)e -br] + • (1 - e-br)(1 -- a) (11) 

hl 

k 1 = '•- p00• (12) 

k 2 = r(1 - e-br)(1 - a) (13) 

and f• and f2 are simple analytic functions of the solar and 

viewing geometric angles, (2) and (8). The parameters k 0, 

k•, and k2 are related to our model parameters of the 

subpixel-scale surface, the background and protrusion re- 

flectance P0, the average height h and length I of surface 
protrusions, the horizontal surface S associated with each 

protrusion, the facet reflectance r and the facet area index F 

(LA! in the case of a canopy). The parameter k 0 represents 
the bidirectional reflectance for Os = 0,, = 0. Note that the 

model of (10) is reciprocal (as it should), that is, it remains 

invariant by exchanging the variables Os and 0,, and keeping 
invariant the variable •. 

2.5. Properties of the Model and Discussion 

The linearity of (10) with respect to the surface parameters 

induces the possibility of generalizing this equation, from a 

thematically homogeneous subpixel surface to an heteroge- 

neous surface of a sensor pixel. Assume, for example, that 

the surface S0 of a sensor pixel is made of a large number of 

homogeneous surfaces S i, characterized by their surface 

parameters koi , k li, and k2i. The apparent bidirectional 
reflectance seen by the sensor for this pixel still assumes the 

form of (10), where the global parameters k 0, kl, k2 of the 
heterogeneous surface are related to the local surface param- 

eters by equations such as 

1 1 1 

ko -- • Z koiSi k l "- • Z ,kliSi k2 -- • Z k2iSi 
i i i 

The model also provides a way to relate the directional 

albedo (the fraction of the radiation flux incident at Os, 
reflected by the surface): 

2f/f:/2 a(Os) =-- dO p(Os, 0,,, O) cos 0,, sin 0,, dO,, 

(14) 

to the above-mentioned surface parameters. 

When carrying out the integral of (14) with the expression 

of (10) for 9(Os, 0,,, 0), the following predictive relation is 
found: 

a(O •) = k o + k •I• + k2I 2 (15) 

where 

11 = -0.9946 - 0.0281 x t90• 

-0.0916 x t920 +0 0108 x t930s S 

12 = --0.0137 + 0.0370 x t90• 

+ 0.0310 x t920s -- 0.0059 x t930s. 
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Fig. 4. •'lots of I1 and 12 as a function of Os. 
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I1 and 12 have been obtained by numerical fits with corre- 

lation coefficients equal to 0.9999 and 0.9993, respectively, 

in the range of Os between 0 ø and 75 ø. The function I1 
decreases while 12 increases with Os, as can be seen in 
Figure 4. 

Note that the volume component of our model does not 

account for the opposition effect phenomenon (also called 

hot spot) by which the probability of escape of a scattered 

photon in a volume of dispersed scatterers becomes close to 

1 when the viewing direction approaches the sun direction, 

which results in an enhanced reflectance for this particular 
configuration. The opposition effect has been analyzed the- 
oretically by a number of authors [Hapke, 1963, 1981, 1986; 

Irvine, 1966; Lumme and Bowell, 1981; Verstraete et al., 

1990] and has been shown to have an angular width which 

scales as rr/8 (d/D)3, where d is the average size of a facet 
and D is the average distance between facets [Hapke, 1963, 
1986]. Such a scaling suggests that the angular width of the 

hot spot is rather small, of the order of a few degrees, for 
current Earth canopies and bare grounds, which is confirmed 

by observations [Gerstl, 1988]. Since in remote sensing the 
sensor viewing configuration rarely coincides with the hot 

spot geometry, omitting this hot spot feature in the volume 

component of our model has limited consequences. Note 

besides that the geometric component Pgeom (1) of our model 
has a local maximum in the hot spot geometry for sufficient 

sun elevation (section 2.2), since this particular geometry 
minimizes the amount of unviewed illuminated areas of the 

protrusion system with a total absence of apparent shadows. 

