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ABSTRACT: The predicting power and sensitivity to varying illumination conditions etc. was compared for
three selected vegetation indices using simulated canopy spectral reflectance data. The results show that the
ratio vegetation index (RVI) and the second soil adjusted vegetation index (SAVI2) are good indicators of
crop photosynthetic potential for sparse cereal canopies, whereas the red edge inflection point (REIP) is to be
preferred for intermediate canopy densities. REIP proved to be insensitive to solar elevation angle, and is
therefore well suited for estimation of average leaf chlorophyll content, when green leaf area index is known.

1 INTRODUCTION

Various vegetation indices (VI) based on spectral re-
flectance of green canopies have been proposed in
the remote sensing literature over the past three dec-
ades, all claiming to be sensitive to greenness and
amount of green leaf material, typically parameter-
ized as green leaf area index (LAI), canopy chloro-
phyll density (CCD), biomass or fraction of ab-
sorbed photosynthetically active radiation (fAPAR)
(Miller et al., 1990; Wiegand et al., 1992; Petersen et
al., 1996; Broge and Leblanc, 2001). However, most
of these indices are also sensitive to other factors,
such as the spectral properties of the soil back-
ground, the view-illumination geometry, the di-
rect/diffuse radiation ratio and, for air- or satellite
borne sensors, also the atmospheric composi-
tion(Broge and Leblanc, 2001; Broge and
Mortensen, 2002).

Portable measurements of canopy spectral reflec-
tance have been an integral part of several projects
related to crop production, water balance, crop pro-
tection, remote sensing etc. at Research Centre Fou-
lum. Most measurements have been made using dual
band red and near-infrared (NIR) sensors. Reflec-
tance measurements have typically been transformed
into the ratio vegetation index (RVI) before being
correlated with agronomic variables related to crop
development. Recent studies have shown that the
position of the red edge inflection point (REIP) may
provide a measure of crop status, which is practi-
cally insensitive to solar zenith angle and light com-
position.

2 RATIONALE AND OBJECTIVE

It is the purpose of this study to compare the sensi-
tivity of RVI, SAVI2 and REIP to changes in solar
zenith angle. RVI has been routinely used to assess
crop growth and development during the past decade
at Research Centre Foulum. However, (Pinter Jr. et
al., 1985) measured canopy spectral reflectance over
six cultivars of spring wheat and showed that RVI
depend on both the position of the sun, and the ar-
chitecture of the canopy, with erectophile canopies
exhibiting higher sensitivity to solar elevation than
planophile canopies. On the other hand, recent stud-
ies conclude that RVI is relatively good at estimat-
ing both LAI and CCD when atmospheric noise is
not of concern(Broge and Leblanc, 2001; Broge and
Mortensen, 2002). The same studies also indicate
that REIP may be a good candidate for the estima-
tion of CCD in dense canopies, and further, that
REIP is almost unaffected by solar elevation con-
trary to all other indices included in the analysis.

3 METHODOLOGY

A canopy reflectance model (ProSAIL (Jacquemoud
et al., 2000)) was employed to simulate spectral re-
flectance with 10 nm band spacing of a range of
similar canopies. The selected range of model input
parameters represent a wheat crop. The mathemati-
cal form of the ProSAIL model is
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where ρ is reflectance at wavelength λ, θS(°) and
ψS(°) represent the solar zenith and azimuth angles,
θV(°) and ψV(°) represent the view zenith and azi-
muth angles, MTA(°) is the mean leaf tilt angle, N(-)
is a parameter describing the leaf mesophyll struc-
ture (Jacquemoud and Baret, 1990), Cab(µg/cm2)) is
the leaf chlorophyll concentration, CW(cm) is the the
leaf water depth, CDM(g/cm2) is the leaf dry matter
content, s is the Kuusk hot spot size parameter
(Kuusk, 1991), and ρS is the soil background reflec-
tance at wavelength λ. The ProSAIL model builds
on the following assumptions regarding canopy
morphology:

• the canopy is horizontal, homogenous and in-
finitely extended

• the canopy consist of small green flat leaves
and is characterised by a uniform leaf azi-
muth distribution

