
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 101, NO. D16, PAGES 21,275-21,289, SEPTEMBER 27, 1996 

Operational relationships between NOAA-advanced 
very high resolution radiometer vegetation indices and 
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Abstract. To improve the estimation of primary production at a regional scale, •n 
•ssessment of the utility of fraction of •bsorbed photosynthetically •ctive radiation 
(fAPAR) estimated from spectral vegetation indices (VI) for the c•se of the 
S•heli•n vegetation w•s studied. Simulations using • three-dimensional radiative 
tr•nsœer model were conducted for two types of structurMly distinct vegetation 
c•nopies: millet crop (regularly distributed clumps of vegetation over b•re soil) 
•nd s•wnn• (mixture of • gross l•yer •nd • sparse woody l•yer). A realistic r•nge 
of wlues is extracted for e•ch vegetation input wri•ble (leaf •re• index, ground 
cover, height •nd spatial distribution) from published literature. Bidirectional 
reflectance f•ctors were calculated in the NOAA-•dv•nced very high resolution 
r•diometer (AVHRR) spectral b•nds for • geometric configuration representative 
of the NOAA s•tellite series. Two vegetation indices were tested: normalized 
difference vegetation index (NDVI) •nd modified soil •djusted vegetation index 
(MSAVI). The simulations indicate that the fAPAR-VI relationship is sensitive to 
the geometry of measurement •nd soil optical properties, especially in the c•se of 
• millet crop. Simple linear models that include this v•ri•bility •nd •re directly 
•pplic•ble to •tmosphericMly corrected AVHRR d•t• •re proposed, •nd the error of 
estimation of fitPAR is evaluated. MSAVI gives better results, especially when the 
brightness of soil is known. For n•tur•l vegetation the relationship between fitPAR 
•nd MSAVI is then reduced to • coefficient that is • constant (• 2.2). For millet 
c•nopies this coefficient is • function of Sun •nd view •ngles. Finally, the utility of 
our •ppro•ch is illustrated with two examples of fAPAR-VI relationships •pplied to 
• N OAA time series. 

Introduction 

Global circulation models (GCM) need accurate veg- 
etation information at a global scale to simulate and 
predict climate changes. Leaf area index (LAI), ab- 
sorbed photosynthetically active radiation (APAR), or 
biomass estimates are of interest. Some attempts have 
been made to establish these variables from NOAA im- 

ages with simple biomass production modeling. The 
basic idea is first to define and identify classes of vege- 
tation, generally from existing vegetation maps such as 
Matthews's [1983] vegetation and land use map. Then 
each vegetation type can be assigned morphological, op- 

Copyright 1996 by the American Geophysical Union. 

Paper number 96JD01621. 
0148-022 7/96/96 JD-01621 $09.00 

tical, and/or physiological properties obtained from the 
ecological literature. For example, Ruimy et al. [1994] 
introduced a biome-dependent conversion efficiency (g 
of dry matter per MJ of APAR) but used a single 
global linear relationship to estimate the fraction of 
APAR (fAPAR) from NOAA vegetation index (VI). Re- 
cently, Sellers et al. [1994] refined the fAPAR estima- 
tion by proposing four biome-dependent fAPAR-VI re- 
lationships. In fact, almost all previous publications on 
the subject show that the fAPAR-VI relationship varies 
significantly with the structure of the canopy and the 
background optical properties [Baret and Olioso, 1989; 
Goward and Huemmrich, 1992]. More recent studies on 
sparse canopies have shown that the relationship was 
also sensitive to the geometric configuration of the mea- 
surement [Bggu•, 1993]. 

It is obvious that the fAPAR-VI experimental rela- 
tionships are related to a particular vegetation canopy 
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and specific measurement environment (time of the 
measurement, type of radiometer and background) so 
that they cannot be used at a larger scale. In the 
same way the relationships derived from radiative •rans- 
fer modeling are not adequate at a global scale, be- 
cause they are generally established for homogeneous 
canopies, an oversimplification of the structure of the 
vegetation in most regions of the world. A recent 
study [Myneni and Williams, 1994] proposed a relation- 
ship derived from a three-dimensional radiative transfer 
model, to represent a large-canopy problem parameter 
space (ground cover, leaf area, leaf orientation, and op- 
tical properties). Unfortunately, this relationship has 
been established only for nadir viewing and softs of mod- 
erate brightness, posing a limitation for an operational 
use. Furthermore, the VI is related to the instantaneous 
fAPAR and not to the daily fAPAR (fAPARa), which 
is generally the variable of interes• in terms of primary 
production. For homogeneous vegetation canopies, in- 
stantaneous and daily fAPAR are very close, but for 
canopies with strong directional effects the difference 
between instantaneous and daily fAPAR can be quite 
significant. Nevertheless, the interest of most experi- 
mental and modeling studies (reviewed by Ruimy et al. 
[1994]) is to show that fAPAR and VI (especially the 
normalized difference vegetation index, or NDVI) are 
near linearly related and then should be scale invariant. 

Because of the lack of reliable fAPAR-VI relation- 

ships, global modelers prefer to establish their own re- 
lationship directly from the satellite images. The as- 
sumption is that fAPAR and VI are linearly related 
and that the coefficients of the relationships can be 
determined with the following additional assumptions: 
fAPAR equal to 0 is associated with the minimal VI 
value of the images, and fAPAR equal or close to i is 
associated with a maximal value of VI, calculated or 
obtained from satellite imagery over dense vegetation. 
The regressions thus established from NOAA advanced 
very high resolution radiometer (AVHRR) imagery are 
shown in Figure 1. The range of these relations is very 
large. Part of it can be explained by image processing 
(type of product and atmospheric correction), but most 
of the variability is caused by the choice (location and 
time) of the minimal and maximal values of VI. 