3. COMPARISON WITH OBSERVATIONS 

3.1. Comparison Protocol 

The model has been tested against the in situ observations 

of Kimes [1983] and Kimes et al. [1985, 1986], which 

describe a wide variety of surface types and locations. 
Kimes [1983] has reported on measurements of bidirectional 

reflectance over different test sites, plowed field, corn field, 

orchard grass and grass lawn, near Beltsville, Maryland. In 
situ experiments were also made in northern Africa on 

various surface types, which have been labeled annual 

grassland, hard wheat, steppe, irrigated wheat, and soybean 

Fig. 5. Polar plot showing scheme for plotting bidirectional 
reflectance factors. The sun, indicated by sun symbol, is always 
located on the •b = 0 ø axis, the distance from the origin representing 
the sun zenith angle Os. The spectral bidirectional reflectance is 
defined in the polar plot, where the distance from the origin 
represents the off-nadir view angle 0v, and the angle from •b = 0 ø 
represents the sensor's azimuth relative to the sun, •b. Curves in the 
polar plot appearing in Figures 6, 7, and 8 are isoreflectance curves. 

[Kimes et al., 1985]. Helicopter measurements have been 

performed on two types of forest (pine and deciduous) in 

Virginia [Kimes et al., 1986]. The range of LAI covered by 

these observations is rather wide, from zero (plowed field) to 
about 10 (grass lawn). We estimate that this data collection is 

fairly representative of most surface types of interest for 
applications of multitemporal remotely sensed data sets. 

The above measurements were made on ground in the 

NOAA 7 AVHRR visible band (0.58-0.68 /xm) and near- 

infrared band (0.73-1.1 /zm) spectral bands using a Mark III 
radiometer with a field of view limited to 12 ø. For each 

measurement period, characterized by a given sun zenith 

angle 0s, 41 directions were observed, located at nadir and at 

15 ø increments of off-nadir viewing angle 0v up to 75 ø, and 
45 ø increments of azimuth angle 4• (Figure 5). 

Three different sun angles have been retained for each 

surface type. Thus the total number N of collected reflec- 

tance measurements per surface type is N = 123. The three 

parameters k0, k l, k 2 of our model have been derived for a 
given surface type by a least squares fit between model and 

observations, in order to minimize the residue &, defined by 

N 

&2= 1 • E [Pi- (Pobs)i] 2, (16) 
i=1 

where Pi and (Pobs)i refer to the modeled and observed 

reflectances for a given set of geometric angles (0s, Ov, 
respectively. Note that in this procedure, equal weight has 
been assigned for each observed reflectance and that the 

modeled Pi have by construction an azimuthal symmetry 
about the principal plane of the sun (0ø/180 ø azimuths). The 

results of the fit for the visible and near-infrared spectral 

bands and all investigated surface types appear in Table 1. 
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TABLE 1. Comparison of the Model With Observations in the Visible and Near-Infrared Bands of Kimes [1983] and Kimes et al. 
[1985, 1986] 

Visible Spectral Band Near-Infrared Spectral Band 
Sun 

Cover, Angles rms of rms of 

Percent LAI Os, deg k 0 kl k2 •obs Fit •i R 2 k0 kl k2 •obs Fit •i g 2 

Plowed field? 0 45, 30, 26 24.3 7.3 64.2 6.1 1.8 0.91 28.8 8.5 74.8 7.2 2.5 0.88 
Annual grass? 4 -- 50, 30, 28 34.9 4.4 37.7 4.1 1.7 0.84 45.2 5.3 50.3 5.4 2.4 0.80 
Hard wheat? 11 0.28 51, 32, 27 27.3 5.2 26.9 4.0 1.2 0.91 37.3 3.3 80.2 6.7 2.4 0.87 