In this study only nadir view angle was consid-
ered (θV=0°), which means that the azimuth angles
ψS and ψV may be neglected. Leaf water content has
practically no effect on the spectral properties in the
visible and NIR domain. The leaf structure parame-
ter was fixed at 1.5, which corresponds to most plant
leaves (Jacquemoud and Baret, 1990). Leaf dry mat-
ter content and leaf water content were fixed at 5
mg/cm2 and 0.02 cm respectively, representing aver-
age values for a wheat crop (Broge, 2001). The hot
spot size parameter was set to 0.25 (Jacquemoud et
al., 1995; Broge, 2001). The visibility was fixed at
50 km, representing a clear day, and spectral reflec-
tance of a dark greyish brow (Munsell color code

2.5Y 4/2) was used as the soil background reflec-
tance. The range of the remaining parameters used
for the simulations were selected to represent the
natural variations found in common Danish wheat
cultivars (Table 1).

Table 1. Parameter values used in the simulations

Model
parameters

VI – LAI
relationships

VI – CCD
relationships

LAI (-)
0.1, 0.2, 0.4, 0.8,
1.6, 2.4, 3.2, 4.0,
4.8, 6.4, 9.6, 12.8

0.1, 0.2, 0.4,
0.8, 1.6, 3.2,

6.4, 12.8

Cab(µg/cm2)
30, 40, 50, 60, 70,

80
40, 80

MTA(°) 50, 60, 70
θS(°) 15, 30, 45, 60

LAI is a key variable frequently used as input for
crop growth models and soil-vegetation-atmosphere
(SVAT) models. As LAI is functionally linked with
the evolution of canopy spectral reflectance over the
growth season, it was used as the controlling vari-
able in the simulations. However, the photosynthetic
potential of a crop is primarily governed by the
abundance of chlorophyll pigments in the canopy.
Thus, the canopy chlorophyll density (CCD), de-
fined as the product of LAI and Cab may be a more
appropriate measure of crop development for appli-
cations related to crop productivity rates and yield.

The three vegetation indices were calculated from
the simulated reflectances. The mathematical formu-
lations of the indices are presented in Table 2.

Table 2. VI formulae

Acronym Name VI Reference

RVI
Ratio
vegetation
index red

NIRRVI
ρ
ρ

= (Pearson and Miller, 1972)

SAVI2a
Second soil ad-
justed vegeta-
tion index 94.1,39.1

/
2

==
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(Qi et al., 1994)

REIPb Red edge in-
flection point )0)´´((derivativesecondtheofrootREIP

)( 6543210
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(Broge and Leblanc, 2001)

a The soil line coefficients a and b are derived from the relationship ρ800=a*ρ650+b using spectral measurements performed at
different soil moisture contents.

b c0, c1, c2, c3, c4, c5 and c6 are coefficients associated with a polynomial curve fit over the vegetation red edge region (670 – 780
nm).
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4 RESULTS AND DISCUSSION

The results show, that REIP is indeed insensitive to
the solar zenith angle. Figure 1 show the relationship
between vegetation index (RVI or REIP) and LAI
for a canopy with no chlorosis.
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Figure 1. Relationship between vegetation indices and LAI
(θS=[15,30,45,60], Cab=80 µg/cm2, MTA=60°) for a typical ce-
realcanopy with no chlorosis. ‘*’ denote RVI values; ‘ ’ de-
note REIP values).

The sensitivity of these relationships to solar ze-
nith angle is reflected in the scatter associated with
each VI. The relationship with Cab exhibits a similar
pattern for a cereal crop at bushing growth stage, i.e.
LAI≈1.6 (Figure 2).
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Figure 2. Relationship between vegetation indices and Cab

(θS=[15,30,45,60], LAI=1.6, MTA=60°) for a typical cereal
canopy in bushing growth stage. ‘*’ denote RVI values; ‘ ’
denote REIP values).

REIP is practically insensitive to solar position
reflected in the high coefficient of determination
(R2=.99). The RVI value changes roughly by a fac-
tor 2 with solar elevation angle changing from 15° to
60° (R2=.18).

