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Abstract

Two-band (red and near-infrared) vegetation indices are often used in remote sensing for
estimating biophysical properties of vegetated surfaces. Although many considerations have been
made in formulating vegetation indices, the directionality dependency has not been
comprehensively investigated. Many space-borne and air-borne remote sensing sensors acquire
data in large ranges of solar and view angles, thus the angular dependence of vegetation indices is
of particular concern in remote sensing product validation. The 4-Scale model (Chen and
Leblanc, 1997), based on detailed consideration of canopy architecture, is used to investigate the
implications of the bidirectional reflectance distribution function (BRDF) on vegetation indices
for four boreal forest canopies (old black spruce, young and old jack pine, and old aspen). The
model is used to systematically simulate the effects on the Normalised Difference Vegetation
Index (NDVI) of different viewing and illumination geometries and canopy architecture (tree
crown volume, reflectivity of the soil and foliage, non-random distribution of the trees, tree
density and LAI). The model reproduces closely the angular distributions of NDVI measured in
the four stands. It is shown that the directionality of NDVI depends on many canopy architectural
parameters and the differences in the foliage and background optical properties, indicating
considerable uncertainties in deriving biophysical parameters from two-band vegetation indices
when the directionality information is not used and canopy architectural parameters are unknown.

1. Introduction

Validation of satellite-derived high-level products, such as biophysical parameter fields, requires
correction of intermediate variables used in the derivation of the products. The variables include
spectral reflectances at the surface level and vegetation indices formulated from the reflectances.
Two-band vegetation indices (VI) based on the reflectance in the red and near-infrared (NIR)
bands, measurable remotely are used as quantitative measures of vegetation on the Earth’s
surface. One of the most commonly used VIs is the Normalised Difference Vegetation Index
(NDVI) calculated as (Rouse et al. 1974):
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where ρNIR and ρRED are the reflectances in the NIR and red bands, respectively. Although the
NDVI has been criticised for its inability to discriminate the effects of different soil background
(Huete, 1988), it has been found to remove some of the noise in remote sensing signals through
taking the ratio between the two bands (Chen, 1996a; Peterson et al., 1987). This is particularly
important in boreal forest environment where small contrasts often exist between the optical
properties of the forest foliage and the background (soil and understorey). In this paper, we focus
on the NDVI only. Other indices such as the Simple Ratio (SR) and Modified Simple Ratio
(MSR) (Chen, 1996a) can be calculated from NDVI.



It is well known that the reflectance in optical bands from forest stands depends strongly on
illumination and view angles (see Myneni and Ross, 1991). The main feature in the bidirectional
reflectance distribution of forest canopies is the hotspot which occurs mainly because of the
shadow-hiding process (Hapke et al., 1996). Although the angular distribution patterns are often
similar in both red and NIR bands for a large range of views (Bréon et al., 1996; Leblanc et al.,
1999), vegetation indices based on the ratio of these two bands, such as NDVI, still contain
significant angular variation because of the subtle differences between the bands (Gutman, 1991).
Airborne reflectance measurements taken with the POLDER (POLarization and Directional Earth
Radiation) instruments (Deschamps et al., 1994; Bréon et al., 1996) at an altitude of about five
kilometres (see Fig. 1) and ground-based PARABOLA (Portable Apparatus for Rapid
Acquisition of Bidirectional Observations of Land and Atmosphere) measurements (Deering et
al., 1994 and 1995) indicate a directional dependence of NDVI on the view zenith angle (VZA).
Measurements of tallgrass prairie (Middleton, 1991) and alfalfa (Pinter, 1993) also show a
dependence of NDVI on the solar zenith angle (SZA). Relationships between two-band VIs and
leaf area index (LAI) of conifer forests in the United States were found by Peterson et al. (1987)
using the Airborne Thematic Mapper and Spanner et al. (1990) using the Advanced Very High
Resolution Radiometer. Landsat TM images were successfully used by Fassnacht et al. (1997) to
relate individual bands and several vegetation indices to the LAI of 24 deciduous, conifer and
mixed stands. Chen and Cihlar (1996) reported significant correlations between NDVI obtained
from Landsat TM images and LAI in boreal conifer stands. These successful studies with Landsat
images acquired within small view and solar zenith angle ranges indicate the usefulness of
vegetation indices for LAI mapping when their angular variability is removed and cover type
information is used.
Since measurements are available for a limited number of sites and conditions, radiative transfer
models are often used to assess the influence of canopy attributes on the NDVI (Goel and Qin,
1994; Goward and Huemmrich, 1992; Huemmrich and Goward, 1997; Moreau and Li, 1996;n
Myneni and Williams, 1994, Rosema et al., 1992). The NDVI directionality, although implicitly
included in previous BRDF studies (e.g., Li and Strahler, 1992; Nilson and Peterson, 1991;
Verhoef, 1984), has not been comprehensively investigated for forest stands. The 4-Scale model
recently developed by Chen and Leblanc (1997) provides a useful tool for studying the influence
of canopy architecture on the NDVI. The 4-Scale model is based on a detailed mathematical
description of canopy architecture at the scales of tree group, tree crown, branch, and shoot or
leaf (see the next section for details). Using remotely sensed measurements and the 4-Scale
model, the objectives of this paper are: (1) to show the causes of NDVI directionality in forest
canopies, and (2) to show the implications of its directionality in the derivation and validation of
biophysical parameter maps of boreal forests.