Steppe? 18 -- 63, 35, 27 26.6 5.0 5.9 4.8 2.7 0.68 35.6 5.6 21.7 5.9 3.0 0.74 
Corn* 25 0.65 68, 46, 23 8.4 0.6 0.1 1.5 1.4 0.14 27.2 0 28.5 5.5 3.8 0.53 
Orchard grass* 50 1. 71, 58, 45 7.9 1.2 9.0 2.3 1.0 0.80 26.5 1.5 43.0 8.4 4.1 0.76 
Irrigated wheat? 70 4. 59, 42, 26 5.2 0.5 27.3 3.0 1.2 0.84 42.1 0 121.0 13.5 5.4 0.84 

PineforestS 75 • 59, 41, 23 3.7 0 13.3 1.9 1.4 0.50 28.2 1.7 24.3 6.8 6.3 0.15 

Deciduous forests 79 • 63, 45, 25 3.0 0 8.7 1.4 1.0 0.52 40.0 4.0 29.5 8.0 6.6 0.32 
Soybean* 90 4.6 63, 49, 28 3.2 0 8.4 1.3 0.9 0.57 52.8 1.0 46.0 6.7 3.8 0.68 
Grass lawn* 97 9.9 70, 56, 42 4.8 0 10.2 1.9 1.0 0.70 36.3 0 56.4 10.8 6.2 0.67 

The surface parameters k0, k l, and k2 (see text) are expressed in percent of reflectance, as are the residues (rms of fit) r5 and •obs' R 2 
is dimensionless. The observations are ordered with increasing percent vegetation coverage. 

*From Kimes [1983]. 

?From Kimes et al. [1985]. 
SFrom Kimes et al. [1986]. 

This table contains, for each surface type, the observed 

estimates of percent vegetation coverage and LAI, the three 

selected sun zenith angles, and for each spectral band, the 

resulting surface parameters k0, k•, k2, expressed in per- 
cent of reflectance. This table also contains the residues r5 

(16) and r5ob s expressed in percent of reflectance, where r5ob s 
measures the magnitude of the bidirectional effects in the 

measurement data, 

Sobs N (Pøbs)/2 (Pobs)i , (17) 

and the determination coefficient R 2 defined as 

•2 
R 2= 1 (18) 2 ' 

• obs 

3.2. Results 

Table 1 shows that the model agrees reasonably well with 

the observations, since among the 22 investigated cases (11 

surface types with two spectral bands), 19 have a correlation 

coefficient R 2 which ranges from 0.51 to 0.91. The propor- 
tion is 15 out of 22 with R 2 > 2/3, and nine out of 22 with R 2 
> 0.80. We may consider that, for the sensor data correc- 

tion and normalization problem, these results are quite 

satisfactory with regard to other sources of noise which 

affect space sensor data (atmospheric corrections, for exam- 

ple) and which also affect the in situ observations (data 

contamination by sky radiation, for example). There is some 

tendency to have better results for small vegetation coverage 

(less than 20%) rather than for high vegetation coverage 
(larger than 75%). 

The behavior of the model as compared to the observa- 

tions is illustrated in Figures 6, 7, and 8 corresponding to the 

cases of a plowed field, absence of vegetation, and a hard 

wheat field, respectively, representing a low LAI situation, 

and an irrigated wheat field, representing a relative large LAI 

situation (Table 1). Figures 6-8 display the general shape and 
numerical values of the isoreflectance curves, the azimuthal 

and radial gradients, and the position of local extrema, if 

any, show good agreement between model and observations. 

Figure 6 (plowed field) shows a relatively strong asymmetry 

about the • = 90 ø plan, with a strong enhancement in the 

backscattering region and a depletion in the forward- 

scattering region. The radial (zenith) gradients remain mod- 

erate in general. A local maximum appears in the backscat- 

tering direction for both bands, close to the point 0v • Os, c) 

= 0 ø, for small values of Os, as predicted by the model 

analysis (section 2.2). In contrast, in Figure 8 (irrigated 

wheat), the major feature appearing at all sun angles and 

spectral bands is a minimum reflectance near nadir viewing, 

in the forward-scattering region (0v •- 15-30 ø, •b = 180ø). 

