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ABSTRACT

In situ radiometric field data and data simulated with a radiative transfer model were

used to evaluate the performance and biophysical interpretation of spectral indices

Concurrently with remotely sensed measurements, temporal biophysical measurements for

different vegetation types for two semi-arid regions in Niger were made, including leaf area

index (LAI), fraction of absorbed photosynthetically active radiation (fAPAR), percent

vegetation cover, and biomass. The spectral dynamics of vegetation and soil were

characterized at the leaf and canopy scale by optical measurements under many adverse

conditions, including variability in vegetation optical and structural properties, soil

reflectance properties, sun and view geometry and atmospheric perturbations.

The spectral indices evaluated in this research comprised spectral vegetation indices

and spectral mixture model indices, computed from spectral reflectances. The performance

of different vegetation indices and their sensitivity to green and non-green vegetation and

soils were compared and quantified by utilizing estimates of percent relative error in

spectral vegetation indices, and estimates of vegetation equivalent noise expressed in terms

of biophysical parameters (LAI, fAPAR). The soil adjusted vegetation index (SAVI) and

modified normalized vegetation index (MIND VI) were improvements over the normalized

difference vegetation index (NDVI), but were still sensitive to many perturbing variables

such as soil and vegetation distribution, soil optical properties, litter and green vegetation

optical properties and leaf angle distribution. The spectral mixture model indices were

designed to be sensitive to vegetation, soil and non-green vegetation components and were
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shown to provide useful surface information that can aid in minimizing the noise in spectral

vegetation indices, and also in improving their biophysical interpretation. Vegetation and

soil brightness imagery were created from remotely sensed reflectance data, by calibrating

the spectral mixture model with the data generated with a radiative transfer model. The

effect of standing litter on spectral indices was shown to possibly cause both an increase

and a decrease in the vegetation index, depending on the coupled spectral and structural

properties of litter, green vegetation and soil. In situ measurements confirmed the results

obtained from the analysis of data sets generated with a radiative transfer model. The

implications of the effect of perturbing variables on spectral indices were also discussed.
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CHAPTER 1

INTRODUCTION

Explanation of the problem and its context 

Vegetation indices are designed to estimate and quantify biophysical parameters

such as leaf area index, biomass, fraction of absorbed photosynthetically active radiation,

and primary production, and are also used to classify landscapes into different ecosystems

on a regional and global scale. Vegetation indices are used in numerous applications related

to harvest and locust early warning systems (food security), land management, climate,

hydrology, global change, biodiversity, wind and water erosion processes and many others.

However, the biophysical interpretation of vegetation indices, which are sensitive to

photosynthetically active vegetation, but affected by non-photosynthetically active

vegetation (litter, bark) and soil background, is determined by the presence of these

landscape components and the radiative interaction among these components. Since each

landscape has its specific optical and structural properties, it is of interest to quantify the

perturbing qualities of these landscape components to be able to evaluate the accuracy and

performance of spectral indices as well as the biophysical parameter they were designed to

estimate. The relationship between spectral indices and biophysical parameters has to be

validated and calibrated for different vegetation and soil types to be able to decide which

spectral index should be used to estimate a particular biophysical parameter most

accurately.

The biophysical interpretation and performance of spectral indices in this research

were investigated using data from two semi-arid regions in Niger in the framework of the

Hydrologic Atmospheric Pilot Experiment in the Sahel (HAPEX-Sahel; 1992). HAPEX-
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Sahel was a multi-disciplinary effort of numerous (-200) international investigators

dedicated to study land and atmosphere interaction, and the water-, energy-, and carbon-

balance of a semi-arid region, representative for the Sahelian landscape. One of its

objectives was to improve the interpretation of remotely sensed data and use remote

sensing techniques to upscale from the regional scale to the meso-scale. The HAPEX-Sahel

research was also designed to compile a data base to validate global circulation models.

Remotely-sensed spectral indices will be used as input to predict and monitor climate

change. Climate change will cause changes in ecosystems, which in turn suggest the

importance of accurate spectral indices to monitor global change.

Explanation of dissertation format

The main body of this dissertation consists of three research papers which are

appended to this dissertation. All three papers were the result of experiments conducted

in the framework of HAPEX-Sahel. Preliminary research for HAPEX-Sahel in 1991 at the

Ouallam study site (Fig. 1) was conducted to become familiar with the environment and use

this experience to design the remote sensing experiments for HAPEX-Sahel in 1992.

The original study site at Ouallam had to be withdrawn in 1992 due to political

tension about this region. A new site was selected for the experiments in 1992 located close

to Hamdallay (Fig. 1). The author of this dissertation cooperated closely with the co-

authors of the first two papers and many others during these experiments. The author was

largely responsible for the organization and logistics of field work and research in 1991 in

Ouallam which had as an objective the characterization of optical and biophysical

vegetation dynamics encountered among these semi-arid vegetation types.



Figure 1. Diagram showing the position of the two study sites with respect to the
1 0 x 1 0 HAPEX-Sahel experimental square in Niger, Africa.

12
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The reflectance and biophysical data presented in the first paper (Appendix A) were mainly

collected, processed and analyzed by the author with guidance from his advisor.

The second paper (Appendix B) was a result of the HAPEX-Sahel data set

collected in 1992. All ground reflectance data presented in the second paper were collected

by or under the leadership of the author, who was also responsible for processing and

analyzing this data. The Advanced Solid State Array Spectroradiometer (ASAS), mounted

in NASA's C-130 aircraft, was used to obtain reflectance data of the study site. The ASAS

data were processed to reflectances by the author and analyzed using a mixture modeling

technique. The author had to make significant changes in the PC-based FORTRAN code

to analyze the imagery with UNIX based FORTRAN code. A radiative transfer model

(SAIL- Scattering by arbitrarily inclined leaves) was used to simulate canopy reflectance

data. All SAIL-simulated data were processed and analyzed by the author and validated

with field data. The biophysical data was obtained from his co-authors. The author had

minimal involvement with the biophysical data collection except with setting up some of the

instrumentation to measure PAR (photosynthetically active radiation).

The basic idea for the third paper (Appendix C) was a result of the experiences

obtained during the first experiment (1991). The effect of litter on spectral indices has been

recognized previously by other investigators. The author was responsible for the field data

collection experiment at the HAPEX-Sahel (1992) study site that aided the investigation

of the litter problem. The SAIL-data simulation for litter and green vegetation mixtures was

designed by the author, who also collected the reflectance and transmittance data for

vegetation components encountered at the study site. The data processing of the vegetation

components was partly done by his colleagues, but the analysis and write-up were done by

the author.
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The first paper (Appendix A) focused on the performance of vegetation indices.

The second paper (Appendix B) emphasized the biophysical validation of the SAIL model

with observational data. The mixture model results were calibrated with the SAIL model

and applied to remotely sensed field data and ASAS imagery. Finally, in the third paper, the

performance of selected vegetation indices and mixture model indices was evaluated with

respect to variability in optical and structural properties of green vegetation, litter, bark and

soils. The original contribution was among others made by the collection, processing and

analysis of a unique data set, encompassing an in-depth biological and physical

characterization of the growing season of a semi-arid landscape representing a vast area in

North Africa. All three papers, especially the last two, are original contributions toward the

improvement and better understanding of biophysical interpretation of remotely sensed

data.

Study site description

The HAPEX-Sahel landscape in Niger is dominated by broad, gently sloping laterite

plateaux with discontinuous sandy valley systems, sandy plains and dry fossil valleys. The

elevation difference between plateaux and valley is often not more then 20m. Most sand is

from eolian origin, while the soils in the dry fossil valleys are a combination of eolian and

fluvial processes, since these have some clay deposits as well. Soils are generally weakly

developed and have poor fertility, low cation exchange capacity (CEC), low base

saturation and low pH. Wind and water erosion processes are frequent and severe, causing

significant degradation of the soil. The growing season has a strong seasonal character

directly related to the rainfall distribution. There is a strong north-south gradient in the total

amount of rainfall which ranges approximately between 300mm (latitude 14 0 north) and



15

700rrun (latitude 13° north). Most rainfall occurs between May and October. The potential

evaporation is between 150 and 200 mm per month throughout the year. Vegetation types

and growth show strong spatial variability related to rainfall distribution and

geomorphology. Tigerbush is only found on the laterite capped plateaux, while fallow

bush/grassland and millet fields are found on the sandy valleys and plains. The dominant

shrub in the fallow areas is Guiera senegalensis, the herb layer consists of both grasses and

forbs. Barren soil areas are often intersecting millet and fallow fields. The fallow

bush/grassland and millet field have a cycle of approximately 15 years.
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CHAPTER 2

PRESENT STUDY

Summary

The literature review, data, methods, results, discussion and conclusions of this

study are presented in the papers appended to this dissertation. The following is a summary

of the most important findings in these papers.

The spectral indices evaluated in this study are mathematical expressions of spectral

reflectance factors in the visible and near-infrared (NIR) part of the electromagnetic

spectrum. Spectral indices include both the spectral vegetation indices and the mixture

model vegetation indices. The spectral vegetation indices are specifically designed to be

sensitive to live green vegetation, while spectral mixture model indices are designed to be

sensitive to different unique reflecting components at the Earth's surface, including green

vegetation, litter and soils. Vegetation spectral indices are computed using a combination

of red and near-infrared (NIR) wavebands, and sometimes utilize the reflectances in the

blue and green wavebands. Mixture model indices generally utilize the reflectances in as

many wavebands as possible, determined by the spectral resolution of the sensor. The

biophysical interpretation of spectral indices, sensitive to photosynthetically active

vegetation, non-photosynthetically active vegetation (litter, bark), and soil background, is

controlled by the presence of these components and the radiative interaction among these

components. Since each landscape has its specific optical properties, it is of interest to

quantify the unwanted perturbing qualities of these landscape components to be able to

evaluate the accuracy and performance of spectral indices, especially with respect to the

biophysical parameter they were designed to estimate.
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Preliminary research was conducted for a shrub savannah landscape in Niger, which

was optically characterized with ground-based reflectance measurements along transects

across different representative vegetation types utilizing blue, green, red and near-infrared

wavelengths. Selected vegetation indices were evaluated for their performance and

sensitivity to describe the complex Sahelian soil/vegetation canopies. Vegetation cover and

biomass estimates were made concurrent with reflectance measurements along the same

transects. Bidirectional reflectance factors (BRF) of plants and soils were measured at

several view angles, and used as input to various vegetation indices. Concurrent with the

BRF measurements, yellow and green biomass were estimated using a destructive sampling

technique. Both soil and vegetation targets had strong anisotropic reflectance properties,

rendering all vegetation index (VI) responses to be a direct function of sun and view

geometry. Soil background influences (dry and wet soil background) were shown to alter

the response of most vegetation indices. N-space greenness had the smallest dynamic range

in VI response, but the n-space brightness index provided additional useful information. The

global environmental monitoring index (GEMI) showed a large VI dynamic range for bare

soils, which was undesirable for a vegetation index. The view angle response of the

normalized difference vegetation index (NDVI), atmosphere resistant vegetation index

(ARVI), and soil atmosphere resistant vegetation index (SARVI) were asymmetric about

nadir for multiple view angles and were, except the SARVI, altered seriously by soil

moisture and/or soil brightness effects. The soil adjusted vegetation index (SAW) was least

affected by surface soil moisture and was symmetric about nadir for grass vegetation

covers. Overall the SAW, SARVI and the n-space vegetation indices performed best under

all adverse conditions and were recommended to monitor vegetation growth in the sparsely

vegetated Sahelian zone.



18

In the framework of the Hydrologic Atmospheric Pilot EXperiment in the Sahel

(HAPEX-Sahel; 1992) an effort was made to improve the biophysical interpretation of

remotely sensed data using spectral indices (vegetation indices and mixture model indices)

and evaluate their performance and sensitivity to perturbing factors.

Although linear mixture models have been used to invert spectral reflectances of

targets at the Earth's surface into proportions of plant and soil components, the operational

use of mixture models has been limited by a lack of biophysical interpretation of the results.

To improve the interpretation of mixture model indices, the biophysical properties of

vegetation and soil at the surface were related to the deconvolved components of a mixture

model. An attempt was made to standardize the interpretation of the mixture model results

by coupling reflectance and biophysical data obtained from a radiative transfer model with

similar field biophysical measurements and remotely sensed reflectance data.