To monitor pasture land in Mall with NOAA AVHRR, 
Hanan et al. [1995] simulated theoretical relationships 
between fAPARa and NDVI with the SAIL model, du- 
plicating the geometry and environment of NOAA ac- 
quisition (such as Sun-sensor geometric configuration 
and optical properties of the soil corresponding to the 
images before the rainy season). These relationships 
were then applied directly to the atmospherically cor- 
rected NOAA time series. This approach of using ra- 
diative transfer modeling in an operational method is a 
step beyond the empirical methods. In this paper we at- 
tempt a similar approach by establishing fAPARa-VI re- 
lationships from radiative transfer modeling and apply- 
ing these relations to corrected N OAA images over the 
Sahel. These relationships are calculated with a three- 
dimensional (3-D) model of radiative transfer [Myneni 

......................... /' '/' ... 1:Helmann & Keeling (1989) 
..... 2:LoudJani (1993) ]] l/ ,,•' - - 3:Sellers et al. (1994) / t 

-' /,5'," ,4" 
----- 6:Oualdrarl (1994) /«' / •,,,' 

J? y..:.'" 

0.0 0.2 0.4 0.6 0.8 1.0 

NDVI 

Figure 1. The fAPAR-VI relationships established 
from NOAA imagery. For consistency, the fAPAR-SR 
(SR = NIR/R) relationships are plotted after variable 
transformation from SR to NDVI: 1: fAPAR = 0.279 

SR- 0.294; global; fAPAR=0 corresponds to the mean 
SR of Alaska region in winter, and fAPAR=i corre- 
sponds to a value given by the Kubelka-Munk theory 
(uncorrected GVI). 2: fAPAR = 1.468 NDVI- 0.381; 
West Africa (between 1986 and 1991); fAPAR--0 and 
0.95 correspond to the maximum NDVI of the desert 
and the NDVI of the equatorial forest, respectively (cor- 
rected GVI). 3: fAPAR -- 0.171 SR- 0.186; global tall 
vegetation; fAPAR=0 and 0.95 correspond to 5% desert 
NDVI value and 98% tall vegetation NDVI, respectively 
(iøxløNDVI). 4: fAPAR = 0.248 SR- 0.268; global 
short vegetation; fAPAR=0 and 0.95 correspond to 5% 
desert NDVI value and 98% short vegetation NDVI, 
respectively (1ø x 1ø NDVI). 5: fAPAR = 1.25 NDVI - 
0.025; global; fAPAR=0 corresponds to the mean mi_n- 
imum of the tropical deserts NDVI, and fAPAR=i cor- 
responds to the maximum NDVI of the equatorial for- 
est (corrected GVI). 6: fAPAR = 1.27 NDVI- 0.190; 
Niger; fAPAR=0 corresponds to the NDVI before the 
rainy season, and fAPAR=0.95 corresponds to NDVI 
equal to 0.9 (corrected LAC data). 

et al., 1990; Myneni and Asrar, 1993] capable of simu- 
lating most of the Sahelian vegetation, which is sparse 
and heterogeneous in nature. This model is based on an 
accurate numerical solution of the 3-D radiative transfer 

equation by the method of discrete ordinates. 
The 3-D radiative transfer model is first described, 

and then realistic Sahelian vegetation, soil, and environ- 
mental inputs are listed and documented. Simulations 
of fAPAR-VI are presented, and the value of the linear 
regression coefficients and the RMSE are discussed 
cording to the geometry of the measurement, for two 
types of vegetation canopy (crop and natural vegeta- 
tion) and for two different vegetation indices (NDVI and 
modified soil adjusted vegetation index, or MSAVI). At- 
tempts to simplify the fAPAR-VI relationship are made. 
Finally, an application of these calculated semiempiri- 
cal relationships to a NOAA time series over the 10 x 10 
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HAPEX-Sahel site [Goutorbe et al., 1994] is presented 
and discussed in light of ground observations. 

Three-Dimensional Radiative Transfer 

Model 

The Model 

We consider a vegetated surface of indeterminate 
ground cover (partial or complete). We are interested 
in the angular distribution of the radiance field at the 
top of the vegetation canopy in the wavelength intervals 
0.58-0.68 pm and 0.72-1.10 pm corresponding to the 
red and near-infrared AVHRR channels, respectively. 
Additionally, the fraction of incident photosynthetically 
active radiation (0.4-0.7 pm [McCree, 1972]) absorbed 
by the canopy is of interest. This physical problem can 
be posed in terms of radiative transfer theory as follows. 

Consider a 3-D vegetation canopy of finite physi- 
cal dimensions (Xs, Ys, Zs) along three spatial co- 
ordinates idealized as a turbid medium. The steady 
state monochromatic intensity function I(r, •) in the 
absence of polarization, frequency shifting interactions 
and emission is given by the radiative transfer equation: 

ß + 

= •4 d•'•rs(r, •' --• •)I(r, •') (1) 
The position vector (r) denotes the spatial location 
(x,y,z) •th (0 • x • X,), (0 • y N Y,), and (0 N 
z • Z,). The •t direction vector • has an azimuthal 
angle 6 menured anticlockwise •om the positive x axis 
that is •rected north and a polar angle 0 - cos- x • with 
respect to the outward normal. The operator [•. V] 
denotes the spatial derivative along the direction of pho- 
ton travel. The total interaction cross section a and the 

differential scattering cross section a, depend on the 
leaf area density distribution, the probability density of 
leaf normal orientation, and the leaf-scattering phase 
•nction. These •ctions characterize the architect•e 

and optics of the leaf canopy, and their parameteriza- 
tion is discussed later. The total in?nsity at a point 
in the ph•e space is I(r, •) - Iø(r, •)+ I•(r, •), with 
I ø the intensity of uncollided radiation field and I • the 
intensity of photons scattered one or more times in the 
canopy. 