2. Four-Scale model

The 4-Scale radiative-transfer model (Chen and Leblanc, 1997; Leblanc et al., 1999) was
developed with emphasis on the structural composition of forest canopies at different scales. The
4-Scale is a geometric-optical model employing several new modelling methodologies:

(1) The non-random spatial distribution of trees is simulated using the Neyman type A
distribution (Neyman, 1939) that creates patchiness of a forest stand. The model simulates tree



crowns as discrete geometrical objects: cone and cylinder for conifers, and spheroid for
deciduous species. The size of the crowns decreases when the trees are found in large clusters and
the tree locations are also subject to the repulsion effect (i.e., no vertical overlaps occur) to better
represent the competition for light;

(2) Inside the crowns, a branch architecture defined by a single inclination angle (Chen and
Black, 1991) is included to improve the calculation of light penetration from the geometric-
optical model of Li and Strahler (1992) which used the assumption of random leaf distribution
inside tree crowns. A branch is in turn composed of foliage elements (individual leaves in
deciduous and shoots in conifer canopies) with a given angle distribution pattern;

(3) The hotspot is computed both on the ground and on the foliage with gap size distributions
between and inside the crowns, respectively;

(4) The imaginary tree surface created by the crown volume (cone and cylinder, or spheroid) is
treated as a complex medium rather than a smooth surface so that shadowed foliage can be
observed on the sunlit side.

For optimum results, the model has multiple parameters that can be separated into three
categories: (i) site parameters: domain size (which represents the pixel size), leaf area index
(LAI), tree density, tree grouping factor (m2) in the sub-domain size (quadrat), solar and view
geometry (SZA, VZA and azimuthal angle difference φ); (ii) tree architecture parameters: crown
radius (r), crown height (Hb) and height base (Ha), apex angle (α) and needle-to-shoot area ratio
(γE) for conifers, foliage distribution (G(θ), the projection of unit leaf area with the clumping
index g or the branch architecture with leaf or shoot orientation αL, branch inclination αb, foliage
thickness RL, branch leaf area index LL and branch thickness Rb), clumping-index (ΩE) and
typical size of the foliage elements (Ws); and (iii) optical properties (reflectivities) of the foliage
and the ground at desired wavelengths. When measurements are not available for some
parameters, defaults or best estimates can be used. The reflectance is calculated by associating
the reflectivities of the crown (RT and RZT for sunlit and shaded crown, respectively) and the
background (RG and RZG for sunlit and shaded background, respectively) to the four scene
components (proportions of the domain viewed): sunlit (PT) and shaded crown (ZT) and sunlit
(PG) and shaded background (ZG):

ρ = ⋅ + ⋅ + ⋅ + ⋅P R P R Z R Z RT T G G T ZT G ZG                                                  (2)

A distinction is made here between reflectivity and reflectance. While both refer to the
percentage of incident radiation reflected by an object, "reflectivity" is used for scene
components such as sunlit foliage and ground, however "reflectance" is used for the composite
scene, i.e., the overall scene reflectance. This distinction bridges the gap in terminology usage
between ecologists and remote sensing scientists. For the shaded components, the reflectivity is
defined as the percentage of reflected irradiance from those components per incident solar
irradiance at the top of the canopy for the convenience of modelling. The sunlit components are
mainly governed by the direct irradiance and their intrinsic reflectivities while the reflection from
the shaded components depends on their irradiance resulting from the sky diffuse radiation and
multiple scattering within the canopy. Average multiple scattering factors (Chen and Leblanc,



1997) are used over the whole SZA range. The contribution of multiple scattering is more
important in the NIR than the red band because of the larger foliage reflectivity and transmisivity.
For a canopy with an important understorey such as hazelnut shrubs in the BOREAS Old Aspen
site, a double-canopy version of the 4-Scale model is used (Leblanc et al., 1999). The double-
canopy introduces two new proportions in equation (2), namely shaded and sunlit foliage in the
lower canopy. The model results compare very well with airborne POLDER data (Leblanc et al.,
1997) of four boreal forests (coefficients of determination (R2) larger than 0.90) and ground
PARABOLA measurements (Chen and Leblanc, 1997) taken over the Old Black Spruce (OBS)
stand used in BOREAS (BOReal Ecosystem-Atmosphere Study, Sellers et al., 1991). Table 1
shows the model input parameters, based on measurements in the BOREAS sites (Chen 1996a
and 1996b; Chen and Cihlar, 1996; Chen et al., 1997; Middleton et al., 1997; White et al., 1995).
Variations of these parameters are applied here to study different optical, architectural, and
directional effects on the NDVI.