The deconvolved components are a linear combination of "pure" spectral reflectance

signatures of components (e.g. green vegetation, bare soil, litter) present in a mixed pixel

times their weighted pixel specific component fractions. These component fractions were

related to biophysical parameters using a multiple regression approach. The spectral

deconvolution is based on factor analysis techniques, involving eigenvalue and eigenvector

extraction of the data covariance matrix and the determination of a transformation matrix

to transform the abstract solution, obtained through the eigenvector analysis, into a

physically real solution. This physically real solution consists of the weighted component

fractions with respect to the spectral response of a "pure" component.

A radiative transfer model (SAIL - Scattering by Arbitrarily Inclined Leaves) was

used to generate reflectance "mixtures" from leaf and bare soil spectral measurements made

at HAPEX-Sahel study sites. The different vegetation types among the HAPEX-Sahel study



19

sites (fallow bush/grassland, fallow grassland, degraded bare soil patches, tigerbush, millet

fields) represented very complex spectral and structural conditions that affect the radiative

transfer. Optical properties of soil and vegetation will change due to changes in species

composition and the seasonal development (phenology) of the herb layer and shrubs in the

fallow bush/grassland which will cause changes in the canopy spectral response. The

canopy architecture varied tremendously: the herb layer had a relatively homogeneous plant

distribution, the shrubs are heterogeneously distributed, millet plants have some row

structure, trees, shrubs and millet plants have a clumped leaf structure. Only the most

sophisticated radiative transfer model could probably take into account the optical and

structural variability among all vegetation types and simulate realistic canopy spectral

response throughout the growing season. However, such a radiative transfer model would

require too many input variables to make it operational. Although the SAIL model works

best for homogeneous canopies, to determine whether it was possible to standardize the

mixture model with a radiative transfer model, the SAIL model was evaluated to be

adequate for this purpose. Nevertheless, a radiative transfer model that would consider the

seasonal dynamics of optical properties and vegetation architecture would improve the

interpretation and calibration of the coupled radiative transfer-mixture model approach.

The SAIL model was used to create canopy reflectances and fractions of absorbed

photosynthetically active radiation (fAPAR) for a range of mixed targets with varying leaf

area index (LAI) and soils. Validation of the SAIL generated data with field radiometric

and biophysical data showed that the SAIL model generated realistic vegetation canopy

data for the HAPEX-Sahel study sites.

A spectral mixture model was used to deconvolve the simulated reflectance data

into component fractions (spectral indices), which were then calibrated with the SAIL
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generated LM, fAPAR and soil brightness. The calibrated relationships were successfully

validated with observational ground data (LAI, fAPAR and reflectance) measured at the

HAPEX Sahel fallow bush/grassland and fallow grassland sites. The validation was less

good for the millet site and for the fAPAR data. Both the vegetation and soil component

fractions were found dependent upon soil background brightness, such that inclusion of the

soil fraction information significantly improved the derivation of vegetation biophysical

parameters. Soil brightness appeared to be a useful parameter to infer soil properties. The

deconvolution methodology was then applied to a nadir image of a HAPEX-Sahel site

measured by the Advanced Solid State Array Spectroradiometer (ASAS). Site LAI and

fAPAR were successfully estimated by combining the fractional estimates of vegetation and

soils, obtained through deconvolution of the ASAS image, with the calibrated relationships

between vegetation fraction, LAI and fAPAR, obtained from the SAIL data.

The performance and sensitivity of spectral indices were examined by evaluating the

spectral properties of green vegetation and non-photosynthetically active vegetation and

soil background, with a special focus and goal to quantify the effect of standing litter on the

performance of spectral indices.

To accomplish these research objectives the following strategy was chosen. First,

reflectance and transmittance properties of individual green leaves, senescent leaves, and

bark, and also soil reflectance properties were evaluated. Then, the spectral vegetation

index response to canopies simulated with "pure" spectral signatures of the formentioned

soil and vegetation components were examined. Mixed litter and green vegetation

canopies were simulated and the effect on their spectral vegetation index response was

evaluated. Finally, the effect of the location of litter on the vegetation index response

and its biophysical interpretation was evaluated. Potential solutions to the litter problem
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were discussed.

Litter is frequently mixed with green vegetation, causing alterations in the total

spectral response of a target area. Consequently, litter will affect spectral indices designed

to be sensitive to green vegetation, soil brightness or other features. The SAIL-model was

used to generate two- and three-component canopy reflectance "mixtures" for one and two

horizontal vegetation layers (litter and green vegetation mixtures) with varying soil

background and leaf area index (LAI). The SAIL model was used to approximate the

canopy spectral response and canopy architectures encountered among different vegetation

types and different stages in the growing season. Since the position of litter with respect to

green vegetation changes during different stages of the growing season, the SAIL

simulation included (I) a pure litter canopy, (2) a pure green canopy, (3) leaf litter

randomly distributed among green leaves, (4) litter positioned on top of a green layer, and

(5) litter under a green vegetation layer. Spectral measurements of different bare soils and

mature green and litter (senescent leaves) of representative plant species at the HAPEX-

Sahel study sites were used to create canopy reflectances and fractions of absorbed

photosynthetically active radiation (fAPAR) for a range of mixed targets.

The normalized difference vegetation index (NDVI), the soil adjusted vegetation

index (SAV1), the modified NDVI (MNDVI) and mixture model spectral indices were

selected to evaluate their performance with respect to standing litter and green vegetation

mixtures. All indices were affected by litter, but the performance of each index was a result

of the coupled litter, green vegetation and soil spectral properties. The vegetation index

response to litter present among green vegetation was shown to fluctuate positively and

negatively about a reference vegetation index response.
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The spectral reflectance signature of litter varied significantly, but strongly

resembled soil spectral characteristics. Litter absorbed significant amounts of PAR,

equivalent to green vegetation.

The amount and position of litter and green vegetation were shown to be equally

important in controlling the spectral index response. Randomly distributed, sparse green

and litter vegetation cover mixtures tended to overestimate the biophysical parameters

(LAI, fAPAR) derived from spectral vegetation indices, while dense green and litter

vegetation cover mixtures tended to underestimate the derived LAI and fAPAR. All

spectral indices and their biophysical interpretation were significantly altered by variability

in green leaf, litter, and bark optical properties, the litter position, leaf angle distribution,

and soil background, and caused significant vegetation equivalent noise. The NDVI

response to these variables was inconsistent, and was the most affected by litter. The SAVI

and MNDVI and the vegetation index derived from the mixture model results minimized

these perturbing factors most effectively. The spectral mixture model indices, designed to

be sensitive to litter, were shown to be promising for the identification of litter present

among different vegetation types.

Conclusions and recommendations

These results showed that the soil adjusted vegetation index (SAW) and modified

normalized difference vegetation index (MNDVI) are more suitable to monitor green

vegetation dynamics and are less affected by litter and soil background then the NDVI. The

vegetation index derived from the mixture model showed similar sensitivity and

performance as the SAW and MNDVI. Overall, the mixture model-derived, component

fractions are unique spectral indices suitable for the retrieval of vegetation and soil
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biophysical parameters. The mixture model therefore can provide more information on a

subpixel scale. The radiative transfer - mixture model approach seemed to be a good

direction to improve the biophysical interpretation of remotely sensed data of semi-arid soil

and vegetation types. However, this method might be too elaborate on a global scale and

less effective with a limited number of spectral bands. Nevertheless, mixture modeling

techniques can be very useful for in-depth spectral analysis and retrieval of soil, litter and

vegetation biophysical parameters. The use of mixture models could also be expanded to

scaling and aggregation studies, key spectral band analysis, and temporal analysis of

vegetation types on a global scale. Since radiative transfer processes are determined by

many dependent and independent variables (e.g., component anisotropic optical properties,

sun/sensor geometry, architecture of vegetation and soil components), non-linear mixture

models might become useful in deconvolving complex spectral mixtures. More research is

recommended to fully exploit the use of mixture models in bidirectional reflectance

modeling and the retrieval of surface biophysical parameters, especially for sparsely

vegetated semi-arid soil and vegetation types, where both soil and vegetation mix and form

the remotely sensed signal.
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Abstract

A shrub savannah landscape in Niger was optically characterized utilizing blue. green. red

and near-infrared wavelengths. Selected vegetation indices were evaluated for their perform-

ance and sensitivity to describe the complex Sahelian soil/vegetation canopies. Bidirectional

reflectance factors (BRF) of plants and soils were measured at several view angles, and used as

input to various vegetation indices. Both soil and vegetation targets had strong anisotropic

reflectance properties, rendering all vegetation index (VI) responses to be a direct function of

sun and view geometry. Soil background influences were shown to alter the response of most

vegetation indices. N-space greenness had the smallest dynamic range in VI response. but the

n-space brightness index provided additional useful information. The global environmental

monitoring index (GEMI) showed a large VI dynamic range for bare soils, which was undesir-

able for a vegetation index. The view angle response of the normalized difference vegetation

index (NDVI), atmosphere resistant vegetation index (ARVI) and soil atmosphere resistant

vegetation index (SARVI) were asymmetric about nadir for multiple view angles, and were,

except for the SARVI, altered seriously by soil moisture and, or soil brightness effects. The soil

adjusted vegetation index (SAVI) was least affected by surface soil moisture and was symmetric

about nadir for grass vegetation covers. Overall the SAVI. SARVI and the n-space vegetation

index performed best under all adverse conditions and were recommended to monitor

vegetation growth in the sparsely vegetated Sahelian zone.

*Corrresponding author.
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1. Introduction

Remote sensing data can be used to monitor seasonal vegetation growth at different
scales and temporal frequencies. By making use of vegetation and soil specific optical
properties, vegetation indices (VIs) are developed to study a wide variety of biomes.
Spectral vegetation indices are used to estimate percentage green cover, biomass, leaf

area index (LAI) and photosynthetic activity (Colwell, 1974: Baret and Guyot. 1991).
From this knowledge, information can be inferred as to which environmental factors,

e.g. climate, are governing a particular landscape. Also, the biophysical and bio-
geochemical properties as well as anthropogenic influences are manifested by each
individual biome and are the boundary conditions for its development. These biomes
are used as indicators of climatic and global changes at the earth's surface inferred by
mass and energy balance disturbance. More specifically, global circulation models

(GCMs) use remotely sensed land cover products to predict climate and global
change. In particular, the spatial and temporal information from vegetation index
products can be used in energy and water balance models as parameters governing
evapotranspiration (Jackson et al., 1987; Moran et al., 1989).