The reflectance increases with 0• for all azimuths •b, with 

steep radial gradients for large 0, especially when Os is large 

(•60ø). The azimuthal dependence of the reflectance is 

significantly less for the irrigated wheat than for the plowed 

field. The hard wheat bidirectional signature (Figure 7) is 

somewhat intermediate between the two extremes of Figures 
6 and 8. 

The determination coefficient R 2 is less than 0.50 for three 

cases out of 22, which are those of corn in the visible, and 

pine and deciduous forests in the near infrared. There are 

few bidirectional effects in the case of corn (r5ob s • 0.015). A 
model inefficiency at low r5ob s is not perceived as a real 

drawback, since the model aims at reducing the high-level 

fluctuations related to bidirectional effects in sensor data, 

while low-level bidirectional effects add to the various 

sources of noise which affect the data and, consequently, 
cannot be reduced. 

In contrast, the case of the forests in the near infrared is 

characterized by a high magnitude of bidirectional effects 

(r5ob s of the order of 6-8%) together with a weak correlation 
(R 2 < 0.30) between model and observations. In fact, the 
analysis shows that the correlation coefficient R 2 increases 
up to acceptable values, in the range 0.50-0.80, when the 

original data set made of data acquired with three solar 

zenith angles Os is subdivided into two data subsets, the first 

with the two Os larger than 40 ø, and the second with a unique 

Os • 25 ø (see Table 2). The surface parameters k0, k•, k 2 
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TABLE 2. Comparison of the Model With Observations of Kimes et al. [1986] in the Visible and 
Near-Infrared Spectral Bands for Forest Cover Types and for Specific Sun Angle Values 

Os, rms of 
Cover Type Band deg k 0 k 1 k2 fit r5 R 2 

Pine forest 

Deciduous forest 

visible 59, 41 2.9 0 15.6 0.91 0.80 
23 4.9 0 34.0 0.82 0.71 

near infrared 59, 41 22.9 0.9 37.1 2.2 0.80 
23 36.1 3.4 133.0 4.1 0.57 

visible 63, 45 2.6 0 9.8 0.91 0.67 
25 3.6 0 19.6 0.57 0.67 

near infrared 63, 45 34.8 3.7 43.2 3.74 0.76 
25 45.3 2.6 105.1 2.03 0.80 

Units of parameters are the same as those in Table 1. 

associated with the two subsets are then markedly different. 

This latter result suggests that as the radiation source moves 

toward the vertical direction, the contribution of the lower 

layers of the forest, more and more illuminated, becomes 

quite important and produces a significantly different bidi- 

rectional behavior than the upper layers formed by the trees. 

The application of our model to forest surfaces might there- 

fore be questionable when used with a large range of sun 

angles. 

As expected, the k 0 parameter, which represents the 
surface reflectance when both sun and sensor are at nadir, 

tends to decrease as LAI increases in the visible band, while 

no such tendency is seen in the near-infrared band. As also 

expected, the k l parameter, which determines the magni- 

tude of geometric and shadowing effects, is significant only 

when LAI is weak (<0.5), and becomes negligible for larger 

LAI. The k• parameter has been set to zero in Table 1, as the 

numerical solution of the least squares fit sometimes pro- 

vides slightly negative (and unphysical) k• values. When k• 

is nonnegligible (small LAI), the k• value leads to realistic 
values of the ratio hl/S, of the order of 0.1-0.5. 

Interestingly, the ratio k l/ko, which roughly scales as hl/S 
at small LAI in our model, and thus should be independent 

of the spectral band, does satisfy this prediction, since k•/k o 
has nearly the same value (to within 7%) in the two spectral 

bands of Table 1 for the plowed field and annual grassland 

cases (vegetation cover less than 4%). 