Table 1: Model input parameters for the four canopies taken from Leblanc et al.(1999). The parameters for the OBS,
YJP, and OJP sites are based on summer conditions and the parameters for the OA site represent Spring conditions.



3. Directionality of NDVI in forest stands

Figure 1 shows POLDER measurements and the 4-Scale simulated NDVI near the principal solar
plane (azimuth angle within 10°) for four boreal forest sites (the red and NIR measurements and
simulations can be seen in Leblanc et al., 1999). The input parameters for the model are listed in
Table 1 with the red band centred at 670 nm and the NIR band at 864 nm. Only the OBS site
shows important differences between the simulation and the measurements at small VZA that
mainly come from the differences between the measured and modelled red band reflectance. The
discrepancies at large VZA on the forward scattering side of OBS and OA could be caused by the
atmospheric correction algorithm used (Leblanc et al., 1999).

Figure 1: Surface NDVI calculated from the red and near-infrared band of the POLDER instrument with the
atmospheric correction algorithm 6S (Vermote et al, 1996), and NDVI simulated with the 4-Scale model for four
boreal forest sites: Old Black Spruce (OBS), Young Jack Pine (YJP), Old Jack Pine (OJP) and Old Aspen (OA). The
parameters in Table 1 are used as inputs for the model.

Figures 2a and 2b show the directional reflectance distributions of the OBS stand in the red and
NIR bands, respectively. The results are obtained using the 4-Scale model with the parameters
from Table 1 but at SZA=45°. The simulations show strong directional dependency and



pronounced hotspots in both bands. In open boreal forests, the influence of the background on the
directional distribution is particularly strong. Because NDVI is computed using reflectances in
the red and NIR bands, it is also influenced by the view and illumination geometry, even though a
large portion of the angular variability is reduced after taking the ratio of these two bands.

Figure 2: Hemispherical reflectance simulations of the Old Black Spruce site in a) the red band abd b) the near-
infrared band. The blue grid line represents the principal solar plane. SZA = 45°.

Figure 3a shows a hemispherical distribution of the NDVI using the data shown in Figs. 2a and
2b for the OBS site. The NDVI is largest on the forward scattering side with values up to 0.85
and lowest at the hotspot with a value of 0.65. At the hotspot, the scene is composed of only
sunlit crown and ground, both of which have lower NDVI than their shaded counterparts. Sunlit
components are dominated by the direct irradiance while the shaded components reflect diffuse
radiation from the sky and from multiple scattering. In the NIR band, which is more affected by
the multiple scattering than the red band, the relative increase of shaded components brightness
from multiple scattering is larger than that in the red band, giving rise to a larger NDVI in the
shaded components than in the sunlit components. Figure 3b shows a simulated hemispherical
distribution of NDVI for the BOREAS YJP site. The range of NDVI distribution at YJP is
narrower than at OBS. It increases from 0.78 at the hotspot to a maximum of 0.91 at large view
zenith angles. Although the range of directional variation in NDVI is substantially smaller than
those of the individual bands, it is still considerable in both cases.
Figure 4 shows simulated NDVI distributions along the principal planes for the four sites
investigated at a common SZA of 45°. The simulations were done at a view angle step of one
degree. The measured and simulated NDVI from Fig. 1 missed the hotspot effect because of the
large angular separation (5° to 12°) used. Generally, the NDVI increases as the view zenith angle
increases, and is larger on the forward scattering side than on the backward scattering side. The
NDVI distributions on both sides are more symmetrical in YJP and OA than in OBS and OJP.
The model is now used to reveal the reasons behind these different NDVI angular distributions at
the various sites and to investigate in general the effects of ground and foliage optical properties
and various canopy architectural attributes on NDVI distribution.



         

Figure 3: Hemispherical NDVI simulations of a) the Old Black Spruce site and  b) the young Jack Pine site. The
thicker grid line represents the principal solar plane. SZA = 45°.

       

Figure 4: Simulated NDVI in the principal plane for four boreal forests: Old Black Spruce, Young Jack Pine, Old
Jack Pine, and Old Aspen. SZA = 45°.