Optical remote sensing data of land surfaces in semi-arid, subtropical environments

are often difficult to interpret because neither bare soil nor vegetation are dominant in

the landscape. The diversity of soil, vegetation and other components at the earth's

surface contribute to the spectral response and form complex spectral mixtures. The

spectral signatures, therefore, are determined by the radiative interaction of the
components themselves, as well as by the atmosphere and the sun and sensor

positions. The interpretation of remote sensing data will be improved if the con-
trolling parameters affecting vegetation indices are properly modeled. Furthermore
the ground , biophysical sampling procedure of remote sensing experiments in the
sparsely vegetated Sahelian region needs special attention because of seasonality

and the spatial distribution of vegetation.
One of the problems in modeling the water and energy balance over desert areas is

the heterogeneous distribution of vegetation. Generally, the natural vegetation is

sparse and has a clumped spatial pattern. With high spatial resolution measurements
it would be possible to derive the ratio of vegetated and non-vegetated areas.

providing an important parameter in water and energy balance models, and erosion

models. Since the impact of wind and water erosion is partly governed by the

vegetation cover and its spatial distribution, a parameter describing vegetation
spatial pattern would give an indication of potential erosion. Also, the initial state

of degradation (crusted soil surface) of the landscape is observed to be an important
factor for seasonal vegetation growth. Seasonal dynamics of the Sahelian zone are

mainly determined by the amount of rainfall and its spatial and temporal distribution
(Justice et al., 1991; Wylie et al., 1991). Townshend and Justice (1986) showed that
African vegetation dynamics can be monitored using temporally composited NDVI
(normalized difference vegetation index) images of AVHRR (advanced very high

resolution radiometer) on a global scale.
Presently, improved vegetation indices are being developed to monitor terrestrial

vegetation from space platforms. Most vegetation indices are computed from the
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difference between the reflectance factors in the near infrared (p NIR ) and the red (Pre ,/ )

wavelengths. The normalized difference vegetation index

NDVI = ( Pred)/(PNIR + Pred)	 (1)

has been used extensively over the last 15 years with successful results, but has also
been found to be sensitive to soil background, atmosphere and sun and view geo-
metry. The soil adjusted vegetation index

SAVI = (1 -1- .71.1(n-	 NIR	 Pred)/(PNIR + Pred	 L)	 (2)

is a modified version of the NDVI whereby a correction factor (L) is introduced to
minimize secondary backscattering of canopy transmitted-soil reflected radiation

(Huete, 1988; L = 0.5), thus normalizing the soil background effect and allowing
for a partial correction of view angle effects (Huete et al.. 1992). The global environ-

mental monitoring index (Pint), and Verstraete, 1992)

GEMI = -,(1 — 0.25-7 ) — ((p„d — 0.125)/(1 — Pred ))	 (3)

where

— ( 2 (tAIR — Pl2.ed) + 1 . 5PNIR + °• 5Pred)/(PNIR + Pred + 0 . 5 )

was designed to reduce the effects of unwanted atmospheric perturbations of

AVHRR data, without losing its sensitivity to the vegetation cover.
The atmosphere resistant vegetation index and soil atmosphere resistant vegetation

index (Kaufman and Tanré. 1992),

ARVI = (sPNIR 2Pred + Pblue)/(PNIR + 2Pred Pblue)

SARVI = ( 1 + L)(PNIR 2Pred + Pblue)/(PNIR + 2Pred Pblue L)

incorporate the reflectance factor of the blue channel (p biue ) to correct for atmospheric

aerosols on the red channel. Although ARVI and SARVI correct for atmospheric

aerosol effects, it must be noted that the spectral bands have to be corrected for

Rayleigh and ozone scattering and absorption effects before ARVI and SARVI are

computed. These self atmosphere-correcting indices perform best for well-vegetated

areas with performance levels dropping for bare soils (Kaufman and Tanré, 1992).

Both ARVI and SARVI were developed with simulated MODIS (moderate
resolution imaging spectrometer) bands, but Kaufman and Tanré (1992) stated

these indices can be used for Landsat thematic mapper bands as well.
The n-space indices (Jackson, 1983), like the perpendicular vegetation index (PVI;

Richardson and Wiegand. 1977) and the four-dimensional greenness vegetation index

(GVI: Kauth and Thomas, 1976; Huete et al., 1984), have physical significance in not

only discriminating vegetation but also providing information from the soil back-

ground. In this study, the seasonal-optical dynamics of different soil and vegetation

types will be characterized and evaluated with respect to view and sun geometry, soil

background influences, dynamic range and vegetation growth.
This preliminary research was conducted in preparation for the 1992 Hydrologic

and Atmospheric Pilot Experiment (HAPEX) in the Sahel (Goutorbe et al., 1994).

(4)

(5)
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One of the objectives of the HAPEX-Sahel project was to investigate the utility of

remote sensing inversion algorithms in the Sahelian region of West Africa. Ground

based observations and information are necessary to validate the satellite inversion

algorithms. The purpose of this paper was to perform a ground-based evaluation on

recently developed Vls , utilizing the ground data set collected in a savannah land-

scape in Niger. in order to determine which are most appropriate for vegetation

analysis in the Sahelian zone. Of interest to this study was exploring the extent of

anisotropic reflectance behavior of grassland canopies in order to determine what
BRF (bidirectional reflectance factor) measurements are necessary to implement an

effective vegetation monitoring index. Since both ARVI and SARVI are claimed to be

sensitive to vegetation cover (with the SARVI correcting for soil background), they

were evaluated in comparison to NDVI, SAVI and PVI. We recognize that ARVI and

SARVI normalize variations in atmospheric aerosol concentrations, but we are test-

ing if the blue band inclusion is aggravating the soil problem. Furthermore, we
hypothesize that a ground data-set that is nearly unaffected by atmosphere, should
behave similarly to a minimal, aerosol-affected data set. Thus, we can examine the

ARVI and SARVI performances over these variations in aerosol contents. Although

the GEMI was developed to correct atmospheric contaminated AVHRR data, the

response of this index to non-atmospheric affected data was also examined. This

paper is the third in a series of three studies of radiative transfer and primary

production in shrub savanna sites in Niger (Franklin et al., 1994; Bégué et al., 1994).

1.1. Description of Niger study sites

The area selected for this study is part of the larger HAPEX-Sahel site which is

located between 2` . -3"E and 13 - --14.5 - N. Elevation differences of the complete site

(mean elevation 240 m above sea-level) are within 100 m. Several typical Sahelian

landscapes were chosen in a region west of the town of Ouallam (Latitude 14.3'N,
Longitude 2T), about 100 km north of Niamey. based on a visual satellite image

stratification and ground survey.
The region was stratified into five land units: (1) fallow bush/grassland: (2) semi-

desert grassland: (3) millet (Pennisetum spp.) fields; (4) degraded bushland: (5) tiger-

bush plateau. This stratification is related to the general toposequence of this region.

The first three land units are present in the relatively flat and lower elevation, wide,

sandy valleys. The degraded bushland areas are found on the slopes between the

valleys and the plateaus. Degraded bushland is also present in the valleys as a result

of erosion and anthropogenic activity. The tigerbush patterns on the higher elevated

plateaus are scarce, especially in comparison with the southern part of the HAPEX

study area.
The concentrations of herbaceous and woody species are related to the local site

conditions (Justice and Hiernaux, 1986). Post-storm rainfall distribution and

infiltration largely determine the distribution of vegetation cover, density and

species. Aristida spp. were the dominating grasses at the fallow grass/bushland, but

Eragrostis tremula and Cenchrus bifloris were also common. The fallow grass,'

bushland hosted many forbs among which were Mitracarpus scaber, Alysicarpus
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3 I

Fig. I. Monthly rainfall distribution for Ouallam. 15 km east of study sites. Comparison of 1991 rainfall

with average of 12 years (source: INRAN, Ouallam).

ovalifolius, Cassia mimosoides, Sida spp. and Gisekia pharnacioides. The degraded
bushland was dominated by Cenchrus billoris, intermixed with the forbs Mitracarpus

scaber and Cassia mimosoides. Guiera senegalensis is the dominant shrub in this region

and occasionally Combretum micranthuni and Combretum gluttinosum are found.

Vegetation growth in this region is generally limited by the seasonal rainfall. The

1991 rainfall started early and was fairly well-distributed over the growing season.

The cumulative precipitation reached about 510 mm, which is 200 mm above average.

Monthly rainfall is presented in Fig. 1 (source: INRAN, Institut National de
Recherches Agronomiques du Niger. Ouallam. unpublished data, 1991). Because
water availability was sufficient, soil nutrient deficiencies were more of a factor in

limiting primary production (Payne et al., 1990). Millet fields where fertilizers were

applied were observed to have higher production than non-fertilized parcels (personal
observation). The intense monsoon rains caused severe sheet and gully erosion. The
loamy sand soils lose their topsoil to water erosion when increased run-off occurs,
caused by surface crust formation and lack of vegetation cover. Wind erosion occurs

during the dry season when the Harmattan winds deposit and transport soil particles

causing dune formations. Furthermore, the pressure on the grassland and bushland is

increased through fuel wood collection and grazing practices. Large herds of goats

and sheep were observed almost daily visiting parts of the grass 'bushland study area.

The goats had a special preference for the leaves of Guiera senegalensis as opposed to

the grasses. All of the above factors contributed to the marked spatial heterogeneity

of both the plant cover and soils.

2. Methods and instrumentation

2.1. BRF of soil and vegetation targets

Reflectance data were collected with an Exotech radiometer (Exotech Interna-

tional, Gaithesburg, MD, USA) with 15  field of view (FOV) lenses. The four wave-
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bands included Landsat TM1 (0.45-0.52 pm) and SPOT XS1 (0.50-0.59 pm). XS2
(0.61-0.69 pm) and XS3 (0.79-0.90 pm) bands. The radiometer was mounted on a
lightweight BRF apparatus to measure bidirectional reflectances over the target of

interest at the bush/grassland and the degraded bushland sites, using various view

angles, mostly along the principal plane of the sun. The BRF apparatus allowed for
multiple view measurements of the same surface target and was similar to that
described in Jackson et al. (1990). View angles were calibrated in the field and varied
from —50' to +50' with increments of approximately 6'. At nadir view angles, the
instrument, set at 15° FOV, was mounted 2.70 m above the surface forming a target
pixel of about 70 cm in diameter. For each view angle, the same target was measured
twice. A horizontal BaSO 4 reference panel, which was calibrated for non-lambertian
properties, was measured from a nadir view angle immediately before and after the set

of measurements. The BRF was calculated by dividing the reflected radiance response

for each view angle by the reflected irradiance as measured from the horizontal

reference panel. The time lapse for the whole measurement sequence was about 4 min.

Measurements were made during the growing season in the morning and the

afternoon for different view zenith and azimuth angles, solar zenith angles,
vegetation covers, and soils, if clouds were not obscuring the sun. Most of the
BRF data presented were collected at a nominal solar zenith angle of 40' in the
principal plane of the sun, if not stated differently. Some irregularities in the data

can occur when the antisolar view angle is approximately the same as the solar zenith

angle (hot spot). At this view angle the radiometer was partially shading the target

causing a lower reflectance response.
An overview of the data collected and used in the analysis is presented in Table 1.

On DOY (day of year) 213, bidirectional reflectance measurements were made over a

target with approximately 50% green grass cover (Table 1). Later in the growing
season (DOY 221), bidirectional reflectance measurements were made at the

degraded bushland site of a mixed grass/forb vegetation target (40% cover), and
three different non-vegetated targets with slightly moist soils (wet soil surface was

evident). The sandy soil in the degraded bushland resembled the sandy soil at the

fallow grassland. In addition to being optically characterized with the Exotech radio-

meter for different view and sun geometries, Munsell color was also determined to

give an indication of the brightness of the soils (Table 2). On DOY 226, bidirectional

measurements were made over Cassia mimosoïdes which has planophile leaves and

was completely covering the soil (100% cover). On DOY 233, diurnal bidirectional

measurements were made over canopies of 20 and 80% vegetation covers, mostly

consisting of erectophile grasses.

2.2. Radiometric measurements of components and landscapes

Soil and vegetation components representative of the different landscapes, were radio-
metrically sampled in their natural environment to obtain 'pure' spectral signatures. The

radiometer was pointed at nadir over homogeneous soil and vegetation targets and ten
measurements were averaged. After each measurement the radiometer was slightly

moved to obtain a representative sample.
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Overview and conditions of radiometric and biophysical data collection
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DOY Green
cover

Target View azimuth
angle

Solar zenith
angle

Surface soil
moisture

Dry, green
biomass (kg ha - )

BRF data PP. OP. TP b

213 50% grass' 79. 169. 124 46. 43. 39 - moist
213 50% grass 159 30	 (p.m.) dry and wet
221 40% grass forb 82- 46' moist
11 6 100% Cassia 85- 39 dry 3656
1 33 20% grass a 89 36 wet 743

233 80% grass' 89 37' wet 3812

221 0% soils 82' 44-. 41. 40' moist 0

11 6 0% sand & litter 84 42'. 48' dry 0

(P.m.)

Nadir transect data
206 17% millet 37 moist
206 40% bush grassland 41' moist 814

211 40% bush grassland 41' dry 814

227 41% bush, grassland 41' dry 1181

1 37 45% bush : grassland 42 moist 1684

210 18% degraded bushland 39" dry

227 11% degraded bushland 31' dry
237 22% degraded bushland 31 moist

143 < 1% plateau 40' dry

a Diurnal measurements were made for these targets.
b PP — solar principal plane: OP — orthogonal plane (90 - 	PP): TP — tertiary plane (45' with PP).