Normally, in operational precision farming, inde-
pendent information about leaf biochemistry (Cab) or
crop architecture (LAI, MTA) is not available. In-
stead, information about crop growth and develop-
ment is derived only from measurements of canopy
spectral reflectance. Thus, RVI, SAVI2 and REIP
were compared using simulated data representing
the range of LAI, Cab and MTA values governing
common Danish wheat cultivars. The comparison
was based on the relative equivalent noise approach
(REN; (Baret and Guyot, 1991)). All VIs approach a
saturation level with increasing biomass. Thus, a
modified version of Beer’s law was used to describe
the relationships between the individual VIs and LAI
or CCD (Baret and Guyot, 1991; Wiegand et al.,
1992).

)(exp)( GK
S
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This exponential model assumes the canopy to be
a homogenous substance of green plant material
with an optical thickness given by G (LAI or CCD).
The dynamic range of the VI is modelled as the dif-
ference between the bulk VI (VI∞), and the index
value corresponding to bare soil conditions (VIS).
The KVI parameter is equivalent to the extinction co-
efficient in Beer's law and represents the relative in-
crease of VI due to an elementary increase of G.
Figure 3 shows the best fit of the exponential model
applied to the VI – G scatter plots between the three
vegetation indices and the two greenness measures.
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Figure 3. Relationship between VIs and crop development expressed as LAI and CCD. The relationships are based on simulated
data generated from all possible combinations of the input parameters given in Table 1.

REN is a normalized noise measure based on the
standard deviation of the greenness measure (σG). It
may be estimated from the standard deviation of the
VI (σVI) and the local slope of the exponential model
fitted to the data.
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The local slope is found by differentiation of the
exponential model describing the relationship be-
tween the VI and G.
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The REN associated with each of the three indi-
ces is shown in Figure 4 (LAI prediction) and Figure
5 (CCD prediction).
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Figure 4. Relative accuracy of LAI prediction for REIP (),
SAVI2 (---) and RVI (….).
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Figure 5. Relative accuracy of CCD prediction for REIP (),

SAVI2 (---) and RVI (….).

The results show that REIP is associated with
high REN values for prediction of both LAI and
CCD at low vegetation densities, because this index
is sensitive to the leaf chlorophyll content. For this
reason, REIP is not suited as an integrated measure
of crop development under field conditions during
the very early development stage, because leaf chlo-
rophyll content and leaf area index may vary inde-
pendently. However, at intermediate and high vege-
tation densities REIP provide the most accurate
estimate of the photosynthetic potential of the can-
opy (CCD).

The REN associated with SAVI2 and RVI exhibit
similar dynamics due to the similarity of the formu-
lation of these indices. However, SAVI2 provides a
more accurate measure of crop development than
RVI at intermediate vegetation densities.

5 CONCLUSIONS AND OUTLOOK

The apparent stability of the relationship between
REIP and Cab (R2=.99) is potentially very interesting
in the context of precision agriculture. Figure 2 im-
plies that if LAI is known, then the important pa-
rameter Cab can be estimated from REIP with a high
degree of accuracy irrespective of the position of the

sun. Thus, alternative ways of estimating LAI and
canopy architecture are currently being explored. A
scanning imaging NIR laser prototype for charac-
terization of canopy architecture has been developed
at Research Centre Foulum. This technology has
proven very interesting in this context because it al-
lows for the calculation of a spectrally independent
measure of canopy structure.

When spectral reflectance is the only source of
information regarding crop development in sparse
canopies, the traditional indices based on ρred and
ρNIR are to be preferred over REIP. However, can-
opy photosynthetic potential for intermediate to
dense canopies is best estimated using REIP.

The results presented in this paper are potentially
very interesting in a precision farming context.
However, the results based on the simulated canopy
reflectance data must be confirmed using data ac-
quired under field conditions. For this reason, a field
data set will be collected at selected dates during the
2002 growth season using a 4 channel portable mul-
tispectral radiometer developed at Research Centre
Foulum (Thomsen et al., 2002). This system is capa-
ble of calculating both REIP and traditional indices
based on ρred and ρNIR. The data will be collected at
frequent intervals from sunrise to sunset, and RVI,
SAVI2 and REIP will be calculated in the same
manner as for the simulated data.
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