3.1. The effects of the solar zenith angle

The sun’s angular position has a great influence on remote sensing signals from forest canopies,
especially near the hotspot and nadir views. The latter is extremely important because of the
effect of SZA on the amount of shaded ground surface that can be seen from remote sensing
platforms. Measurements in tallgrass prairie (Middleton, 1991) and in alfalfa (Pinter, 1993)
generally show an increase of NDVI with SZA. However, Singh (1988), and more recently
Sellers et al. (1995) using a simple angular correction algorithm (FASIR), assumed a decrease of
NDVI with increasing SZA. The knowledge for this specific SZA effect is lacking for the boreal
forest. Figure 5 shows nadir NDVI changes with SZA. The four simulated canopies all show an
increase of NDVI with SZA, due to a common reason: with an increasing SZA, more shadowed
foliage and background is seen vertically, and the shadowed components have higher NDVI than
their respective sunlit counterparts. The simple treatment of the complicated multiple scattering
effect may have induced an unknown error in calculated NDVI distribution when SZA is larger
than 60° .

           

Figure 5:  NDVI versus solar zenith angle for four boreal forests simulated using the 4-Scale model.

3.2. The effects of ground and foliage reflectivities

The proportions and reflectivity combinations of the four scene components are the main
mechanisms behind the directionality of NDVI in forest stands. The background usually has a
lower NDVI than the foliage so that an increase in LAI, which reduces the gap fraction, results in
a larger NDVI. This is the main reason for the general bowl shape of NDVI hemispherical



distribution shown in Fig. 3. The increase in the probability of seeing shaded foliage at large view
zenith angles also contribute to the bowl shape. For two forests with similar probabilities of
seeing sunlit and shaded components but with different scene reflectivities, their NDVI values
can be very different. The reflectivities of each scene also depend on the sensors band and
bandwidth used (Teillet et al., 1997).
Figure 6a shows simulated NDVI distributions in the principal solar plane at SZA = 45° for the
OBS site for four cases of background reflectivities: (1) normal case with the background
reflectivities based on measurements; (2) normal NIR background reflectivities but with double
red band reflectivities ( RG

RED  = 0.08 and RZG
RED = 0.004); (3) normal red band reflectivities with

double NIR band reflectivities ( RG
NIR = 0.50 and RZG

NIR  = 0.22); and (4) a very reflective
background with double red and NIR reflectivities ( RG

RED = 0.50, RZG
RED  = 0.08, RG

NIR  = 0.22 and
RZG

NIR  = 0.004). The results indicate that the changes are more important at nadir where the
maximum background can be seen. The two extreme cases are found when only one of the bands
is changed. Doubling the NIR band background reflectivities increases the nadir NDVI, and
doubling the red decreases it by the same amount. When both band’s background reflectivities
are increased, the NDVI is much less affected because the ratio of the bands remove some of the
variations. Figure 6b shows, as examples, how NDVI is affected by a variation in the red foliage
band reflectivities. Low ( RT

RED = 0.073 and RZT
RED  = 0.003) and high ( RT

RED = 0.165 and RZT
RED  =

0.006)  foliage reflectivities are used to demonstrate the effect of foliage reflectivity on NDVI.
The lower red reflectivity induces a larger NDVI and the higher reflectivity gives the opposite.

3.3. The effects of leaf (shoot) and branch inclinations.

Branch and leaf (or shoot for conifers) inclinations also affect the directionality of the NDVI. The
processes of both light and view line penetrations through the canopy are influenced by the
orientation of the foliage. The 4-Scale model simulates the sub-canopy architecture with branches
symmetrically attached around the trunk. The leaves or shoots are found within the branches
defined as thin slabs of foliage. The branch and leaf inclinations (αb and αL) from the horizontal
plane are the parameters that control the sub-canopy architecture (Chen and Black, 1991).
Detailed 3-D measurements of the architecture of jack pine trees can be found in Landry et al.
(1997).



                    

Figure 6:   Effects of a) the variation of the ground reflectivity and b) the variation of the foliage reflectivity in the
red band on the principal plane NDVI of the Old Black Spruce site. SZA = 45°.