To examine temporal vegetation dynamics, bi-weekly radiometric transect
measurements were made in the fallow grassland and degraded bushland sites
(Table 1). Spectral reflectances were measured every 5 m along two parallel 1000 m
transects. The parallel transects involved two operators walking approximately 75 m
apart with a yoke and Exotech radiometer mounted at a height of approximately 1.90
m (target diameter is 45 cm). The transect at the fallow grassland was measured
consistently at 09:00 h GMT under clear mornings to maintain the same solar zenith
angle of about 40'. The transect at the degraded bushland was measured around
09:30 h GMT. On DOY 206, a 500 m transect through a millet field adjacent to

the fallow grassland was radiometrically sampled every 2 m (Table 1). After this

date the height of the millet plants exceeded the height of the radiometer mounted

Table 2
Munsell colors (hue-YR, value and chroma) of optically characterized soils

Dry soil color	 Wet soil color

Sandy soil
	

7.5Y'R 78
	

5Y R 5 8

Loamy sandy crust soil
	

5 Y 'R 4 4
	

2.5 Y R 3 6

Sandy lateritic gravel soil
	

7.5 Y R 6-6
	

5 Y R 3 6
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on the yoke. A 1000 m transect on a lateritic plateau  was measured on DOY 243
(Table 1).

Immediately before and after the transect or component radiance measure-
ments, irradiance measurements over a calibrated BaSO 4 reference panel were
made. The reflectance factors were calculated by ratioing the target response and the
interpolated response of the plate at the time of the actual transect or component
readings.

2.3. Transect percentage cover and biomass estimation

Herbaceous biomass samples were collected three separate times during the 5 week
period. For each measurement period, ten samples of the herbaceous layer were
clipped along one of the 1000 m transects using a 40 cm x 40 cm quadrangle. Shrubs
and patches of bare soil were not sampled. The leaves were not stripped from the
shrubs to avoid impact on the site and because many of the shrubs were leafless owing
to browsing of goats. Since both shrubs 4-9% cover) and patches of bare soil

15-20% cover) were not dominant , we slightly underestimated the biomass by not
sampling the shrubs and overestimated biomass by not sampling the bare soil areas.
For all harvested samples green and senescent yellow biomass were separated and
dried in an oven for 48 h at 80 1 C. Dry green biomass samples were then converted to
standing crop per hectare (kg ha -1 ) (Table 1).

Vegetation cover measurements were also made over all transects, using a

step-point method (Bonham, 1989). A small point at the toe was marked and
at every fourth step an observation of the ground cover was recorded. Beside
the feature directly under this point , the feature directly above this point was

recorded as well (Table 3) in order to get an indication of species composition.
An estimate of cover of each feature is given in Table 3 for the fallow grass-
land and degraded bushland transects where biomass samples were collected
as well.

Table 3
Percentage cover estimate for vegetation species and soil for fallow grassland and degraded bushland. at

different times during the growing season

Component Fallow bush grassland Degraded bushland

DOY 207 DOY 228 DOY 237 DOY 208 DOY 228 DOY 236

Bare soil 47.1 46.9 40.6 79.7 78.5 78.2

Litter 10.0 7.3 9.8 1.3 0.8 0.7

Green grass 32.2 37.5 42.6 4.8 6.3 4.8

Forbs 1.7 1.7 1.9 1.5 3.6 8.0

Guiera spp. (shrub) 9.0 4.9 3.9 10.4 10.0 8.3

C. Alicranthum (shrub) 0 1.4 0.8 0.7 0.4 0

C. Glutinosum (shrub) 0 0.3 0.4 0.3 o 0

Other shrubs o o 0 0.3 0.4 o
Total green cover 47.9 45.8 49.6 19.0 20.7 21.1
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3. Results and discussion

3.1. Spectral refiectances for soil, vegetation and landscapes

Pure component spectral signatures for representative soil and vegetation species
are presented in Figs. 2(A) and 2(B), except for the grass cover which was never dense
enough to form a pure component. The spectral reflectances for the soils gradually
increased with wavelength. The amplitude of the signature is an indication of bright-
ness, white sand being the brightest soil and the coarse lateritic gravel the darkest
surface. For this region the darker soils were generally found at the degraded bush-
land and plateaus and the brighter soils in the bush grassland and millet fields except
for certain dark areas with accumulation of organic matter. The characteristic spec-
tral reflectances for photosynthetic active vegetation was low in the red waveband
owing to chlorophyll absorption and highly reflective in the NIR waveband owing to
leaf cell structure (Fig. 2(B)). The spectral signature for non-photosynthetic litter was
noticeably flat. The older leaves of the Guiera senegalensis appeared less pigmented
(light green) and less lush in comparison with the younger leaves, and therefore had a
higher reflectance in the red and lower in the NIR wavebands.

A combination of all these signatures (Figs. 2(A) and 2(B)) made up the overall
signatures encountered over the major Sahelian landscape units (Fig. 2(C)). since
these were mixtures of the different soils and vegetation species distributed across
the different landscapes. The spectral signatures of the different landscapes, which
were averages of the radiometric transects, (Fig. 2(C)) had an almost linear response
with wavelength, except the plateau site, which had a spectral signature that closely
resembled the sandy lateritic gravel spectral signature in Fig. 2(A). The spectral signa-
ture of the fallow grass,lbushland site is observed to be brighter for a dry soil background
than for a wet soil background (Fig. 2(C)). The 'landscape spectral signatures more
closely resembled the litter and bare soil signatures than those of the 'pure' vegetation.
demonstrating the sparse nature of vegetation in the Sahel. Interestingly, the millet field
(17% green cover and 75 cm high) and the fallow site (38% green grass cover) had nearly
identical spectral signatures at this time of the year (end of July). The degraded bushland
was much brighter than the densely vegetated areas.

Knowledge about the pure component spectral signatures aids in the analysis and
inverse modeling of remotely sensed data. It can be used as a reference for the
interpretation and utilization of data, especially with additional biophysical data.
Representative 'pure' signatures of the leaves of Guiera senegalensis and millet can
be used as a reference for 100% photosynthetic active vegetation. In order to calculate
the 2-space and 4-space indices (PVI and GVI), pure spectral reflectances from dark
and bright soils are needed. For a four-space index the reflectance of a pure green
plant is also needed and an extra feature like a senescent vegetation component can be
used to ascertain other features of the landscape.

3.2. View angle effects on refiectances

For a more complete understanding of the 'mixed' optical characteristics of the
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Fig. 2. Reflectance spectral signatures for different soil surfaces (A). and vegetation species (B). (Cl shows a
transect average spectral signature of stratified landscapes.
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Sahelian landscapes, BRF optical measurements of vegetation and soils were made.
Satellite sensors such as the AVHRR and SPOT often use multiple view angles to
monitor the earth. If a sensor views a grassland (50% green cover) at nadir with plants
of 40 cm height it will see a lot of soil (50%), however, when looking off nadir from an
angle of 40 , it will see almost all grass. Thus. off-nadir view angles in this case alter
the spectral information since the reflectances of different vegetation and soil targets
are anisotropic with changing view angle. If the effects of view angle on the reflected
radiation are known, it is possible to correct for these and more accurately interpret
satellite imagery.

The BRFs of the four wavebands over eight targets are shown as a function of view
angle in Figs. 3(A) and 3(B). Generally, reflectances in the antisolar view direction
were up to 50% higher than those at nadir for all bands and for both vegetation and
soil targets. The blue, green and red band continued to decrease from nadir to larger
forward scatter view angles for green vegetation targets and for the soils, except the
bright sand. The NIR waveband had an asymmetric concave response with view angle
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Fig. 3. View angle effect on the reflectances of major soil types (A; DOY 221 and 226). and different
vegetation covers (13, DOY 233, 221 and 213), for TM I (blue), XS1 (green). XS2 (red), and XS3 (NIR).
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(minimum about nadir) for the green vegetated targets, but with Cassia mintosoides

the NIR waveband continued to decrease in the forward scatter direction as well. This

might be due to the fact that the Cassia was 100% green and could be considered a

planophile plant (horizontal leaf angle distribution), while the grass targets were

sparser and more erectophile (vertical leaf/stem angle distribution).
The vegetated targets reflected more in the antisolar direction because all plant

components were illuminated by direct solar radiation. In the forward scatter direc-

tion the shaded components only reflected diffuse radiation, thus reducing the

amount of total (direct and diffuse) reflected solar radiation. Owing to multiple

backscattering inside a canopy and specular reflection, the NIR waveband also

increased with larger view zenith angles in the forward scatter direction for some of

the vegetation cover/soil combinations. Such a pattern should render the vegetation

index response to be anisotropic. Because the crusted soil and bright sand surface had
very little 'roughness', there was less anisotropy caused by forward direction shadow-

ing by the roughness facets.

3.3. Vegetation index dynamics and effect of soil background

The selected VIs were evaluated with respect to their sensitivity to different vegeta-

tion covers, and the effect of view zenith angle and soil background. The results are

presented in Table 4. The main criterion to determine whether the Vis were sensitive

to green vegetation cover was by examining how well it separated different vegetation
covers. For example, Figs. 4(A), 4(D) and 4(E) show that the NDVI, ARVI and

SARVI could not separate the 40% green vegetation cover from a 20% green

vegetation cover. The brightness index (Fig. 4(G)) shows that the 20% vegetation

cover is a dark target compared with the 40 and 50% vegetation covers. Since the

Table 4
Evaluation of vegetation indices with respect to vegetation cover, soil background, view zenith angle and

soil moisture

Green vegetation
sensitivity

Range of
Vls

%VENso,isa
(nadir)

Response to
view angle

%VEN,e,„„sb
(nadir)

NDVI medium 0-0.9 16.2 asymmetric 6.4

SAVI good 0-0.8 16.3 symmetric -0.3

ARVI medium -0.2-0.9 13.3 asymmetric 6.8

SARVI medium, good -0.2-0.8 12.0 asymmetric 1.8

GEM) medium:good 0.1-1.1 31.3 fairly symm. _1.1

2-space
PVI good 0-0.5 12.4 fairly symm. -1.2

Brightness bad 0.3-0.7 asymmetric -13.3

4-space
GVI good 0-0.5 13.2 fairly symm. _1.3

Brightness bad 0.3-0.8 asymmetric -13.3

Yellowness bad -0.1-0 asymmetric -8.0

a For non-vegetated surfaces.
b VI response to surface soil moisture calculated for 50% green grass cover.
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20% vegetation cover (wet soil background) had a lower brightness than the 40%
vegetation cover (moist soil background), the NDVI, ARVI and SARVI (Fig. 4)
could not distinguish these vegetation covers. The SAVI, PVI and GEMI (Fig. 4)
were less affected by soil brightness and separated the 20% vegetation cover from the
40% vegetation cover. The response of Vis to soil moisture is a soil brightness effect
that is minimized by some VIs. The range (bare soil to full cover; Table 4) gave an
indication of the range of green vegetation sensitivity for different vegetation covers
and species.

The three non-vegetated soils also varied in VI response. This represented a 'noise'
factor in the assessment of sparse vegetation covers with VIs. Most soils at the sites
were comparable with the bright sandy soil, which had a higher VI response than the
darker soils. The dark lateritic gravel/sand surfaces on the plateaus had the lowest VI
response, except with the GEMI where the opposite response was observed. The
GEMI also had the widest response range to the three selected soils, approximately
0-0.4 (Fig. 4(F)). The larger the range of VI response to varying soil backgrounds, the
lower the VI sensitivity to green vegetation. Litter gave a deceptive green vegetation
response since it always increased the VI response relative to bare soils.

A quantitative method to determine the sensitivity of VIs to soil-vegetation mix-
tures was to examine the range of VI values from non-vegetated surfaces (bare soil,
litter, etc.) relative to the VI dynamic range (soil to full cover). This results in a
sensitivity measure of the lower limit of green vegetation detection, where

%VEN sc„ is = 100(VI max — VI 1 (min soils /VI-full canopy Visoils. mean) (6)

VEN so , i, is the vegetation equivalent noise induced by non-vegetated surfaces. The
absolute range in VI response, VIma , — VI mm , determined the 'soil noise' while
subtraction of the mean of the bare soils (VI soils. mean) from the VI response of a full
canopy target (VIv -full canopy ) defined VI specific dynamic range. The VIsoils. mean was
considered the 'soil baseline' of each VI.