The equation of transfer for the •collided radiation 
field is 

a. fi) + a) _ 0 
Let the leaf canopy be illuminated from above by 

both a morrodirectional solar component (in the direc- 
tion •o ~ (po, •o), po < 0) of intensity Io and diffuse ra- 
diation from the sky (in the direction • ~ (p, •), p < 0) 
of intensity Id. The diffuse component is assumed 
isotropic. The incident radiation field at the top of the 
canopy (x, y, 0) is then 

Io(x, y, O; •)- Id(•)+ IoS(•- •o), Y < 0 (3) 

At the bottom of the canopy (x, y, Zs) a fraction rs 
is assumed to be reflected back into the canopy by the 
ground according to the distribution function %. 

The equation of transfer for the collided radiation 
field is 

(4) 

where the first collision source Q is 

(5) 

The boundary conditions for Equation (4) are vac- 
uum conditions on all sides of the leaf canopy except at 
the ground interface. 

The discrete ordinates method, with some modifi- 
cations, can be employed to numerically solve equa- 
tions (2) and (4), subject to their boundary conditions 
[Myneni et al., 1990; Myneni, 1991]. The collided ra- 
diation I c and the uncollided radiation I ø reflected by 
the soil into • are then used to calculate the canopy 
bidirectional reflectance factor R and the fraction fa of 
radiation absorbed by the canopy: 

I y•• •r[I•(x y, 0'0 •)+I•(x y, 0'0 - 
(6) 

(7) 

where Fx 1 is the incident radiative flux at a wavelength 
band centered about A; V is the volume of the canopy; 
and Fa ø, Fa d, and F 2 are the absorbed uncollided sun- 
light and diffuse, and collided fluxes [Asrar et al., 1992]. 

This model has been benchmarked extensively with 
published tables of solutions of some standard radiative 
transfer problems [Myneni et al., 1988; Ganapol and 
Myneni, 1992] and validated with measured data [Shul- 
tis and Myneni, 1988; Myneni et al., 1988; Asrar et al., 
1989; Stewart, 1990; Myneni, 1991; Myneni et al., 1992; 
Myneni and Asrar, 1993]. 

Vegetation Submodels 

A numerical evaluation of the interaction cross sec- 

tion requires information on the leaf area density dis- 
tribution in the stand, leaf normal orientation distribu- 
tion, and leaf-scattering phase function. In this study, 
leaf area inside a clump was assumed to be uniformly 
distributed. The leaf normal orientation was assumed 

azimuthally symmetric and distributed along the po- 
lar angle according to a specific function (planophile, 
spherical, and so on). Leaf scattering was modeled by 
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the bi-Lambertian model [$hultis and Myneni, 1988] 
where the reflected and transmitted energy was rera- 
diated in a cosine distribution about the leaf normal 
on each side of the leaf. Leaf hemispherical reflectance 
and transmittance are obtained from integrating sphere 
measurements. Specular reflection by leaves was not 
considered. 

The canopy reflectance in the retrosolar direction is 
enhanced because of the absence of shadows [Marshak, 
1989]. This effect is called hot spot. A quantitative de- 
scription of the hot spot effect requires consideration of 
leaf spatial distribution and size in the transport formu- 
lation leading to correlated probabilities of photon in- 
teractions [Myneni et al., 1991]. The resulting equation 
set is difficult to parameterize and tedious to evaluate. 
For remote sensing purposes a simple model of the hot 
spot effect generally suffices. A model for the extinction 
coefficient that correlates interaction rates between in- 
cident and once-scattered photons is used to describe 
the hot spot effect in our calculations [Marshak, 1989]. 

Soil Submodel 

Bidirectional reflectance from the soil surface was 
modeled according to Hapke's formulation [Hapke, 1981]. 
The soil was assumed to be a half-space, and first- 
collision intensity is evaluated analytically, including 
shadows to model the hot spot effect. Multiple scat- 
tering is simplified to a two-stream problem. Hapke's 
model was successfully applied to bare soil surfaces by 
Jacquemoud et al. [1992]. The model has four coeffi- 
cients (b, c, b/, c/) of the Legendre polynomial expansion 
for the particle phase function, a parameter h related 
to the porosity of the medium, and a single-scattering 
albedo of the soil particulates w s depending on wave- 
length and soil moisture. 

Model Outputs and Numerical Considerations 

To obtain valid simulations, a sensitivity analysis 
was performed on the parameterization of a vegetation 
clump. A vegetation stand made of one square clump 
covering 25% of the ground was simulated by using dif- 
ferent numbers of cells to parameterize the vegetation 
clump: ( 1 x 1 x 1) cell to (14 x 14 x 14) cells, the size of the 
stand varying proportionally to hold ground cover con- 
stant. The results of the simulations are presented for 
the bidirectional reflectance factors and for the absorp- 
tion fractions in the red (Figure 2a) and near-infrared 
channels (Figure 2b). It can be seen that the output of 
the model becomes stable around a value of four cells 

in each spatial dimension. So, when possible, the vege- 
tation clumps will be parameterized by (4 x 4 x 4) cells 
at the least. 

To calculate fAPARd, an analysis was done on the 
number of integration points. Simulations with a canopy 
of 25% of vegetation cover indicate that daily fAPAR 
calculated with eight values of instantaneous fAPAR 
spread on half a day (the fAPAR profile is symmetrical 
around noon) can be considered as a good approxima- 
tion of the "true" fAPARd. 
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Figure 2. Bidirectional reflectance factors (solid lines) 
and absorption fractions (dotted lines) in the (a) red 
and (b) near-infrared channels as a function of the num- 
ber of cells used to represent the side of a vegetation 
clump. The simulations were made for three view an- 
gles, a solar zenith angle of 300 , an azimuthal difference 
of 225 ø, 70% of direct radiation, for a canopy with 25% 
ground cover, LAI of 0.5, and a soil reflectance factor of 
0.4 and 0.5 in the red and near-infrared, respectively. 