Figures 7a and 7b show the difference in NDVI between the cases of near vertical (αb = 75° and
αL = 75°, positive angles representing upward directions) and horizontal branches and shoots (αb
= 0° and αL = 0°) for the OBS and OJP site, respectively, at SZA = 45°. The branches and shoots
are randomly distributed within their respective confinement: shoots within branches and
branches within tree crowns (Leblanc et al., 1999). The branch architecture has a pronounced



        
Figure 7:   The principal plane NDVI with horizontal and near vertical shoots and branches for a) the OBS site and
b) the OJP site. SZA =°.

effect on the directional distribution of NDVI in OJP, but the effect is much smaller in OBS. The
difference in crown foliage density in these two stands is the probable cause for the difference in
the magnitude of the sub-canopy architecture effect. The foliage density in OJP crowns is low
and therefore the change in the foliage organization and orientation has a large effect on the
probabilities of light and view line penetrations through the crowns. In OBS, where tree crowns



are dense, the model shows that detailed foliage distribution within the crowns only has a
secondary effect on NDVI. In both cases, similar patterns of sub-canopy architectural effects are
found, albeit different in magnitude. Near nadir, the NDVI is larger in the case of horizontal
shoots and branches because the probability of seeing the background vertically is smaller
through the horizontal foliage. At large view zenith angles on the forward scattering side, the
foliage orientation increases the NDVI. When the branches and shoots are horizontal, the
probability of seeing sunlit foliage from the shaded side is larger than when the foliage is almost
vertical. The dense vertical structure prevents the viewer to see sunlit foliage through the crown.
Again, the NDVI increases because the viewer sees more shaded foliage. This sub-canopy
architectural effect should depend on the stand density, which modifies the multiple scattering
processes. The 4-Scale model needs to be improved for investigation of the multiple scattering
effects for a larger range of stand densities. The multiple scattering should be explicitly included
and the code improved because it is limited numerically to a maximum probability of about 350
trees per sub-domain in the combined Neyman and negative binomial functions.

3.4. The effects of crown volume

 The crown volume confines the spatial distribution of the foliage. Using the 4-Scale model,
variations of the crown’s radius (r) and height (Hb) are applied to the OBS and OJP sites. One
effect of using larger radius is to decrease the gap fraction, especially near the vertical direction.
A smaller gap fraction means less background to be seen and therefore a larger NDVI. Figure 8a
shows NDVI distributions on the principal plane for the OBS site, the curves representing
different crown volumes using a constant LAI. At very large view angles on the forward
scattering side, the NDVI increases as the crown radius decreases because the foliage density
inside the crowns increases, thus allowing less sunlit foliage to be seen on shaded side of the
crown. By changing the length of the cylinders, the model shows NDVI variation mainly on the
forward scattering side where taller crowns cast longer shadows. Although the foliage density
inside the crown decreases with crown height, the amount of shaded foliage seen at large zenith
angles increases on the forward scattering side, resulting in a NDVI increase. Comparing Figs. 8a
and 8b shows that the crown volume does not change the NDVI at OJP the same way as at OBS.
Because the LAI is lower and the gap fraction larger at OJP than at OBS, changing the crown
volume induces more pronounced effects on the NDVI in OJP. The major NDVI changes of OJP
can be seen at nadir on Figure 8b.

3.5. The effects of stand density and LAI

Theoretically, a forest vegetation index indicates the amount of foliage in a forest, thus it should
be related to the LAI. In open boreal forests, NDVI-LAI relationships can be greatly affected by
the contribution from the background consisting of various understory species and mosses. The
amount of the background contribution is highly dependent on the stand density. 3.5. The effects
of stand density and LAI Theoretically, a forest vegetation index indicates the amount of foliage
in a forest, thus it should be related to the LAI. In open boreal forests, NDVI-LAI relationships
can be greatly affected by the contribution from the background consisting of various understorey
species and mosses. The amount of the background contribution is highly dependent on the stand
density.



              
Figure 8:   Effect of crown volume on the directionality of NDVI; variation of the crown radius and height for  a) the
OBS site and b) the OJP site. SZA = 45°.

Figure 9 shows the variation of NDVI at the OA site in the principal plane with different LAI
values and tree densities. The results indicate that a LAI of 1.5 can give a larger NDVI than a
LAI of 3 for the same species if the foliage is distributed in more tree crowns of the same size.
For the same number of trees, a higher LAI produces a larger NDVI. A change in the understorey
LAI is also simulated with the LAI of the hazelnut at 0.5 and 2 for the aspen canopy with LAI of
3. It shows that the LAI of the hazelnut is an important factor as it increases the NDVI. The
complications induced from the variations in the stand density, crown size and background may
be the reason for weak NDVI-LAI relationships found in previous studies (Badhwar et al., 1986).



In reality, dense stands do not show much deviation from a random tree distribution (Franklin et
al., 1985), so when averaged for large areas, it causes only a small uncertainty in NDVI-LAI
relationships for coarse resolution images. However, in high resolution images, the dependence
of the NDVI on the stand density can be a large source of error in LAI mapping because of large
variations in stand density due to patchiness caused by many local variations in environmental
conditions.