The percentage vegetation equivalent noise (VEN sous) is a measure of the
uncertainty in a VI for confidently discriminating bare soil from sparsely vegetated
surfaces. Figure 5 shows resulting noise assessment for the different VIs at different
view angles using a representative range of bare soils and a full canopy of Cassia. The
percentage vegetation equivalent noise was lower in the forward direction (shaded

side) than the antisolar view direction. The GEMI had the highest uncertainty
29-42%) and thus the worst vegetation signal response for bare soils. NDVI and

SAVI had lower limits of uncertainty between approximately 15 and 20%, while
ARVI, SARVI and PVI had uncertainties between approximately 8 and 16%.
Thus, one could not reliably discriminate bare soil from a 30-40% green cover
with the GEMI because both targets possess the same VI response. This uncertainty
reduced to 10-20% with all other Vis (see Table 4).

The soil noise uncertainty can be reduced with prior knowledge of the soils within
each landscape unit, thus reducing the bare soil spectral variations. The effect of this

soil-induced vegetation noise was observed on continental scale NDVI imagery of
Africa, where 'artifacts' seen in the Saharan desert were due to soil differences
(Townshend and Justice, 1986; Huete and Tucker, 1991).
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Fig. 4. Response of vegetation indices to different vegetation covers and soils, and multiple view zenith
angles. (A): NDVI; (B): SAVE (C): PVI: (D): AR'VE (E): SARVE (F): GENII: (G): Brightness. Soils legend:

a — laterite gravel and sand (IC: b — bright sand (A); c — bright sand and 20% litter (•). Vegetation

legend: d — grass 20% (D): e— forb:grass 40% (L): f— grass 50% (0): g — grass 80% (*): h — Cassia

100% (• ). (DOY 213, 226 and 233: solar zenith 40.)

3.4. The effect of sensor and sun geometry on Vls

The effect of view zenith angle on selected vegetation indices are shown in Figs.
4(A)-4(F) for different Vis, green vegetation covers and soils. The grass cover targets
had a relatively dark soil background owing to organic matter deposits, compared
with the forb,igrass and the Cassia target. The vegetation in the last two targets also
appeared more green and vigorous. The main phenologic difference between the grass
and the Cassia vegetation cover was the stage of seedforming. Grasses had their
inflorescences on top, which were less green than the leaves. Cassia was in a vigorous
growing stage and was just starting to develop some small yellow flowers. A some-
what complex view angle response was seen depending upon the VI used, and the

Fig. 5. Percentage vegetation equivalent noise (VEN so d s ) induced by a range of bare soils as function of view

zenith angle for selected vegetation indices (DOY 213, solar zenith 40').
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canopy structure and density. The resulting view angle profiles along the principal
plane were concave for all partially vegetated canopies and convex to flat about nadir
for Cassia and soils. Overall, it would appear that target anisotropy was greatest for
sparse or incomplete grass canopies, and lowest for bare soil and dense canopies. In
contrast to most of the grass vegetation sites, the grass iforb mixture (40% cover) was
planophile and had a slightly flatter response than the erectophile grass covers.

The asymmetric response of NDVI, ARVI and SARVI with view angle (Fig. 4)
appeared complex and difficult to model. The SAVI, PVI and GEMI, on the other
hand, demonstrated a lack of dependency along the principal plane with a more
symmetric response about nadir. Although empirical, Huete et al. (1992) normalized
such view angle responses over a semi-arid grassland with a cosine function. This only
works in partially vegetated canopies where the proportions of soil and plant were
expected to change with viewing angle. The sunlit and shaded soil surfaces were
further normalized by brightness-independent  Vis, such as the SAVI. The brightness
index (Fig. 4(G)) showed this strong anisotropic response about nadir attributed to
the sunlit and shaded, soil and plant surfaces.

The solar principal plane is not necessarily the plane in which the satellite-based
sensor systems view or scan the earth. For the location at Ouallam (Latitude 14.3=N
and Longitude -1.95°E) the solar azimuth and solar principal plane is gradually
increasing from the beginning of the growing season (DOY 175) to the peak of the
growing season (DOY 250), while the satellite (AVHRR, Landsat, SPOT) scanning
angle stays at 99' relative to North. In Table 5, solar azimuth and solar zenith angles
are presented for SPOT, Landsat and AVHRR equatorial overpass times; 10:30 h
GMT for SPOT, 09:45 h GMT for Landsat and 14:30 h GMT for AVHRR. These
times are very close to the time of overpass at the Ouallam location. The difference of
solar azimuth and the inclination angle at the time of overpass of the satellite sensor is
about 30' in the beginning of the growing season, a few degrees during the peak green
season and rapidly becomes greater again as vegetation is senescing.

In order to examine azimuthal effects, bidirectional reflectance measurements were

Table 5
Local (Quallam, Niger) solar azimuth and zenith angle for satellite overpass times

DOY	 SPOT	 Landsat	 AVHRR
(10:30 h GMT, 98.7y
	

(09:45 h GMT. 98.2) 	(14:30 h GMT, 98.9)a

Azimuth Zenith Azimuth Zenith Azimuth Zenith

150 65.5 20.4 71.2 30.5 72.8 38.7
175 62.4 22.0 68.5 31.9 70.1 37.7
200 69.8 22.1 73.7 32.4 74.4 36.6
225 86.6 21.1 85.3 31.9 84.8 37.0
250 111.0 21.4 102.0 31.9 98.0 40.2
275 134.1 25.3 119.8 34.0 110.2 45.5
300 148.2 31.7 133.4 38.6 120.3 51.0

a Scanning angle of sensor; north is 0'.
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Fig. 6. View azimuth angle and view zenith angle effects on SAVI and NDVI for medium (50%) grass cover.

Annotations under the curves: PP — principal plane: OP — orthogonal plance: TP — tertiary plane: solar

zenith angle (0„) at the time of the measurements (DOY 213).

made along three view azimuthal planes, the principal plane (82°), orthogonal plane
(172') and a third oblique plane (127°) to further examine view zenith and azimuth

effects (Fig. 6). A non-symmetrical behavior was seen along the principal plane for the

NDVI with a low and flat response in the backscatter direction and an increased

response with forward scatter view angles. The SAVI had a more symmetrical response

along all three measurement planes, and the NDVI also had a more symmetric response

along both the orthogonal plane (OP) and the oblique plane (tertiary plane (TP), which

was 45° to the PP). Although not shown in Fig. 6, the GEMI was symmetric for all

azimuthal planes, while the PVI, ARVI and SARVI behaved irregular in the principal

plane and more symmetric in the OP and TP. This means that it will be more difficult to

correct the NDVI for the changing solar azimuth and view zenith angle effects, since a

different correction must be applied for each stage of the growing season. The SAVI

correction is mainly a function of view zenith angle only.

3.5. Diurnal changes of Vis owing to solar zenith angle and surface soil moisture

An understanding of solar zenith angle with sparse plant canopies is important

since more or less soil may be illuminated. Depending on the view angle more or less

of the illuminated or shaded soil may be viewed, which becomes important for

geometric-optical modeling of VI response (Franklin et al., 1994). The diurnal

(from morning to afternoon) NDVI responses based on nadir reflectances, for

various targets are shown in Fig. 7. A strong solar zenith angle effect was observed

in all canopies as all Vis decreased with smaller solar zenith angles.

A combined solar zenith and surface soil moisture effect on the NDVI was very

pronounced in the sparse grass canopies (20 and 50/0 covers), as the wet soil surface

in the morning darkened the soil surface and resulted in an NDVI that was nearly

20% higher than the afternoon response (dry soil surface) for the same solar zenith

angles. At around 30= solar zenith angle, the surface of the soil underneath the grass

0.9
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Fig. 7. NDVI response to solar zenith angle and soil moisture changes for different vegetation covers and

nadir view angle (DOY 213 and 233).

cover becomes markedly drier and brighter. The 80% grass cover does show a solar
zenith effect (Fig. 7), but not a soil moisture or any other effects (change in architec-
ture, leaf turgidity, raindrops and dew on leaves), because morning (wet soil) and
afternoon (dry soil) NDVI responses were similar for equal solar zenith angles.

To show the effect of surface soil moisture at a constant solar zenith angle. a
controlled experiment was conducted: the spectral reflectance of a 50% green cover
plot was measured dry and wet (water was sprinkled on the soil surface). Analogue to
the VEN (vegetation equivalent noise) induced by different soils, the vegetation
equivalent noise owing to surface soil moisture was formulated (Eq. (7)) to make a
relative comparison between the selected VIs:

%VENwetness 100(Viwet — VI• -drn.• 'target / (Vifull canopy — Vi so i Is. mean ) (7)

The 'surface soil moisture noise' was determined by VI, — Vichy , which were the
vegetation index responses of an identical vegetated target with wet and dry soil back-
ground, respectively. VI• -soils. mean is the mean vegetation index response for bare soils and
will be subtracted from VI NIi canopy to account for the VI specific dynamic range. Figure 8
shows the percentage VEN„,,,„ for the selected VIs for the same target (50% green
cover). A positive percent change meant a higher VI response with wetting and a
negative percentage change was indicative of a lower VI response. Results for a 50°A)
green cover were quantified in Table 4. The VENwetness ow ing to surface soil moisture
increased the NDVI and the ARVI by about 7%, and the SARVI by 2%. The
VEN„ness for GEMI, PVI and GVI was about 2%, 1% and 2%, respectively. The
surface soil moisture effect was best minimized with the SAVI (-0.3%). If the VI
response to wetting were to be linear between 0 and 50% green cover, VEN,., ess

would give the percentage change in VI for other partially vegetated targets as well.
N-space VIs have, beside a 'greenness' component (PVI and GVI), a 'brightness'

component. Because 'brightness' is not a VI, the VI sons.mean can be set to zero in Eq.
(7) which then becomes a brightness based soil moisture indicator. Figure 8 shows the
percentage change in brightness of the target owing to a wet soil background, relative
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Fig. 8. Vegetation equivalent noise (VEN,ss) induced by surface soil moisture for a 50% grass cover.
using nadir VI responses. The brightness (BR-2-space and BR-4-space) and yellowness (YE-4-space)
sensitivity to soil moisture is shown by the last three bars.

to a dry soil background of the same target. Brightness decreased by about 13% for
this particular target. The yellowness component was not observed to yield extra
information other than another brightness indicator.

3.6. Temporal vegetation dynamics

Bush/grassland transect radiometric data were collected at about 40 solar zenith
angle, but slightly different soil surface moisture conditions (Table 1). Plant cover
estimates and 10 biomass samples were taken along the same transects for which the
data is presented. The radiometric data showed no significant difference between the
two parallel transects in both the bush/grassland and the degraded bushland. Despite
the grazing on parts of the transects, both cover estimates and Vis increased with time
(Fig. 9). Biomass was doubled during the observation period (Table 1).

A method to look at vegetation dynamics for the growing season was to measure a
range of representative vegetation covers and determine the relation between radio-
metric data products (VIs) and biophysical data. The transect averages then can be
converted to cover and or biomass. The line in Fig. 9 presents the relationship
between the BRF control plots from Fig. 4 (using nadir measurements) and esti-
mated vegetation cover. As can be seen, the VI relationship with the transect
vegetation cover was different from the relationship obtained with the BRF control
plots. Some uncertainty is possibly introduced by the method of cover estimation
(step transect) which might have overestimated the green cover. Furthermore, the
control plots had less than 1% dead standing biomass or litter. Knowing that there
was about 9% litter on the soil surface or as standing dead biomass, of which the
majority was standing, the VI response was lowered owing to the standing dead
biomass obscuring the green plants. On the other hand, one set of points involved
temporal variations (transects), while the other set involved spatial differences
(control plots) which include a wide variety of cover types. Thus, the SAVI and NDVI
may be fair indicators of temporal changes in vegetation cover, but may be less
effective in detecting spatial differences in cover, since there was a non-linear relation
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Fig. 9. Relationship between green cover, and the SAVI and NDVI for BRF control plots and the temporal

average transect responses of the grass , bushland site and the degraded bushland site.

between the VIs and the vegetation covers at the bush/grassland and degraded bush-

land, and the grass and Cassia control plots.
It was also noticeable that the VIs were responding more to a vigorous green looking

Cassia canopy (100% cover) than to a light green 80% partial grass cover (Fig. 9). The

grass control plots were observed to have very different phenologic stages in comparison

with the Cassia, which was starting to flower. Not only were the grasses flowering and in

a fruiting stage, the leaf angle distribution was erectophile and not planophile as with the

Cassia canopy. Furthermore, Cassia (100% green cover) had lower green biomass than

the grass (80% green cover) (Table 1). One could conclude that the VIs were not

consistent at a single site for a single vegetation cover.