Two vegetation indices were calculated from the red 
(R) and near-infrared (NIR)reflectances: 

The normalized difference vegetation index (NDVI) 
[Rouse et al., 1974] is the most commonly used index, 
and many of the historical NOAA series data are avail- 
able only in this form. Furthermore, for bright soil 
background likewise in most of the semiarid regions the 
fAPAR-NDVI relationship has a good linearity [C houri- 
bury, 1987; Goward and Huemmrich, 1992]. The for- 
mula is 

NIR- R 
NDVI = (8) 

NIR + R 

The modified soil adjusted vegetation index (MSAVI) 
[•i et al., 1994] is part of the new generation of vegeta- 
tion indices (such as SAVI and TSAVI) which minimize 
soil influence on canopy spectra by incorporating a soil 
adjustment factor L. The L function is here derived 
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Figure 3. Models of vegetation canopies used in the ra- 
chative transfer model. The height of vegetation clumps 
inside the cells is given in gray scale, from white (no veg- 
etation) to black (maximal height of the stand). (a) A 
millet crop canopy with a density of 6000 clumps/ha, 
clump diameter of 0.6 m, and height of 1.5 rn (the ac- 
tual simulated stand is delineated by a bold line); (b) 
natural vegetation canopy with an herb layer cover of 
50%, a woody layer cover of 30%, and a maximum shrub 
height of about 4 rn (6 cells). 

The cross section of a clump was assumed to be a 
square, with an area of 4r 2 represented by 16 (4 x 4) 
grid units. The basic stand area, depending on density 
d, is equal to 10000/d (m 2) and is represented by a 
square grid of 4•f•/d units on a side. The simulated 
stand is representative of the actual vegetation canopy 
by lateral replication of this basic stand (Figure 3a). A 
complete simulation of a millet canopy (red and near- 
infrared reflectances and fAPARd) requires an average 
of two CPU hours on a Sparcstation-LX. 

Natural Sahelian Vegetation 

An interesting compilation of the natural vegetation 
in the Sahel is given by L½ Hou•rou [1989]. Le Hou•rou 
divides the Sahel into three zones: the Saharo-Sahelian 

zone (100-200 mm), the Sahelian zone (200-400 mm), 
and the Soudano-Sahelian zone (400-600 mm). For each 
of these zones he gives a description of the herb and 
woody layers in terms of fraction of covered soil, height 
of the layer, species composition, and biomass. The 
relevant variables used in this study are summarized in 
Tables 2 and 3. This information was complemented 
with specific leaf area obtained from measurements on 
various Sahelian species. These data then permitted 
evaluation of LAI of the vegetation canopy layers. 

The leaf inclination distribution function (LIDF) was 
measured as uniform on the Guiera senegalensis shrubs, 
planophile for the forb species and erectophile for the 
herb species [Prince et el., 1996a]. Because the model 
accepts only one value for the whole stand, the uni- 
form distribution was used. Likewise the model accepts 
a unique value for the reflectance and transmittance 
properties of the phytoelements, and therefore woody 
components have not been considered in these simula- 
tions. A value of 8.0 for the hot spot parameter was 
used. 

A total of 220 vegetation models were simulated to 
represent the range of selected model variables (Ta- 
ble 1). As in the case of millet, further selection was 
made to reduce the size of the problem. According to H. 
N. Le Hou•rou (personal communication, 1994), shrub 
leaves grow much earlier than the herb layer. This fincl- 
ing was verified in the HAPEX-Sahel field campaign, 
which showed that the grass layer only began to grow 
when the woody layer reached its biomass maximum 
[Prince et el., 1996b]. Thus only two scenarios of LAI 
have been kept, one corresponding to a savanna of low 
productivity (LAI of 1.0 and 3.5 for the grass patches 
and the shrub, respectively) and the other correspond- 
ing to a savanna with high productivity (2.4 and 4.0, 
respectively). This selection reduced the number of veg- 
etation models to 110. 

In the vegetation model the location of the shrubs was 
determined randomly. The location of the herb patches 
was preferentially placed close to the shrub as observed 
in the field. An example of a savanna stand is given in 
Figure 3b. The minimal size of the grid unit was im- 
posed by the height of the grass layer (0.6 m). The basic 
stand area was 27 x 27 grid units which corresponded 
to a stand of 262 m •. This size was a compromise be- 
tween a good representation of the heterogeneity of the 
natural vegetation and a reasonable CPU time. A com- 
plete simulation of a natural vegetation canopy (red, 
near-infrared reflectances and fAPARd) required on an 
average about 5 CPU hours on a Sparcstation-LX. 

Leaf and Soil Optics 

The optical properties of a large variety of species 
leaves were measured during the HAP EX-Sahel exper- 
iment by using the Spectron SE590 spectrorachometer 
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Table 2. Ranges of Architecture Parameters and Biomass Production of the Woody Layer in Sahelian Savanna 

Density Cover a Axea Diameter Leaves prod. b LAIr c Height 
shrubs/ha % m 2/shrub m g/shrub/year of a shrub m 

Saltarm 0 0 ...... 4.8 0.5-2.0 
S altelian 200 10 5.0 2.50 1500 

Sahel 0 0 ...... 4.8 0.5-3.0 
500 20 4.0 2.25 1200 

Suda•o- 500 20 4.0 2.25 500 2.0 0.5-3.0 
Sa•helia• 1500 35 2.3 1.72 

Adapted from Le Houdrou [1989]. See text for definition of terms. 
a Sum of the verticM projection of the crown of the shrub divided by the totM area. 
bTwice the vMue of the browse production [Le Houdrou 1989]. 
CCMculated with a leaf specific area of 160 cm 2 g-X [Poupon 1979]. 

with the Licor integrating sphere [Hanan and Prince, 
1996]. In this study, only the green leaves (young, ma- 
ture and old) of millet, Guiera senegalensis shrubs and 
Andropogon and Chrozophora herb species were consid- 
ered. Integration of these data over the photosyntheti- 
cally active radiation (PAR) range, and NOAA-AVHRR 
red and near-infrared bands was performed. 