Figure 9:   Effects of LAI and stand density on NDVI of the OA site. SZA = 45°.

3.6. The effects of tree distribution patterns

The patchiness of a forest stand, or the non-randomness of tree distribution, is modelled using the
Neyman distribution in the 4-Scale model. The domain is divided into n quadrats. The size of the
quadrats represents the extent of the radiative interaction process within the canopy, i.e., the
horizontal distance of light (or view line) penetration from the top of the canopy to the ground. It
should also be adjusted for the maximum extent of a cluster of trees. The non-random tree
distribution is obtained by having random positioning of clusters of trees with a random size, i.e.,
a double Poisson process. The mean cluster size is the Neyman grouping m2. In our previous
studies (Chen and Leblanc, 1997; Leblanc et al., 1999), we used large quadrat sizes to consider
the interaction at large zenith angles but at small zenith angles, or when the foliage density is
high, the interaction occurs only within a small spatial distance and the grouping of trees within
the quadrat thus becomes very important. When using a quadrat size of 500 m2, the Neyman
grouping has a small effect on the reflectances (Chen and Leblanc, 1997), but by reducing the



quadrat size to 100 m2, the Neyman process greatly affects the reflectances, and thus the NDVI.
Measurements in the OJP site revealed a m2 value of 3 for quadrat size of 100 m2 (Chen and
Leblanc, 1997). Increasing the grouping factor m2 augments the stand patchiness and the
probability of seeing the ground. Figure 10 shows how the NDVI changes with different Neyman
groupings. The random case is modelled with the Poisson distribution. The variation around nadir
is mainly due to the effect of tree grouping on light penetration in the canopy. The tree grouping
only has a small effect on the gap fraction near the vertical view direction when the repulsion
effect is used (i.e., when no vertical overlapping of the crowns is allowed). The grouping effect
allows more sunlight to reach the ground surface, giving less shaded ground surface, thus smaller
NDVI values.

Figure 10:  Tree clustering effects on NDVI in the OJP site. SZA = 45°. The Neyman grouping m2 is the mean
cluster size.

3.7. Main mechanisms controlling the NDVI for the four sites

With the simulation results shown in Figs. 6-10, we can now explain the mechanisms controlling
the measured NDVI distributions in Fig. 1. The four scene components that compose the
reflectances have different NDVI values that are determined by their red and NIR reflectivities.
For all four sites, the largest scene component NDVI values are associated with the shaded
components, and they are generally higher for the canopy than the background. Since the
probabilities of seeing both shaded and sunlit crowns increase with view zenith angle, the NDVI



values follow the same trend which results in a directional distribution of NDVI that is minimum
at the hotspot where all the foliage and the ground scene components are illuminated, or at nadir
where the maximum background can be seen, depending on the reflectivities and the scene
proportions. NDVI variations near the hotspot can be seen more clearly in the simulations shown
in Fig. 4 than those in Fig. 1 where the POLDER measurements were only available in large
angular steps. It was shown that any changes in the gap fraction due to crown size, view angle,
foliage density, etc., affects the NDVI, as more ground seen through the canopy generally
decrease the NDVI.
Based on the reflectivities in Table. 1, the NDVI value for the shaded ground component in the
OBS site is the largest among the four sites investigated because of the green moss and
understory species. The OBS NDVI increases continuously from the hotspot to the nadir and to
the large view zenith angles on the forward scattering side. This is mainly caused by the
continuous increase in the probabilities of seeing the shaded crown. The elongated crowns at the
OBS site cause the canopy gap fraction to decrease rapidly from the nadir. This is one
explanation of the steeper change in the NDVI value with the VZA than the other sites where
crowns are larger and the gap fraction varies less with the VZA. In OBS, the lowest NDVI at
large backscattering VZAs is associated with the lowest NDVI for the sunlit crown (0.65) among
the four species. On the forward scattering side at VZAs larger than 55°, the modelled NDVI in
OBS (Fig. 4) shows a decreasing trend because of the cone and cylinder geometry. At large
zenith angles, the cylindrical part of the crown is obscured and the scene is occupied mostly by
the conical part. Because of the conical geometry, a small sunlit surface can be seen from the
shaded side combined with a high red foliage reflectivity causes a decrease in the NDVI value.
However, this trend is not found in the measurements because of the limited view angle range.
The OBS site has the largest LAI (Table 1) but because the foliage is concentrated in dense
pencil-like narrow crowns, the resulting NDVI is not the largest.
The low NDVI in OJP is caused by a combination of three factors: (i) a low tree density (1850
stems per hectare); (ii) a small LAI (2.2); and (iii) the lowest sunlit ground NDVI among the
species studied. Both (i) and (ii) result in large canopy gap fractions. Near the vertical view
direction, about half of the exposed ground in OJP is illuminated at SZA = 35°, resulting in the
lowest NDVI among the four forest stands.
The YJP and OA sites have the highest NDVI among the four sites studied within the principal
solar plane. The large NDVI in YJP can be explained by the reflectivities of the scene
components (see Table 1). The YJP site has a low LAI but with a larger crown size, hence the
gap fraction is smaller which shows more foliage, and the young jack pine needles have the
lowest reflectivity in the red band ( RT