4. Concluding remarks

The spectral signatures of different soils, vegetation species and landscapes showed

significant variability. It was obvious that the BRF of the different soil and vegetation

types were a function of sun and view geometry. Both soil and vegetation types had

anisotropic reflectance properties. The results of the optical characterization of the

Sahelian grass savannah presented here were similar to the results for the semi-desert

grassland in Arizona (Huete et al., 1992).
The effect of solar zenith angle on nadir reflectances and corresponding VIs was

significant and should be taken into account in any normalization process if com-

parisons are to be made among biomes on a global scale. Similar results were found in

a study by Middleton (1991), who looked at the effect of solar zenith angle on the

NDVI for the tallgrass prairie in Kansas. The solar azimuth angle was important for

global and regional scale VI products, because azimuth angle changed largely with

respect to satellite sensor inclination angle at higher latitudes. NDVI. ARVI and

SARVI behaved asymmetrically about nadir for off-nadir view angles, while SAVI

had the best symmetric response to view angle.
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The SAVI, GEMI and n-space vegetation indices (PVI and GVI) did discriminate
between 20 and 40% green vegetation cover targets. The NDVI, ARVI and SARVI
did not separate 20% from the 40% vegetation cover. The PVI and GVI lacked
dynamic range, but the brightness index provided some extra useful information,
particularly related to surface moisture and other soil related influences.

Soil background influences were shown to alter the response of VIs. SARVI looked
promising for discriminating low vegetation covers from soil (Fig. 5) and had the best
capabilities for detecting low levels of green vegetation. The GEMI showed a large
dynamic range for different soils, which was not a good quality in a VI.

NDVI and ARVI were altered seriously by surface soil moisture effects, while the
SAVI had the least sensitivity to soil moisture in vegetated canopies as shown in Fig. 8
by the VEN wet„ ss . Soil brightness (n-space) was an indication of soil surface wetness
when a temporal profile for the same area was monitored. This was observed for a
temporal profile of NDVI, SAVI and n-space 'brightness' for bush/grassland.
Especially with the bright sandy soils, a large difference was observed between a dry
and a wet (dark) soil background. Soil brightness could also be helpful to make a VI
soil baseline correction for a specific landscape unit, since the VI response of bare soil
seems to be related to brightness. Escadafal and Huete (1991) used a redness index to
adjust Vis for 'soil noise' with promising results.

The inclusion of the blue band in the ARVI and SARVI did not show a significant
aggravation of soil background effects. The ARVI and SARVI behaved similarly as
the NDVI and SAVI, respectively. The SARVI therefore has strong potential if the
utilized blue, red and NIR wavebands can be corrected for Rayleigh and ozone
atmosphere effects, and the NIR waveband is not affected by atmospheric water
vapor. If atmospheric corrections of satellite data cannot be made , the self correcting
GEMI might become more useful, although it was showed to be not very applicable
for sparsely vegetated areas and with atmosphere free, ground data.

All Vis had a non-linear relationship with the different vegetation covers. SAVI
and NDVI seemed fair indicators of the temporal vegetation changes, but did not
respond well to the spatial differences involving different vegetation species and soils.

Overall there was no 'optimal' VI, however, the SAVI, SARVI and PVI seemed to
perform best under most of the adverse conditions (vegetation cover, soil color
brightness, soil moisture, and sun and view geometry) and should be used in
estimating vegetation growth in the Sahelian zone.
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ABSTRACT

Linear mixture models have been used to invert spectral reflectances of targets at the

Earth's surface into proportions of plant and soil components. However, operational use

of mixture models has been limited by a lack of biophysical interpretation of the results. The

main objectives of this study were (1) to relate the deconvolved components of a mixture

model with biophysical properties of vegetation and soil at the surface and (2) to apply the

mixture model results to remotely sensed imagery. A radiative transfer model (SAIL -

Scattering by Arbitrarily Inclined Leaves) was used to generate reflectance "mixtures" from

leaf and bare soil spectral measurements made at HAPEX-Sahel (Hydrological Atmospheric

Pilot EXperiment) study sites. The SAIL model was used to create canopy reflectances and

fractions of absorbed photosynthetically active radiation (fAPAR) for a range of mixed

targets with varying leaf area index (LAI) and soils. A spectral mixture model was used to

deconvolve the simulated reflectance data into component fractions, which were then

calibrated to the SAIL generated LAI, fAPAR and soil brightness. The calibrated

relationships were validated with observational ground data (LAI, fAPAR and reflectance)

measured at the HAPEX Sahel fallow bush/grassland, fallow grassland and millet sites.

Both the vegetation and soil component fractions were found to be dependent upon soil

background brightness, such that inclusion of the soil fraction information significantly

improved the derivation of vegetation biophysical parameters. Soil brightness was also

shown to be a useful parameter to infer soil properties. The deconvolution methodology

was then applied to a nadir image of a HAPEX-Sahel site measured by the Advanced Solid

State Array Spectroradiometer (ASAS). Site LAI and fAPAR were successfully estimated

by combining the fractional estimates of vegetation and soils, obtained through

deconvolution of the ASAS image, with the calibrated relationships between vegetation
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fraction, LAI and fAPAR, obtained from the SAIL data.

INTRODUCTION

Vegetation and soils are very important natural resources for all life forms and play key

roles in the Earth's global biologic, hydrologic and atmospheric cycles and changes.

Although many studies have tried to classify land vegetation cover and monitor vegetation

dynamics at the Earth's surface (Tucker et al., 1985; Townshend and Justice, 1986), much

uncertainty still exists about the distribution of biomes and their primary production

(Townshend et al., 1991; Prince, 1991a). Soil baseline information from soil maps (1:1

million) only exist for one third of the Earth land surface (Purnell, 1993). However,

accurate information about the distribution and dynamics of vegetative cover and soils is

required to understand global climate changes, which could result in degradation or

enrichment of the Earth's resources.

The optical dynamics of terrestrial vegetation canopies are very complex due to the

variety of components at the Earth's surface and the intricate interactions between these

components. Each land cover type can be discriminated by the heterogeneity and structure

of the vegetation cover and the soil surface, all varying according to their specific spatial

and temporal development. As a result the composite spectral behavior of the entire canopy

is coupled to the interactions between the living green, senescent and decomposed plants,

and the soil background.

Spectral transformations, like the vegetation indices (VI), have been widely used

to monitor vegetation seasonality and infer biophysical parameters such as leaf area index

(LAI), absorbed photosynthetically active radiation (APAR) (Baret and Guyot, 1991),

percentage vegetation cover, biomass production, and CO, uptake (Singh, 1992) The main
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drawback of vegetation indices is the lack of functional relationships with vegetation

biophysical parameters. Although important information can be derived from site specific

regression plots (VI vs LAI, biomass, APAR or green cover), these relationships are subject

to changes in vegetation characteristics (architecture, species composition, senescent

vegetation), soil surface background, atmosphere (aerosols, clouds, path radiance), sensor

characteristics (spectral and absolute calibration) and the sun-sensor geometry.

For the best interpretation of vegetation indices, additional vegetation-specific

physiological, ecological and bidirectional reflectance distribution function (BRDF) data

seem needed, unless better universal biophysical relationships between vegetation

parameters (LAI, APAR, biomass) and vegetation indices are developed. In one study,

Asrar et al. (1984) showed a good correlation of LAI with the normalized difference

vegetation index (NDVI) in early plant growth stages but this became less correlated for

higher LM and senescent growth periods. Absorbed photosynthetic active radiation

(APAR) has been linked to plant photosynthesis (Tucker and Sellers, 1986) and was shown

to have an almost linear re!ationship with the NDVI (Hatfield et al., 1984; Asrar et al.,

1984). Bégué et al. (1994) and Prince (1991b) showed the APAR to be similar to

intercepted photosynthetic active radiation (WAR) and useful to estimate primary

production. Tucker et al. (1985), Diallo et al. (1991) and Wylie et al. (1991) showed the

seasonal primary production to be correlated to the seasonal integrated value of the NDVI.

Nevertheless, a spectral vegetation index is a dimensionless mathematical expression

involving a few wavebands (mainly red and near infrared) and sensitive to green vegetation.

It is therefore not surprising that one vegetation index can not account for all the

forementioned variables affecting the spectral response of a target. A more effective way

of extracting information on vegetation and soil can be accomplished through the use of
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high resolution, multiple wavebands. Multivariate analysis techniques and mixture modeling

provide the tools to reveal complex optical behavior patterns of diverse surface

components. Spectral deconvolution through multivariate analysis enables the extraction

of eigenspectra from which predictive models can be constructed. Quantitative estimates

of optically distinguishable components can be obtained depending on the abundance of

components in a pixel. A mixture model provides quantitative relationships between unique

"basis" spectral signatures, e.g. vegetation and soil, and the mixed spectral response of a

target area (Huete, 1986). The resulting eigenspectra fractions represent a measure of each

component within a pixel.

To unmix or deconvolve spectral mixtures, it is of interest to know if the

components involved are linearly and/or non-linearly related. Linear mixture models have

single scattering properties and are used on a macroscopic scale. These linear macroscopic

or "checkerboard" models can simply be used by adding the reflectance contributions of

individual components. Non-linear models are used on a microscopic scale and are

sometimes called "intimate" mixing models. For the non-linear case, the incident radiation

interacts with more than one component before being scattered into the sensor field of

view. The non-linear behavior of multiple component reflectances is described by Hapke

(1981) and Johnson et al. (1983). However, non-linear reflectance behavior can be analyzed

with linear mixture models as was shown by Mustard and Pieters (1987), Johnson et al.

(1985) and Huete (1987). Johnson et al. (1985) linearized the non-linear behavior of

reflectances by changing the reference variable, after which the spectral mixture could be

decomposed. Mustard and Pieters (1987) linearized the directional-hemispherical

reflectances of mineral mixtures by transforming them to single scattering albedos using the

bidirectional reflectance equations of Hapke (1981). Depending on the complexity of the
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target area, the spectral library also can include composite spectral signatures to enable

linear deconvolution (Mustard and Pieters 1987). Huete (1987) used a linear mixture model

in combination with a simple first order radiative transfer model to show the non-linear

interactions between soil and vegetation components for incomplete canopies.

A significant advantage of a mixture model over a VI is that it can provide

additional information on components other than vegetation. Huete and Escadafal (1991)

used a linear spectral mixture model to extract soil biophysical properties from fine

resolution soil spectra. Smith et al. (1985) used a similar technique to obtain quantitative

information on the abundance of mineral types. Although spectral mixture model products

have not been scrutinized as much as vegetation indices, the mixture products have

characteristic data dependencies similar to those of vegetation indices. The mixture model

vegetation fractions have been shown to be strongly related to vegetation cover (Smith et

al., 1990a, 1990b), LAI and fraction of absorbed photosynthetic active radiation (fAPAR),

but are also affected by soil background, atmosphere and spectral resolution as was shown

by Leeuwen et al (1994).

The main objective of this study was to improve the functional relationships

between the component fractions produced by a spectral mixture model, and vegetation and

soil biophysical parameters. In this study, we calibrate and validate spectral mixture model

outputs with simulated and observed optical and biophysical canopy data sets. A second

objective was to produce LAI and fAPAR maps by inverting high spectral resolution ASAS

(Advanced Solid State Array Spectroradiometer; Irons et al., 1991) reflectance imagery

obtained at HAPEX—Sahel (Hydrological Atmospheric Pilot EXperiment in the Sahel,

Niger, 1992). HAPEX—Sahel was an international, multi—disciplinary research effort to

study soil—plant—atmosphere energy, water and carbon balance in the West African Sahel
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(Goutorbe et al., 1994; Prince et al., 1995). We expect that improved estimates of the

amount and spatial distribution of LAI, fAPAR and soil brightness through remotely sensed

imagery, will contribute to better estimates of global primary production, improve global

scale climate predictions from Global Circulation Models (GCM's), and contribute to large

scale soil and water conservation practices.