In the same way a large variety of surface soil signa- 
tures was collected during HAPEX-Sahel with a Spec- 
tron SE590 spectroradiometer using a 4øfield of view 
mounted 50 cm above the soil under clear sky condi- 
tions. Three soils likely to be found in the Sahelian zone 
have been selected and correspond to two sandy soils 
and a soil covered with litter [Huete and van Leeuwen, 
1996]. Jacquemoud et al.'s [1992] soil model was in- 
verted on the measured bidirectional reflectances to ob- 

tain the soil model parameters (J. Privette, personal 
communication, 1993) used in the 3-D model. Simu- 
lated soil reflectance factors were used to calculate the 

slopes of the soil lines (equation (9)) and a mean soil 
NDVI (NDVI,) and soil MSAVI (MSAVI,). Values of 
the parameters, slopes, and soil VI are given in Table 4. 

Sun and Sensor Geometry 

The Sun and sensor geometry used in the simula- 
tions was taken to be representative of the whole NOAA 
series. The extreme view angles of the AVHRR sen- 
sors have not changed since the beginning of the se- 
ries and are :k55 ø. These view angles correspond at 
the surface to q-69 ø. In this study the maxim• sur- 
face view angles are :k50 • , corresponding to sensor view 
angles of q-42 •. Beyond these view angles, radiomet- 
ric data are rarely processed because of pixel extreme 
deformation and atmospheric contamination. Between 
1981 and 1992, which correspond to NOAA satelhtes 
7, 9, and 11, the equatorial crossing time of the satel- 
htes varied between 1340 LT and 1640 LT because of 

the launch time of the satellite and its temporal drift 
[Price, 1991]. These times correspond at the Sahel lati- 
tude (13 oN to 170 N) to a range of solar angles between 
10 ø and 600 during the rainy season (July to September). 
The azimuthal difference between the Sun and the sen- 

sor was calculated for the entire series (Figure 4), and a 
median value corresponding to the backscattering and 
the forwardscattering configurations is given. 

Table 3. Ranges of Architecture Parameters and Biomass Production of the Herb 
Layer in Sahelian Savanna 

Herb patches TotM 

Herb cover Herb Height Production LAI a Production LAIn • 
% m g/m2/year g/m2/year 

S a•haro- 5 0.40-0.80 15 0.12 300 2.40 

Sa•heli•n 20 60 0.48 300 2.40 

Sahel 20 0.40- 2.00 50 0.40 250 2.00 
80 250 2.00 312 2.50 

Sud•no- 30 0.64-2.40 80 0.64 267 2.14 
Sa•heli•n 100 300 2.40 300 2.40 

Adapted from Le Houdrou [1989]. See text for definition of terms. 
aCalculated with a leaf specific area of 80 cm 2 g-X [Prince et al., 1996a]. 
b LAI of the herb patches. 
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Table 4. Soil Parameters Derived From Jacquemoud's Results 
Model, Slope of the Soil Line and Vegetation Indices of 
the Soils 

Sand 1 Sand 2 Litter 

Red 0.8875 0.8386 0.5312 
NIR 0.9504 0.9266 0.7230 
PAR 0.7227 0.6634 0.3826 

h 0.1681 0.0001 2.0000 
b 0.2743 -0.1261 0.3636 
c -0.0727 0.3924 0.2305 

b • -0.5289 0.4385 -0.1274 
c • 0.3491 -0.1669 0.3915 

Slope 1.000 1.000 1.370 
NDVI• 0.149 0.173 0.220 
MSAVI• 0.149 0.161 0.172 

See text for explanation of Jacquemoud's model and def- 
inition of terms. 

The fraction of diffuse radiation f/> through the day 
was described by the following function established on 
Niger data: 

f. = 
a q- cos(0s) 

(12) 

Variability of the fAPAR-VI Relationship 

Millet crop canopies. Figure 5 shows the calcu- 
lated fAPARd of the millet data set against the veg- 
etation indices. The scatter is very important. It is 
higher when fAPARd is plotted against NDVI (Fig- 
ure 5a) than against MSAVI (Figure 5b), especially at 
low values of fAPARd, where the soil effects are min- 
imized by MSAVI. Despite an obvious deviation from 
linearity, no attempt was made to fit nonlinear relation- 
ships for operational reasons (to obtain scale invariant 
relations). We rather chose to fit linear relationships 
and quantify the resulting error on the fAPAR estima- 
tion. The coefficients of regression lines, fitted between 
fAPARd and the VIs for each of the simulated soil types 
and the whole set of points, are given in Table 5. 

When atmospheric effects are corrected and the back- 
ground effect is minimized through a combination of 

a -- --0.026 + 0.966, r55o 

where r55o is the optical depth at 550 nm and Os is the 
solar zenith angle 

In this study an optical depth of 0.2 was assumed. 
The change in fraction of diffuse radiation from one 
spectral band to the other is made through the use 
of coefficients established from atmospheric radiative 
transfer modeling (D. Tanr•, personal communication, 
1994). 

Relative azimuth angle 

(a) 
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0.0 0.2 0.4 0.6 0.8 1.0 

NDVI 

1800 00 

;00 View zenith angle 

Figure 4. Polar representation of the azimuthal differ- 
ence between the Sun and AVHRR sensor (NOAA 7, 9 
and 11), calculated over the Sahel (from latitude 13øto 
17ønorth) during the rainy season (July to September). 