RED = 0.05) among the four sites and at the same time the
highest NIR reflectivity ( RT

NIR = 0.53), resulting in a largest NDVI (0.83) for the sunlit foliage.
For the shaded foliage, the NDVI increase to 0.95. The small contrast between sunlit and shaded
foliage reflectivities can explain the symmetry about nadir observed by POLDER (Fig. 1). This
effect of leaf optical properties is consistent with Fig. 6b which shows that changes in crown
reflectivities induce systematic changes at all view zenith angles. The OA site differs from YJP
mainly by its important understorey composed of hazelnut shrubs which increase the overall
NDVI values compensating for slightly lower NDVI for the aspen leaves than the YJP needles.
With the limited measurements, we cannot determine whether the differences found between the
model and the measurements in Fig. 1 are caused by model deficiency or by measurement errors
such as atmospheric corrections.



3.7. Main mechanisms controlling the NDVI for the four sites

With the simulation results shown in Figs. 6-10, we can now explain the mechanisms controlling
the measured NDVI distributions in Fig. 1. The four scene components that compose the
reflectances have different NDVI values that are determined by their red and NIR reflectivities.
For all four sites, the largest scene component NDVI values are associated with the shaded
components, and they are generally higher for the canopy than the background. Since the
probabilities of seeing both shaded and sunlit crowns increase with view zenith angle, the NDVI
values follow the same trend which results in a directional distribution of NDVI that is minimum
at the hotspot where all the foliage and the ground scene components are illuminated, or at nadir
where the maximum background can be seen, depending on the reflectivities and the scene
proportions. NDVI variations near the hotspot can be seen more clearly in the simulations shown
in Fig. 4 than those in Fig. 1 where the POLDER measurements were only available in large
angular steps. It was shown that any changes in the gap fraction due to crown size, view angle,
foliage density, etc., affects the NDVI, as more ground seen through the canopy generally
decrease the NDVI.
Based on the reflectivities in Table. 1, the NDVI value for the shaded ground component in the
OBS site is the largest among the four sites investigated because of the green moss and
understory species. The OBS NDVI increases continuously from the hotspot to the nadir and to
the large view zenith angles on the forward scattering side. This is mainly caused by the
continuous increase in the probabilities of seeing the shaded crown. The elongated crowns at the
OBS site cause the canopy gap fraction to decrease rapidly from the nadir. This is one
explanation of the steeper change in the NDVI value with the VZA than the other sites where
crowns are larger and the gap fraction varies less with the VZA. In OBS, the lowest NDVI at
large backscattering VZAs is associated with the lowest NDVI for the sunlit crown (0.65) among
the four species. On the forward scattering side at VZAs larger than 55°, the modelled NDVI in
OBS (Fig. 4) shows a decreasing trend because of the cone and cylinder geometry. At large
zenith angles, the cylindrical part of the crown is obscured and the scene is occupied mostly by
the conical part. Because of the conical geometry, a small sunlit surface can be seen from the
shaded side combined with a high red foliage reflectivity causes a decrease in the NDVI value.
However, this trend is not found in the measurements because of the limited view angle range.
The OBS site has the largest LAI (Table 1) but because the foliage is concentrated in dense
pencil-like narrow crowns, the resulting NDVI is not the largest.
The low NDVI in OJP is caused by a combination of three factors: (i) a low tree density (1850
stems per hectare); (ii) a small LAI (2.2); and (iii) the lowest sunlit ground NDVI among the
species studied. Both (i) and (ii) result in large canopy gap fractions. Near the vertical view
direction, about half of the exposed ground in OJP is illuminated at SZA = 35°, resulting in the
lowest NDVI among the four forest stands.
The YJP and OA sites have the highest NDVI among the four sites studied within the principal
solar plane. The large NDVI in YJP can be explained by the reflectivities of the scene
components (see Table 1).
The YJP site has a low LAI but with a larger crown size, hence the gap fraction is smaller which
shows more foliage, and the young jack pine needles have the lowest reflectivity in the red band
(= 0.05) among the four sites and at the same time the highest NIR reflectivity (= 0.53), resulting
in a largest NDVI (0.83) for the sunlit foliage. For the shaded foliage, the NDVI increase to 0.95.
The small contrast between sunlit and shaded foliage reflectivities can explain the symmetry



about nadir observed by POLDER (Fig. 1). This effect of leaf optical properties is consistent with
Fig. 6b which shows that changes in crown reflectivities induce systematic changes at all view
zenith angles. The OA site differs from YJP mainly by its important understorey composed of
hazelnut shrubs, which increase the overall NDVI values compensating for slightly lower NDVI
for the aspen leaves than the YJP needles.
With the limited measurements, we cannot determine whether the differences found between the
model and the measurements in Fig. 1 are caused by model deficiency or by measurement errors
such as atmospheric corrections.