THEORY

Spectral mixture model

The spectral mixture model presented here assumes that the observed spectral response is

equal to the weighted sum of the unique reflecting features on the Earth's surface:

= E r.. c	 (1)

where dik is the measured spectral response of mixture k (surface target) in waveband i, n

is the number of unique reflecting components in the mixtures, ry is the response of

component/ in waveband i, and cim is the relative contribution or fraction of component/

in spectral mixture k. The mixture model can be applied to data sets with two or more

spectral bands. Principal components analysis was used to obtain the number of significant

reflecting components and also to obtain the abstract eigenspectra and eigenvector loadings

or fractions. This abstract solution is finally transformed into a physical solution through

target rotation. This involved the use of pure spectral signatures of vegetation and soil

components (Malinowski and Howery, 1980; Huete, 1986). In this study, a vegetation

spectral signature generated by the SAIL model for LAI=7 and a bright soil spectral

signature were used to obtain the fractions for the vegetation and soil components.
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SAIL model

The SAIL model (Scattering by Arbitrarily Inclined Leaves; Verhoef, 1984) is considered

a turbid medium model for homogeneous canopies (Goel, 1988) and is based on the

Kubelka-Munk theory, which approximates the radiative transfer equation (Ishimaru,

1987). This simple but widely used radiative transfer model, models multiple scattering

over homogeneous canopies. The canopy reflectance is a function of the downward and

upward diffuse and direct fluxes with variations due to absorption and scattering

coefficients. The SAIL model basically adds up the contributions of the direct sun light and

diffuse light to the canopy reflectance as well as the contribution from the soil to the canopy

reflectance. Leaf azimuth angles are randomly distributed, and leaf inclination in the canopy

layer is discretized. Goel and Thompson (1984) showed that the SAIL model can be

inverted to derive plant parameters.

DATA AND METHODOLOGY

Study site

The study area contained several of the most dominant and typical Sahelian landscapes. The

area was part of the west central supersite (WCSS, Latitude 13.54°N, Longitude 2.52°E)

in a region southeast of the town of Hamdallay, 30 km northeast of Niamey. The WCSS

was part of the larger HAPEX-Sahel site, which was located between 2° -3°E and 13° -

14°N, as described by Prince et al. (1995) and Goutorbe et al. (1994).

The actual study area was stratified into four typical Sahel land units: 1) fallow

bush/grassland; 2) fallow grassland; 3) millet (Pennisetum spp.) field; 4) degraded millet

(Fig. 12 and 13). A millet field, originally chosen to be monitored during the growing

season, became severely degraded due to water erosion and was almost completely bare
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throughout the monitoring period. A healthy millet field was located to be monitored as

well. Animals were prevented from grazing on the study sites

Spectral radiometric field and pure component data

Ground reflectance data were collected with Exotech radiometers with 15° field of view

(FOV) lenses. The four wavebands included Landsat TM1 (0.45-0.52 pm), TM2 (0.52-0.60

pm), TM3 (0.63-0.69 pm) and TM4 (0.76-0.90 pm). To monitor temporal vegetation

dynamics, weekly radiometric measurements were made with an Exotech radiometer along

transects in fallow bush/grassland (z750 m length), fallow grassland (z300 m), millet (z500

m) and degraded millet (z800 m) sites. All transects involved one operator walking along

a flagged path on the different sites with a yoke and an Exotech radiometer mounted at a

height of approximately 3.5 m (target diameter is z 90 cm) taking measurements every 5

meters. The transects were measured consistently around 9:00 GMT at nominal solar zenith

angles between 30° and 40°. Radiometric measurements were made during most of the

growing season, from DOY 158 to DOY 282. Bi-weekly aircraft (Piper) radiometric

measurements were made from nadir, 250 m above ground level with an Exotech

radiometer that had exactly the same configuration as the ground radiometer. The aircraft

data showed excellent correlation with the ground data (Leeuwen et al., 1993), which

confirmed the transects to be representative of the sites. For further analysis, reference will

be made to the ground radiometric transect data, unless noted differently.

During the ground transect and aircraft radiance measurements, irradiance

measurements were made every 15 seconds with a third radiometer mounted above a

calibrated BaSO 4 reference panel. The reflectance factors were calculated by dividing the

target response by the interpolated response of the plate at the time of the actual transect



58

and aircraft readings. The yoke and aircraft radiometers were cross-calibrated with a

"reference-radiometer" used to measure the panel.

Bi—hemispherical leaf reflectance and transmittance data were collected from the

herbaceous layer (Andropogon spp. (grass), Pennisetum glaucum (millet), Guiera

senegalensis (shrub) and Chrozophora brocchiana (forb) ) with an assembly of the

Spectron—SE590 spectroradiometer and Licor integrating sphere (400nm to 1100nm in

10nm bandwidths). Reflectance and transmittance results between 450 and 900 nm for the

different leaves are presented in Figure 1. The reflectance and transmittance measurements

were made three times, with the leaf slightly moved after the first and second measurement.

Each measurement consisted of eight repetition which were internally averaged to reduce

instrument noise. Only leaves that covered the sampling port completely were measured.

The technique for measuring single leaf reflectance and transmittance with the Spectron and

integrating sphere is described by Major et al. (1993).

Sixteen soil surface samples were collected from the fallow bush/grassland site (4

samples varying in soil brightness; texture was loamy sand), degraded millet site (4 samples

varying in brightness; texture was loamy sand to sand), tigerbush plateau (4 samples varying

in soil brightness; texture was coarse gravel to sandy clay/loam), and several selected places

based on the toposequence from plateau to valley at the WCSS(4). B- and C-horizon sandy

soil samples were collected as well in the fallow bush/grassland and the degraded millet site.

Reflectance factors of all these soils were measured with a Spectron-590 spectroradiometer

using a 40 field of view mounted , 50 cm above the soil under clear sky conditions. The

same soil target was measured dry and wet. BaSO 4 measurements were made before and

after the measurements to obtain reflectance factors.
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Four representative surface soil signatures collected at the fallow bush/grassland and

degraded millet sites were then selected, in dry (DS) and wet (WS) condition, for

generation of the SAIL data. For all four dry soils (DS) the corresponding wet soils (WS)

were included as well. These soils were coded according to decreasing soil brightness, DS1,

DS2, DS3, DS4 and WS1, WS2, WS3, WS4, respectively. Figure 2 shows the optical

characteristics of soils observed at the WCSS and some of the soils used for the SAIL data

generation. Analogue to the findings of Stoner and Baumgardner (1981), five distinct soil

spectral signatures can be identified in Figure 2. The iron affected (MCH - Millet soil C-

horizon) and iron-dominated (PL-Tigerbush plateau) surfaces both are characterized by

absorption in the near infra-red (NIR). In some areas of the study site accumulation of dark

organic soil material (OM) occurred due to sedimentation processes after rainstorms. Most

soils in the study site however, were unaltered (e.g. DS1) or slightly iron and organic

affected (e.g. DS4). Soil brightness was indicated in parentheses next to the legend in

Figure 2.This was defined as the average of the reflectance factors (p) for n spectral bands

between 450 and 900nm:

soil brightness = (	 P
	

(2)
i=1

High soil brightness is indicative of an unaltered soil, low soil brightness is indicative of

organic dominated and iron dominated soils.

A nadir ASAS image collected on September 3, 1992, at 14.12 GMT, covered the

subsites of the WCSS and was used to obtain and show instantaneous spatial estimates of

soil brightness, LAI and fAPAR at the fallow bush/grassland, fallow grassland, millet, and

degraded millet sites. The ASAS configuration had 62 spectral bands from which 33 bands

were chosen with a signal/noise ratio of 100 or better. The 33 ASAS bands ranged from
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510nm to 846nrri, with a full width half maximum (FWHM) of :,--:10nm for each band. Image

dimensions were 512 x 358 pixels with an approximate spatial resolution of 3 m square.

ASAS digital counts were converted to at-sensor radiances with the provided calibration

factors, after which apparent reflectances for each band were computed. For each band,

surface reflectances were derived via atmospheric correction with "6S" using tropical

atmosphere gaseous components, continental aerosols and aerosol optical depths obtained

from ground and airborne sunphotometers. Based on the results of the atmospheric

correction, it was decided to remove two ASAS bands (759 and 769 nm), which were

outliers in atmospherically corrected reflectances due to the limitations of the water vapor

data and the spectral resolution of "6S".

Biomass, green leaf area index and fAPAR measurements

Bi-weekly biomass samples were taken from the herb layer (at the bush/grassland and

grassland sites), Gu/era Senegalensis shrubs (at the bush/grassland site) and millet plants

(at the healthy millet field) during the growing season. The sampling methodology involved

destructive sampling and dry weight determination for all above ground biomass sampling.

LAI of the different components (leaf, stem) were derived from the dry weight biomass

estimates of the selected sites, using linear relationships between dry weight biomass and

surface areas. This study used logistic growth curves, fitted to the measured data, to extract

data throughout the growing season.

Daily fLPAR measurements were made at the bush/grassland, grassland, and millet

sites. At each site a 100 m2 plotwas selected to be representative for the whole site, and

equipped with -, 100 equally spaced "PAR"-sensors (each with a surface area of 24 cm2),

mounted just above the soil surface. Daily IPAR values were obtained almost throughout
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the growing season, except the millet site where the millet was already emerging before

installation of equipment. A complete description of the data acquisition and data

manipulation to obtain fAPAR was given by Bégué et al (1995a)

SAIL-model data generation

The SAIL model used an Andropogon spp. leaf (being representative for the four leaf

spectral signatures presented in Figure 1) and eight different soil spectra to generate

reflectance signatures and fAPAR for a range of LAI values. The reflectance spectral

signatures generated by the SAIL model for a range of LAI values are presented in Fig. 3

for a dry soil (DS2) and a wet soil (WS2). The difference between the spectral signatures

for LAI=2 and LAI=7 was minimal which indicated that they would be hard to discriminate.

Data input specifications are summarized in Table 1. The leaf angle was chosen to

be uniformly distributed. This was a fair approximation of the overall leaf angle distribution

since Bégué et. al. (1995b) showed the leaf angle distribution of the different vegetation

species to be: Guiera Senegalensis, uniform; Forbs and annual legumes, planophile; and

annual grasses, erectophile. Consequently, a mixture of planophile, erectophile and uniform

plants will result in leaf distributions ranging from extremophile to uniform.

Mixture model calibration and validation

To derive biophysical parameters with a mixture model, the SAIL model was used to

simulate radiometric and biophysical data and create a reference data set to evaluate the

results of the mixture model (Leeuwen et al., 1994). Figure 4 shows a schematic overview

of the "radiative transfer - mixture model" approach for the retrieval of vegetation and soil

parameters. The validation and calibration of the "radiative transfer - mixture model"



62

approach basically consists of five steps:

1. SAIL data generation of mixtures with field-measured soil and leaf optical

properties.

2. Validation of SAIL-simulated data with field-measured biophysical and radiometric

data.

3. Deconvolution of mixtures to component fractions (CF).

4. Calibration of component fractions (CF) with SAIL-generated biophysical

parameters (LAI, fAPAR, and soil brightness).

5.	 Validation of the CF-biophysical relationships with measured data from the field and

from the ASAS imagery.

The validation of the SAIL model and mixture model was performed with ground-

based TM-band reflectance data (Exotech and Spectron) collected during the growing

season at HAPEX-Sahel. The TM reflectance data and the LAI and fAPAR measurements

were simultaneously collected. Therefore, all the results for steps 1 to .5 will pertain to TM

reflectances, except for the final ASAS application.

For the second step, the reflectances generated by the SAIL model were compared

with the reflectances measured in the field during the growing season. The SAIL generated

reflectance data (10 nm resolution) were converted into TM bandwidth reflectances by

averaging the reflectances for the TM band specific bandwidths. The soil adjusted

vegetation index (SAVI; Huete, 1988) was computed for the SAIL reflectances and

seasonal field (TM; Exotech) reflectance data:

SAVI= (Pair - Pred )/(13 .+Pred +0 . 5) 1 . 5 	(3)

where p red is the red reflectance and p the near infrared reflectance. The SAVI s ,,kw, and
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SAVIFIED, were related to their respective LAI, JL and LAIFIEm . The LAIsmL and LAIFIELD

were related to fAPARsA/L and fAPARFIELD to further evaluate the validity in using the SAIL

data as a baseline. The root mean squared (RMS) error was computed to evaluate the

performance of the SAIL model in comparison with the data collected in the field (SAW,

LAI, fAPAR). The RMS error is the standard deviation of the difference between the field-

based measurements and the SAIL-based simulated data.