(b) 

i I i i I t 

0.0 0.2 0.4 0.6 0.8 1.0 

MSAVI 

Figure 5. Daily fAPAR plotted versus (a) NDVI and 
(b) MSAVI for millet canopies (all the simulation points 
are considered). 
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Table 5. Slopes, Intercepts, Coefficients of Correlation and root mean square errors 
of the Linear P•egressions fAPAP•d = a VI + b, Calculated With NDVI or MSAVI 
for Sahelian Canopies 

Sand 1 Sand 2 Litter All soils No intercept a 

Millet 

Slope a 1.171 1.209 1.243 1.172 1.50 1 
1. 71• 1.8•$ 1.817 1.775 •.1J5 

Intercept b -0.069 -0.113 -0.203 -0.198 ... 
-0.18• -0.•18 -0.•05 -0.105 ß ß ß 

0.947 0.950 0.928 0.925 0.942 
0.946 0.941 0.906 0.931 0.9•4 

R•SE 0.062 0.059 0.070 0.072 0.082 
0. 06• 0.065 0.080 0.070 0.087 

Savanna 

Slope a 1.165 1.235 1.327 1.189 1.710 
1.639 1.758 1.79.4 1. 7•3 •.•13 

Intercept b 0.021 -0.041 -0.142 -0.026 ... 
-0.105 -0.153 -0.160 -0.137 .. ß 

0.933 0.940 0.925 0.909 0.931 
0.970 0.975 0.965 0.968 0.961 

RMSE 0.058 0.055 0.062 0.068 0.086 

0.039 0.057 0.045 0.04 0 0.068 

Numbers in italic are MSAVI. See text for definition of terms. 
aCalculated with (VI-VI,)instead of (VI). 

spectra] channels, the scatter of the fAPARd-VI rela- 
tionship is mainly due to the anisotropy of the surface. 
This anisotropy depends on the structure of the vegeta- 
tion canopy and is expressed by differential sensitivity of 
the canopy reflectance to the Sun-view geometric config- 

uration. To illustrate the effect of the surface anisotropy 
on the fAPARd-VI relationship in the case of a millet 
canopy, a series of increasingly restrictive sets of simu- 
lations were individually analyzed. Figure 6a shows one 
soil, Figure 6b shows one soil and one vegetation struc- 

(a) 

ß j_% ,,-----k 

0.0 0.2 0.4 0.6 0.8 1.0 

NDVI 

(b) 

0.0 0.2 0.4 0.6 0.8 1.0 

NDVI 

(c) 

0.0 0.2 0.4 0.6 0.8 1.0 

NDVI 

(d) 

0.0 0.2 0.4 0.6 0.8 1.0 

NDVl 

Figure 6. Daily fAPAR-NDVI relationships for millet canopies over a bright sandy soil' (a) All 
cases, (b) one canopy structure, (c) one solar zenith angle (30ø), and (d) one Sun-view geometry 
(solar angle equals 300 and nadir viewing). 
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ture (one clump density and LAI>i), Figure 6c shows 
one soil, one structure, and one solar angle, and Fig- 
ure 6d shows one soil, one structure, and one Sun-view 
angle. When only one soil is considered (Figure 6a), the 
variability is significantly decreased at low fAPAR val- 
ues as expected. When a unique structure is considered 
(Figure 6b), the scatter is still very high. This finding 
shows that the variability of the relationship is mainly 
due to the Sun and view angles of the image acquisition 
(Figures 6c and 6d). Since these angles are known in 
the case of NOAA-AVHRR acquisition, this informa- 
tion was used in the following analysis to decrease the 
variability of the fAPAR-VI relationship. 

Natural Sahelian vegetation. Figure 7 shows 
the calculated fAPARd of the whole natural vegetation 
data set against NDVI (Figure 7a) and MSAVI (rig- 
ure 7b). The scatter of the relationship with NDVI is 
high, while it is much less with MSAVI. Furthermore, 
the assumed linearity of the relationship seems to be 
more realistic in this case than in the case of millet 

canopies. The coefficients of the regression lines, fitted 

(a) 

0.0 0.2 0.4 0.6 0.8 1.0 

NDV! 

(b) 

I I I I I I 

0.0 0.2 0.4 0.6 0.8 1.0 
MSAVI 

Figure 7. Daily fAPAR plotted versus (a) NDVI and 
(b) MSAVI for natural vegetation (all the simulation 
points are considered). 

between fAPARa and the VIs for each simulated soil 
type and the whole set of points, are given for informa- 
tion in Table 5. 

When we investigate the cause of the scatter (Fig- 
ure 8), as was done previously with the millet data set, 
the conclusions are a httle different. Contrary to the 
millet simulations, the Sun and view angles do not ex- 
plain the majority of the variance (Figures 8c and 8d). 
The greater variability here must be related to the va- 
riety of simulated canopy structures, which have their 
own anisotropy. 

Algorithms for Estimating fAPAR,• 

In the definition of algorithms for calculating fAPARa 
from vegetation indices, millet and natural vegetation 
canopies have been treated separately because they can 
address different problems. In effect, from a geograph- 
ical point of view, savanna (natural or fallow) is the 
predominant vegetation type in the Sahel. But from 
an economical point of view, millet is the main crop 
resource for the population of the Sahel. 

Millet crop canopies. For each Sun-view angle 
pair in the back and forward direction, regression lines 
were fitted to the results of all vegetation structure and 
soil simulations: 

lAPARe - a(0,, 0•, •5) VI + b(O,, 0•, •5) (13) 

where 0s and 0v are the solar and view zenith angles, 
respectively, and •b is the difference between the solar 
and view azimuth angles. 

The slope a of the relationship established with NDVI 
varies with the Sun-view geometric configuration, with 
maxima corresponding to the hot spot configurations 
(Figure 9a). With MSAVI the values of the slope are 
maximal at nadir and symmetrical in the back and for- 
ward directions, an intrinsic property of this vegetation 
index. In both cases the slope of the relationship is 
very sensitive to the geometry of data acquisition, with 
a range between 1.0 and 1.9 for the NDVI and between 
1.4 and 2.7 for the MSAVI. The intercept of the relation- 
ship is also sensitive to the geometry for NDVI (between 
-0.15 and-0.26; Figure 9b) and MSAVI (between -0.25 
and -0.38). 