The k 2 parameter takes rather high values in the two 

spectral bands for both small and large LAI cases. This 

suggests that volume effects on the reflectance are significant 

for all surface types, vegetated or not. It is obvious that 

volume effects should be dominant in dense vegetation 

canopies. The fact that these effects are also important in 

bare soils is clearly established in our data; we have thus 

verified, in the example of the plowed field, that R 2 goes 
from 0.91 and 0.88 to 0.46 and 0.44 for the visible and 

near-infrared spectral bands, respectively, when the k 2 

parameter is artificially forced to be set to zero. The volume 

effects in bare soils are likely to be due to their porosity and 

to the presence of microdust [Hapke, 1963, 1981]. 

The values of k 2 can reach 0.27 (visible) and 1.21 (near 
infrared) for the irrigated wheat, and 0.64 (visible) and 0.75 

(near infrared) for the plowed field (Table 1). These values 

are higher than expected, since according to our model, the 

k 2 parameter primarily stands for a facet reflectance (13), 

with typical expected values of 0.1 and 0.5 for leaves in the 

visible and near-infrared spectral bands, and of 0.2-0.4 for 

soil facets. These discrepancies are due to the various 

assumptions made in our model, the most critical assump- 

tion being presumably to have considered an isotropic facet 

distribution function; we observe that the larger values of k2 

obtained in vegetated surfaces are those of hard wheat and 

irrigated wheat, which are highly erectophile. Note, how- 

ever, that the ratio of k 2 in the two bands has a typical value 

for vegetated surfaces of about 3-5, in agreement with the 

expected ratio of leaf reflectances in the near-infrared and 

visible spectral bands. 

4. DISCUSSION 

We briefly comment on the consequences of these results 

for the reduction of bidirectional effects in space observa- 

tions. In this study, our model has been tested against a 

complete data set of unitemporal in situ observations, where 

the retrieved parameters k0, k•, and k2 characterize the 
surface properties at a given date. Applications of this model 

to space observations such as those of AVHRR/NOAA 

define a more complicated task, since one terrestrial target is 

viewed at most once a day with different viewing angles. 

Even after having performed atmospheric corrections, a 

bidirectional model is needed to reduce the variabilities (and 

thus errors) [Roujean et al., 1992]. The model parameters 

must be derived from the observed time series, using regres- 

sion techniques between the observed and modeled reflec- 

tances. This regression should be made in subperiods chosen 

short enough to consider the surface as time invariant, and 

long enough to contain a number of sensor data sufficient to 

apply the regression (at least four). A possibility to normal- 

ize satellite data is then to replace the original time series of 

observed reflectances by a time series of the k 0 parameter 
obtained on each subperiod of the period of observation. 

Since k 0 represents physically the target reflectance ob- 

served at nadir with a sun at zenith, k 0 may be called a 
normalized reflectance and provides a basis for the intercom- 

parison of sensor data acquired with different viewing or sun 

angles. Preliminary results using this method, obtained with 

an atmospherically corrected AVHRR data set during a 

vegetation annual cycle over three vegetated and semi-arid 

test sites in France, have been found to be quite encouraging 

[Roujean and Leroy, 1991]. A more detailed experimental 

analysis, covering a wider variety of test sites, will be the 

subject of a forthcoming publication. 

5. CONCLUSION 

A new model of the surface bidirectional reflectance for 

the correction and normalization of remotely sensed multi- 
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temporal data sets has been presented in this paper. The 

model basically follows a semiempirical approach. On the 

one hand, the model has been constructed with only three 

surface parameters for reasons of practicality of correction 

algorithms, a number perceived as very small to address the 

complexity of real situations at the length scale of a sensor 

pixel, but sufficient to take into account the major physical 

trends. On the other hand, simple physical representations 

of idealized situations (opaque vertical protrusions oriented 

at random and associated shadowing effects, single scatter- 

ing homogeneous volumes of dispersed facets to represent 

volume scattering in canopies and dust of bare soils) have 

been used as a guide to obtain the functional dependence of 

the surface reflectance upon the three variables Os, Ov, and 
•b. This phenomenological approach is thus significantly 

different from the strictly empirical approach followed by 

Minnaert [1941], Walthall et al. [1985], and Shibayama and 

Wiegand [1985] for a problem similar to that treated here 

and, by contrast, has some resemblance to the three- 

parameter water cloud model of Attema and Ulaby [1978] 

applicable in the microwave domain. 