4. Implications of NDVI directionality on derivation and validation of remote
sensing products

 NDVI of forest canopies is highly dependent on the difference in the directional distribution of
reflectance between red and NIR bands. It has been shown that the NDVI directionality is
pronounced in all four forests investigated. Numerical experiments indicate that the directionality
results from various canopy optical and architectural attributes. For a sound validation of high-
level remote sensing products such as LAI, the intermediate variables including reflectance and
vegetation index, if used for deriving remote sensing products, should be validated as
prerequisites. Errors in the surface reflectances are contagious for vegetation index and higher-
level products, even though some of these errors are reduced by taking the ratio between the two
bands. When the NDVI is validated at one combination of illumination and view geometries, its
values in other combinations are not automatically known without the knowledge of the optical
and structural properties of the stand and need to be further validated.
NDVI values derived from individual bands after BRDF corrections (Chen and Cihlar, 1997;
Cihlar et al., 1997; Deering et al., 1990; Roujean et al., 1992; Walthall et al., 1985) are an
improvement over non-corrected NDVI values. The BRDF correction algorithms are strongly
cover type dependent. This is also evident from the model results and measurements shown in
this paper. When possible, a stratification of the image by land cover type should be made. This
is important because the NDVI directionality and magnitude are different among stands of
different species investigated (Figs. 1 and 4; Deering et al., 1995). To further improve parameter
retrieval, a stratification by age or stand density can also be considered. To ensure unbiased
derivation of parameters within a remote sensing image or between multiple images, we also
need to calculate reflectances of each pixel at a common illumination and view geometry. This
can be done by constructing the directional distributions of reflectances for each cover type
through empirical or semi-empirical fits (Wanner et al., 1995) to available data or through
mechanistic modelling (e.g., using the 4-Scale model). The optimal choice of the geometry would
be the vertical view and a representative solar zenith angle for the geographical area of concern,
such as 45° for Canada (Cihlar et al., 1997). In using the NDVI for biophysical parameter
mapping, it is evident from the simulation results that precautions should be taken for many
canopy architectural attributes which affect the relationship between the NDVI and the parameter
of interest. In addition to the effects of the background of variable understoreys, one should also
be concerned with the spatial distribution pattern of the foliage. In forest stands, the distribution
is controlled by the stand density and the spatial distribution pattern of trees. While the variations
of these properties between large pixels may be small for natural stands, the variations between
small pixels present a challenge for high resolution mapping of biophysical parameters. This
problem deserves more attention in high spatial resolution (i.e., 100~102 m) remote sensing and



its product validation. Some attempts have been made to use textural parameters in high
resolution airborne images for improving LAI estimation (Wulder et al., 1996).
The complexity in the NDVI-LAI relationship indicates strong limitations to the use of vegetation
indices for LAI mapping. Inversion models may be used instead of vegetation indices (Gao and
Lesht, 1997; Hall et al., 1995; Kuusk, 1991; Privette et al., 1996). However, inversion models
also have to confront the same complexity and unknown canopy architectural attributes. When
accurate multiple angle measurements for the same location are available, the directionality of
NDVI may be used to improve LAI derivation rather than being treated as noise.

5. Summary

NDVI angular variations are found to be considerable in both limited measurements and in
comprehensive model simulations. These variations cannot be ignored in the generation and
validation of remote sensing products. Many canopy optical and geometrical attributes affect the
directionality of the NDVI. For a given forest type with the same background, the spatial
distribution patterns of foliage have pronounced effects on NDVI directionality. The most
important geometrical attributes are the stand density and the tree distribution patterns. For the
black spruce species predominant at high latitudes, sub-canopy architecture such as the geometry
of branches and shoots has secondary but significant effects on the NDVI angular signature.
These effects are much more pronounced for jack pine. As other vegetation indices (e.g., SR and
MSR) can be derived from NDVI without additional information, their directionality should
follow that of NDVI found in this study. In developing algorithms for deriving biophysical
parameters using NDVI or other vegetation indices, it would be useful to stratify against not only
the species but also the age and density because of the changes in the optical and structural
properties.
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