To quantify the quality of the fAPARa-VI relation- 
ship, the root mean square error of each linear regres- 
sion was calculated. The fAPARd RMSE isolines, plot- 
ted as a function of the Sun and view angles (Figure 9c 
for NDVI), are an indicator of the optimal Sun-view 
configuration to estimate fAPARa. The error is maxi- 
mum for low-view and solar zenith angles (about 0.06 
for NDVI and 0.04 for MSAVI) and minimum for high- 
view and Sun angles (less than 0.04 for NDVI and 0.02 
for MSAVI). In addition, the errors are not symmetri- 
cal around nadir viewing and are larger in the hot spot 
direction. This conclusion is totally dependent on the 
type of vegetation canopy and the background proper- 
ties and is valid for the fAPARa retrieval. It cannot be 
generalized for other purposes or vegetation covers. 
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Figure 8. Daily fAPAR-NDVI relationships for natural vegetation over a bright sandy soil: 
(a) all cases, (b) one canopy structure, (c) one solar zenith angle (30ø), and (d) one Sun-view 
geometry (solar angle equals 30 ø and nadir viewing). 

For simplification, a one-parameter model for esti- The one-parameter model (equation (14)) was fitted 
mating fAPARd from VI is derived on the assumption to the natural vegetation data. The values of the slope a 
that fAPARd equals zero when the VI equals the VI of ranged between 1.5 and 2.15 for the NDVI. For MSAVI 
the bare soil (VI,): (Figure 12a) it is interesting to note that the slope a is 

fArnRd = a(O,, 0•, tk) (VI - VI,) (14) 

For MSAVI the values of the slope a in the back and 
forward direction have been averaged as they were sym- 
metrical around nadir viewing (Figure 10a). The range 
of slopes is larger than that when the two linear re- 
gression coefficients were adjusted (between 1.0 and 2.4 
for NDVI and between 1.5 and 3.0 for MSAVI). The 
RMSE are slightly higher, about 0.02 (Figure 10b), and 
distributed differently. 

Natural Sahelian vegetation. The procedure de- 
scribed above was applied to the natural vegetation 
data set. The fitted coefficients a and b of equation 
(13) are presented in Figures 11a and lib. Here again 
the slope of the NDVI relationship depends on the ge- 
ometry of the data acquisition but is much less sensitive 
than that for millet (slope between 1.1 and 1.5). The 
intercept is almost invariant of the geometry of data ac- 
quisition. The coefficients of the linear regression with 
MSAVI are only slightly dependent on the geometry 
(slope between 1.6 and 1.9). 

For NDVI the RMSE is almost independent of the ge- 
ometric configuration and is close to 0.06 (Figure 11c). 
For MSAVI the errors are maximum at low-view and 

Sun angles (about 0.05), but contrary to the results for 
millet, the error is only slightly sensitive to the view 
angle. 

almost invariant of the Sun-sensor geometric configura- 
tion and is around 2.2. For both vegetation indices the 
error on fAPARd is between 0.06 and 0.08 (Figure 12b). 

An Example Application 

To test the methodology, two different fAPARd-ND• 
algorithms were apphed to two sites within the HAPEX- 
Sahel løxløsite. The first site (2ø33'E; 13ø39'N) is 
mainly composed of millet (about 80%), while the sec- 
ond site (2ø39'E; 13ø06'N) is composed of savanna (be- 
tween 50% and 100%), according to d'Herbgs et al. 
[1992]. The 1-kin-resolution AVHRR data were ex- 
tracted from atmospherically corrected 1992 NOAA 
LAC time series [Kerr et al., 1993]. From clear im- 
ages the red and near-infrared channel data were used 
to calculate NDVI and MSAVI time profiles of the two 
sites, and the Sun and view angles corresponding to 
the data acquisition were identified (Figures 13a and 
14a). Two extreme algorithms were apphed on these 
data (Table 5): (1) the global relationship between fA- 
PARd and NDVI, established for each canopy type from 
all of our simulations, and (2) the relationship between 
fAPARd and (MSAVI-MSAVI,), whose coefficient is a 
function of the geometry of the acquisition. In the latter 
case the slope of the soil line and MSAVI• was calcu- 
lated from the first points in the time series (before the 
rains started). 
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MILLET' fAPARd = a NDVI + b 
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tion around DOY 260, while this peak is replaced by a 
plateau when the second algorithm is used. In fact, dur- 
ing this period (between DOY 240 and 260) the zenith 
angle of the acquisition increased from 30øto 50 ø, lead- 
ing to an artificial increase in the vegetation indices. 
Therefore the use of an algorithm that takes into ac- 
count the geometrical effects of the acquisition corrects 
this artefact. The result is a smoother profile for the 
fAPARd seasonal evolution that is closer to the ground 
observations [B•gud et al., 1996]. 

At the end of the growing season, both algorithms 
give high LaxPARd values, while in fact, fAPARd should 
be dose to zero. This discrepancy is due to the fact that 
the background is no longer bare soil, but soil covered 
with senescent vegetation (therefore a higher VI). 

A successful application of these relations to NOAA 
imagery is given by Ouaidrari [1994]. Taking into ac- 
count the geometry of data acquisition decreased the 
noise in the fAPARd profile and produced a better as- 
sessment of the primary production of millet. 

Discussion and Conclusion 

Millet crop and natural vegetation canopies are ra- 
cliometrically different. Millet crop canopies are highly 
anisotropic because of their architecture, which is com- 
posed of a high density of vertical protrusions. This ar- 
chitecture induces a higher sensitivity in the reflectance 
to the geometry of acquisition, even though there is very 
little sensitivity to the structure itseft in the case of our 
simulations (performed as realistically as possible). In 
contrast, natural vegetation is not very anisotropic be- 

Figure 9. Variations of the (a) slope a and (b) inter- 
cept b as a function of Sun-sensor geometry, and (c) the 
corresponding error isolines. In Figure 9a the curves 
from top to bottom correspond to an increasing solar 
zenith angle (from 10øto 60 ø, 10øinterval). In Figure 9b 
the curves from top to bottom correspond to a decreas- 
ing solar zenith angle (from 60øto 10 ø, 10øinterval). 