The resulting analytical model (10) is numerically tracta- 

ble, and its linearity in terms of surface parameters makes it 

applicable to heterogeneous surfaces, a situation most com- 

mon when considering the surfaces covered by remote 

sensing pixels. Detailed comparisons between the model and 
in situ observations over a wide variety of surfaces with 

various degrees of vegetation cover show satisfactory agree- 

ment with correlation coefficients R 2 ranging between 0.50 
and 0.91 for most investigated surface types in the visible 

and near-infrared spectral bands. The model appears there- 

fore as a good candidate for substantially reducing the 

undesirable large-amplitude fluctuations related to surface 

bidirectional effects in remotely sensed multitemporal data 

sets. However, although our three surface parameters are 

analytically related to more basic model parameters (rough- 

ness, facets reflectance, facet area index, etc.), which proves 

useful in the understanding of the observational data reduc- 

tion process (see section 3), it is still not possible at this 

point, considering the series of assumptions made in the 

model derivation, to assure that an inverse interpretation of 

these three surface parameters in terms of observed physical 

properties of the surface is indeed feasible. 

APPENDIX 

We derive in this appendix the geometric scattering com- 

ponent Pgeom (equations (1) and (2)) of our model. This 
component is evaluated by assuming that the subpixel sur- 

face contains a large number of identical protrusions with 

rectangular, vertical wall shape, disposed on a horizontal 

surface (Figure 1). 

Each protrusion is thus made of a vertical wall of height h, 

width b, and length l much larger than b and h (Figure A1). 

Let n be the total number of protrusions on the subpixel 

surface and $ the average horizontal surface per protrusion. 

The total horizontal surface of the subpixel surface is thus 

nS. The space between protrusions is assumed such that 

mutual shadowing between protrusions can be neglected, 

that is to say, we consider ranges of parameters such that 

hlt90s -< $ and hlt90v -< $. 
We assume that each illuminated surface of the system 

"protrusions + reference surface" is Lambertian with re- 

flectance P0 and that the shadowed areas are absolutely dark. 

Let s and v be unit vectors along the sun and viewing 

directions, respectively. Let the orientation of each protru- 

sion i, i = l-n, be characterized by a unit vector n i normal 

to its illuminated long vertical side (ni ß s -< 0 with the sign 

conventions of Figure A1). The position of n i in the horizon- 
tal plane is described by the azimuth (Cbn)i. Let (s h)i be, for 
a given sun-surface-sensor configuration, the total horizontal 

surface associated with protrusion i which cannot contribute 

to the reflected power budget, because this surface is either 

not illuminated or not viewed. Finally, let (Sv)i be the 
surface of the long vertical wall of protrusion i, provided that 

this surface is illuminated and viewed ((Sv)i = 0 otherwise). 
The power 8W reflected along v in the elementary solid angle 

dfl v, originating from the system of Figure A1, may be 
written as 

8W= nS- (Sh) i L 
.•__ 

h COS 0 v d•v 

n 

q- • (Sv)i ni ' vl(Lv)i df•v 
i=1 

(A1) 

In (A1), L h is the radiance reflected by the horizontal 
surfaces and (Lv) i is the radiance reflected by the vertical 
wall of protrusion i. These radiances read 

1 

Lh = -- poEs cos 0s (A2) 

1 

(Lv)i = -- poEslni' sl (A3) 

where Es is the solar irradiance. 