The simulation results are presented in Figures 13b 
and 14b for millet and natural vegetation, respectively. 
Globally, the shape of the profiles is different depending 
on the algorithm used. When the global relationship is 
used, fAPARd estimation is poor at the beginning of the 
season because of local soil effects. This result is par- 
ticularly pronounced for the natural vegetation, which 
shows 12% fAPAR before the vegetation grows. In this 
case, no angular correction was apphed. The fAPA•d 
profile calculated with the second algorithm has a larger 
amphtude compared to the f_APARd calculated with the 
global relationship. 

For natural vegetation it is interesting to note that 
fAPARd calculated with the second algorithm decreases 
suddenly around DOY 260. This decrease corresponds 
to the end of the rains and to a drop in the soil water 
content measured in the fields [Wallace et al., 1994]. 

MILLET' fAPARd = a (MSAVI-MSAVIs) 

0 10 20 30 40 50 

view angle 

(a) 

(b) 
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Figure 10. (a) Variations of the slope a as a func- 
tion of Sun-sensor geometry. The curves from top to 
bottom correspond to an increasing solar zenith angle 

For millet, vegetation indices and fAPARd calculated (from 10øto 60 ø, 10øinterval). (b) Corresponding error 
with the global relationship exhibit a peak in vegeta- iso]ines. 
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SAVANNA' fAPARd = a NDVI + b 
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tercept b as a function of Sun-sensor geometry, and 
(c) the corresponding error isolines. In Figure 11a the 
curves from top to bottom correspond to an increas- 
ing solar zenith angle (from 10øto 60 ø, 10øinterval). 
In Figure 11b the curves from top to bottom corre- 
spond to a decreasing solar zenith angle (from 60øto 
10 o 100interval). , 

cause of the presence of a short herb layer and a low den- 
sity of vertical protrusions (trees), but its radiomerry 
depends on the fraction of vegetation cover. Neverthe- 
less, different algorithms calculating fAPARd from at- 
mospherically correct'ed NOAA vegetation indices have 
been proposed for each canopy type, and the recom- 
mendations in the use of these algorithms are the same 
for both canopies. The formulation of these algorithms 
depends on the nature of the satellite data: 

1. If only NOAA-AVHRR NDVI archives are avail- 
able, a global linear relationship is proposed for each 
canopy type, but this relationship is very approximate 
(having bad linearity and high scatter) and does not 
give an accurate fAPAR evaluation (RMSE equals 0.072 
for millet and 0.068 for natural vegetation), especially 
at low vegetation cover. 

2. If the reflectances in the red and near-infrared 

channels are known, we recommended using the algo- 
rithms established with MSAVI, rather than NDVI, in 
order to obtain an accurate fAPARa estimation, espe- 
cially for natural vegetation (RMSE equals 0.07 for mil- 
let and 0.04 for natural vegetation). The slope of the 
soil line can be estimated from the model of Baret et al. 

[1993]. 
3. If the geometry of the acquisition is known, the 

slope and intercept of the linear regressions can be pa- 
rameterized with the Sun and view angles. In the case of 
millet canopies this parameterization improves greatly 
the estimation of the f. APARd, and the best results are 
obtained with MSAVI (RMSE between 0.02 and 0.04). 
But in the case of natural vegetation this parameter- 
ization does not modify globally the accuracy of the 
fAPARd estimation (RMSE between 0.03 and 0.05). 

4. If the N OAA series permits evaluation of the' veg- 
etation index of the background (early image during 
the dry season), simplified algorithms are then proposed 
relating f. APARd to the difference between the canopy 
VI and the background VI, through a one-parameter 
model. For millet, when this coefficient is given as a 
function of the Sun and view angles, the RMSE for 
MSAVI is between 0.03 and 0.06, whereas it was around 
0.09 when the coefficient was not parameterized. For 
natural vegetation this coefficient is almost independent 
of the Sun-view geometry when MSAVI is used; it can 
be considered as a constant and equal to 2.2, with the 
RMSE around 0.07. 

SAVANNA ß fAPARd = a (MSAVI-MSAVIs) 
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view angle 
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Figure 12. 
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(a) Variations of the slope a as a ftmc- 
tion of Sun-sensor geometry. The curves from top to 
bottom correspond to an increasing solar zenith angle 
(•om 10øto •0 ø, 10ø•,t•v•). (•) Co•ro, d•g •o• 
isolines. 
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Figure 13. (a) Temporal profile of millet NDVI (dot- 
ted line), MSAVI (sohd line), and the corresponding so- 
lar (circles) and view (triangles) angles, extracted from 
1992 NOAA series. (b) Daily fAPAR calculated with 
fAPARa - a(O,, 0•) (MSAVI - MSAVI,) (solid line) 
and calculated with the global relationship fAPARd- 
a NDVI + b (dotted line). 

Another interesting point of this analysis of the sim- 
ulations permits definition of the best geometrical con- 
rigaration for the parpose of this study. High solar and 
view angles seem to result 'm linearity and yield accurate 
fAPARd estimation in Sahelian vegetation canopies. 

Limitations of the radiative transfer model used in 

this paper must be recognized. For instance, woody 
components (e.g., branches) and senescent vegetation 
are not included in the model. In some canopies the op- 
tical properties and leaf angle distributions of different 
plant species (such as crown and understory vegetation) 
cannot be differentiated. However, the model and the 
approach adopted in this paper are very powerful and 
should be able to be used in the future to (1) estimate 
fAPAR and other biophysical variables of other biomes 
in the world (such as LAI and cover fraction) from satel- 
lite vegetation indices, (2) calibrate vegetation indices 
at a global scale from other satellite sensors, such as the 
one popoed MODS 141, (3) 
define sensor or orbital characteristics in order to de- 

termine the best geometrical configurations to address 
a particular apphcation. 
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