The global reflectance Pgeom of the subpixel surface is 
related to 8W by 

*rSW 

(A4) 
Pgeom ttS COS O v COS 0sEs dll v 

which, after combination with (A1)-(A3), gives 

Pgeom-- P0{[ 1 -- (i--•1 (Sh)i/ttS)] 

+[(• (Sv)ilni'sllni'vl)/ i=1 

(A5) 

The discrete sums appearing in (A5) are in fact averages of 

quantities which depend only upon the orientation of the 

protrusions. Since n is a large number and the protrusion 
orientations are assumed to be at random, the discrete sums 

in (A5) may be approximated by continuous integrals. The 

expression of Pgeom may then be rewritten as 

Pgeom-- P0 1 Sh(C•n ) dqb n 
,rS .• •, _ (•r/2) 
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z 

Fig. A1. A long-wall protrusion and associated shadows. Note that (b = [(by - (bsl. 

1 •6s + (rr/2) In'sl n.v d49 n 
cos 0 s cos OvrrS .t 40• - (,•/2) 

(A6) 

in which the integration variable is the protrusion orientation 

azimuth •n and the integration domain covers all possible 

protrusion orientations, that is, (bn C [(bs - (r r/2), (ks + 
(rd2)l. 

Parameters Sh(rbn) and sv(rb,) remain to be estimated. 
Note that we have neglected in (A1), (A5), and (A6) the 
contributions of the two vertical ends of the walls to the 

illuminated and viewed surfaces. The derivation of S h(rb,) 
below also assumes that the contributions of the two protru- 

sion ends to the budget of unviewed or shadowed horizontal 

surfaces can be neglected. These assumptions are justified to 

order b/l except when the sun direction is nearly aligned 

with the main direction of the wall. The range of wall 

azimuth (b, for which this latter condition is satisfied scales 
also as b/l and can be neglected in the integrals of (A6) 

leading to Pgeom. 
It is necessary, for the evaluation of s h(rb,) and sv(rbn), to 

distinguish three different cases according to the respective 
configurations of the wall normal n and of the sun and 

viewing directions. 

1. The sensor is on the shadowed side of the wall, that is, 

I•- •nl • •- • I•s- •n, (A7) 
In this case, 

Sh(4)n) = hltgOs cos ((ks- (kn) - hltgO• cos 

(A8) 

s(4' n) = O. 

Note that htgOs cos ((bs - (b,) and htgO• cos 
are the width of the horizontal shadowed area and the width 

of the horizontal unviewed area along the wall, respectively. 
2. The sensor is on the illuminated side of the wall but 

sufficiently inclined so that most of the horizontal shadowed 

area is not viewed, i.e., 

tg 0 •, cos (ok • - ch n) --> tg Os cos ((ks - • n) --> O. (A9) 

Then 

Sh(4)n) = hltgO• cos ((b•- (bn) 
(A10) 

s v((b n) = hl. 

We have neglected in the derivation Of Sh(qbn) in (A10)the 
terms scaling as h 2 which result from the fact that when (b• 
• (ks, there is always some shadow viewed by the sensor in 
the vicinity of the ends of the wall. 

3. The sensor is on the illuminated side of the wall, and 

the view direction is sufficiently high that the following 
condition holds: 

tgOs cos (Ohs- cb n) -> tgO• cos ((b •- (bn) --> 0 (A11) 

Then in this case, neglecting as above the terms in h 2, 

Sh(4)n) = hltgOs cos ((bs- (bn) 
(A12) 

s •((b n) = hl. 

In (A6), the angular domain of (b, may be subdivided into 

three distinct domains, [-(rr/2) + (ks, (by - (rd2)], [(b• - 
(rr/2), (b0], Irk0, (ks + (rr/2)], corresponding to the expres- 

sions (A8), (A12), and (A10), respectively, of Sh(rb,) and 
s•((b,), where (b0 is an angle between ((bs - (rd2)) and 
+ (rr/2)) defined by 
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tgOs cos (0s- 4>0) = tgOv cos (0v- 4>0) (A13) 

and where 0 -< (Ov - Os) -< rr has been assumed by 
convention. 

The expressions (1), (2) of the text for Pgeom result from the 
calculation of the integral in (A6), where (AS), (A12), and 

(A10) of Sh(On) and Sv(On) have been applied. 
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