The third step involved the deconvolution of the SAIL-generated reflectances into

component fractions with a focus on vegetation and soil fractions. The coupling of canopy

radiative transfer data and the mixture model was used to calibrate the vegetation fractions

and soil fractions with LAI smL and fAPARsAiL and soil brightness. This results in

equations that relate each biophysical parameter as a function of component fractions, e.g.

LAI = f (CF vEG , CFson).

Validation of the mixture model will involve the deconvolution of the field

reflectance data which results in vegetation fractions and soil fractions. Substitution of these

fractions into the calibrated equations (derived from SAIL data) results in quantitative

estimates of the biophysical parameters (LAI, fAPAR, soil brightness). Validation of

biophysical parameters, estimated with the calibrated mixture model, can be performed with

in situ measured LAIFIELD and fAPARFIELD .

Finally, steps 3, 4 and 5 were repeated for an ASAS data set. First the SAIL model

input data were made equivalent to the ASAS spectral resolution. The mixture model was

applied to the SAIL generated data (31 spectral bands), which resulted in vegetation and

soil fractions. These were then related to LAI sAIE, fAPARs,a_ and soil brightness with fitted

regression equations. The standardized relationships between vegetation and soil fractions

and LAI sArL, fAPAR sAIL and soil brightness were used as a reference to obtain vegetation
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and soil information from ASAS imagery. The reflectances of the 31 ASAS spectral bands

were atmospherically corrected and deconvolved with the same spectral endmembers as

for the SAIL data Spatial estimates of LAIAsAs, fAPARAsAs and soil brightness were

obtained by inverting the ASAS component fractions. The results were validated with the

measured LAIFIELD and fAPARFrELD

RESULTS AND DISCUSSION

Validation of SAIL data with field data (TM bands)

The data simulated by the SAIL model were validated with in situ radiometric (Exotech,

TM reflectance) and biophysical (LAIFIELD and fAPARFIELD) measurements in the fallow

bush/grassland, fallow grassland and millet fields. Figure 5 shows the measured reflectance

factors for the four TM bands as a function of the measured LAIHELD . The solid lines and

diamond markers represent the SAIL generated reflectances for a bright soil background

(DS1) and a dark soil background (WS4). Generally, the grassland and millet sites seem

to have slightly lower reflectances than the SAIL generated reflectances using DS1 as a

background. The bush/grassland reflectances fall about in the middle of the two boundaries

made up by the SAIL data. After LAI=1 the field reflectances seem to increase again which

was not simulated by the SAIL model. This was most likely due to the contribution of other

plant components, e.g. flowers, senescent leaves, which had optical properties that were

different from green leaves. Overall, field measured reflectances and LAIFIELD fall within the

boundaries of the SAIL generated reflectances and LAIs ,,,L

Figure 6a shows the relationship between SAVI EELD and LAIFIELD measured during

the growing season, and the SAIL generated SAVIsAn, and LAIsAIL . The SAVI is utilized

in the validation of the SAIL model because it will normalize some of the variation in the
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red and N1R reflectances due to sun angle and soil background (Fig. 5). The SAIL data is

almost superimposed on the seasonal field data of the different vegetation types: fallow

bush/grassland, fallow grassland and millet. The SAWFTELD and LAIFTELD deviated

significantly from the SAVIsAIL and LAIsAm near the end of the growing season, during

which the plants were in different stages of flowering and it was more difficult to make

accurate LAI estimates. However, since flowering and senescence occurred throughout the

fallow sites after the peak greenness (DOY 261), the SAIL data (SAW and LAI) was also

less representative for the site conditions. The generated SAIL data utilized green leaf

optical properties as input. Asrar et al. (1984) noticed a decrease in vegetation index

response towards the end of the growing season and attributed it to phenological changes.

The RMS error between the field data and the SAIL generated data (D52 as a

representative background) was 0.054 for the LAI and 0 017 for the SAW, excluding the

data points after LAI=1.1 (DOY 261) for the forementioned reasons.

Figure 6b shows a fair agreement between the measured fAPARF/ELD and SAIL

generated fAPARsArL as a function of the LAI. An exact validation was not possible, since

the data sources were collected at different spatial scales (a 10 x10 m plot versus a site

transects). Observations of biological variables in the field showed the grassland plot to be

similar to the grassland site (13égué et al.,1995b). The plots at the bush/grassland and millet

fields represented higher vegetation amounts than the surrounding bush/grassland and millet

sites (13égué et al., 1995b). Bégué et al. (1995b) attempted to simulate the fAPAR for the

site, based on the differences between biological variables of the plot and the site, and a

radiative transfer model (SAIL-cylinder model) taking vegetation architecture into

consideration. The results of this simulation are presented for the bush/grassland site in Fig.

6b. The SAIL-model slightly underestimated fAPAR for the bush/grassland on the site
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scale in comparison with the simulated fAPAR estimates from the SAIL-cylinder model

(Fig. 6b). Since the grassland plot is identical to the site, it can be concluded that the SAIL

model underestimated the fAPAR for the grassland site. The RMS error for the grassland

site was 0.16 for the LAI and 0.06 for the fAPAR. Based on the SAIL generated data, the

fAPAR is higher for a bright soil background than for a dark soil background. This is in

agreement with the measured fAPARFIELD, since the bush/grassland site had a darker soil

background than the millet and grassland sites.

The SAIL reflectances, fAPAR sAiL and LAI a fair approximation of the

measured reflectances, fAPARFIELD and LAIFIELD in the field as was indicated by the RMS

errors. However, the SAIL estimated LAI more reliable than the SAIL

estimated fAPAR sAILL. Improved radiative transfer simulation models that allow for

vegetation distribution and architecture parameterization (Bégué et al., 1995b; Myneni et

al., 1992) will improve the estimates of fAPAR. However, input parameters to these models

are generalizations of complex surfaces and the radiative transfer can only produce

approximations to reality.

Deconvolution of the SAIL generated data (TM bands) - mixture modeling

SAIL generated TM reflectances for a range of LAIs (12) and eight soil backgrounds, were

used as input to the spectral mixture model. Based on the eigenvalue analysis, the data was

considered to have two components. One criteria to determine the number of components

relates to the amplitude of the real error in the data reproduction using the eigenvectors and

eigenvalues. The real error is the average error in the reproduced reflectance data, which

is leveling off when additional components do not contribute significantly to the

reproduction of the data. Another criteria for the number of components is based on the
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amount of variance explained by additional components. The variance was calculated by

the ratio of the sum of the first two eigenvalues and the total sum of all eigenvalues. The

real error and variance, based on two components, are presented in Table 2.

A two component mixture model,

[D] = Rveg CF  Rsc,a CF  6 (4)

was applied to deconvolve the spectral mixtures reflectance data matrix ([D]) into a soil

component fraction (CF) and a vegetation component fraction (CF,g). The solution to

this problem is to find two 'unique' component spectral signatures or endmembers, in this

case a 'pure' vegetation reflectance signature (Rveg) and a "pure" soil or background

reflectance signature (Rs0 11). The residual (kes) is the difference between the original data

matrix and the regenerated data matrix using the two component model. The residual can

be used to examine whether the mixture model described the component reflectance

signatures and their amounts properly. A measure for the residual is the root mean square

error (RMSE) which measures the difference between the raw data (d) and the data

reproduced using the two components (d):

RMSE -

t	 b

E E (d d') 2

k=1

th

1/2

(5)

where t is the number of targets and b the number of wavebands. The mixture model

results of the SAIL TM reflectance data are presented in Fig. 7. The "pure" spectral

signatures of a canopy with LAI=7 (generated by the SAIL model) and a bright soil (DS I)

were used to calculate the vegetation and soil fractions in each spectral mixture. Figure 7

shows the linearity between vegetation and soil fractions for each soil background (e.g.

dashed lines for DS1 and WS4) for a range of LAIs. However, vegetation fractions (CF„g)
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and soil fraction (CF.,a) are non-linearly related to LAI. Isolines (solid lines) between the

LAI equivalent markers showed the slope to be negative for low LAI's and becoming more

positive with higher LA's. For LAI=0.5, the vegetation fraction changes from 0.6 for the

brightest soil to 0.4 for the darkest soil, while the soil fraction changes from 0.5 to 0.2.

Figure 8a shows the vegetation fraction to change the most between LAI=0 and

LAI=2. For LAI ^ 2 the vegetation fraction changed minimally. The vegetation fraction

saturated quicker for bright soil backgrounds than for dark soil backgrounds. Figure 8b

shows an almost linear relationship between the vegetation fraction and fAPAR sAm . The

CFveg -fAPAR relationship is most linear for the dark soil background and becomes more

non-linear with the brighter soil backgrounds. Figure 8c and 8d shows the soil fraction to

decrease dramatically from the bright dry soil to the dark wet soil for a constant LAI and

fAPAR. Since this is especially true for bare soils and partial vegetation covers (LAI � -I),

soil information can be obtained from these targets using this mixture modeling technique.

The soil fractions for the bright soils are zero for dense vegetation covers and can reach one

for bare bright soils. The soil fraction of the dark soil (WS4) ranged between 0.3 and 0,

for bare soil and dense vegetation cover respectively.

Coupling of TM based component fractions (CF) with LAI and fAPAR

Since both CFs varied with the biophysical parameters, LAI s„ and fAPARsmL, three

dimensional fits were applied to the mixture model component fractions and LAI sAIL and

fAPAR sAiL to obtain equations that describe the relationship among the three variables.

These equations or regression planes apply to the 4-band, TM reflectance data, and serve

as the biophysical calibration of the coupled SAIL model - mixture model output (Table 3).

The non-linearity among the LAI values and vegetation and soil fractions (Fig 8a and 8c)
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becomes stronger with increasing LAIs. This limits the range of the LAI-CFs-equation to

LAI � 1.5. A solution to this problem would involve a look up table (LUT) for all

combinations of LAI (0 LAI � 7), vegetation fractions and soil fractions. A less accurate

but simpler method can be to choose one representative soil and create a relationship

between the LAIsAIL and vegetation fraction only. The relationship between fAPARsAn_ and

vegetation fraction and soil fraction was less complex and thus a regression plane (Table

3) could be fitted to the complete range of fAPARsAIL used in this study.

Soil brightness

A linear relationship was found in Fig. 9 between the soil fraction and soil brightness for

a range of LAIs. The soil brightness (SB-CF) was calculated for the SAIL reflectance data

using equation 2, after multiplying the CFson_ with the soil endmember spectral signature

(TM reflectance). The residual background brightness was obtained by subtracting the

vegetation fraction times the vegetation signature from the original data matrix. The

residual background brightness was in close agreement with the signature obtained from

the computed soil brightness (CF„„i Rso,i). The standard deviation of the difference between

SB-CF and residual background brightness was 0.1. For this two component mixture model

the vegetation contribution only had to be subtracted from the original data to obtain the

soil signature. However, for multi-component mixtures the residual spectral response can

be a combination of non-vegetative components (e.g., soil, litter, rocks).

Interestingly, the soil fractions were related to the amount of bare soil and to the

soil brightness of the surface. Although the soil brightness is dependent on soil fraction and

soil signature only, and independent of the vegetation fraction, knowledge of both

vegetation fraction and soil fraction will provide more information with respect to bare soil
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distribution and soil brightness. A low soil fraction can be either due to a dark bare soil or

to a partial vegetated bright soil. The availability of both vegetation fraction and soil

fraction will enhance the discrimination between the two cases. A regression plane,

coupling the soil brightness with both soil fraction and vegetation fractions (Table 3) can

be used in establishing the difference between a dark soil and a partially covered bright soil.

More study will be needed to relate the soil fraction and residual spectral signature

to soil biophysical properties, such as organic carbon, litter, iron content and surface

wetness. Residual spectral analysis (Gillespie et al., 1990), i.e., subtracting the green

vegetation component from the original spectra, will enable us to discriminate among the

five different soil types as shown in Figure 2, if other components are not present in the

mixture.

Validation of the calibrated mixture model results with field observational data

The TM-band reflectance data set collected during the growing season was deconvolved

using the same endmembers as were used for the deconvolution of the SAIL data. The

resulting CFs were then inserted into the SAIL-model calibrated relationships between

LAIsA/L and CFs (Table 3) to predict temporal LAI for the different vegetation types in this

study. Figure 10 shows the measured LATH= to agree very well with LAI estimated with

the calibrated mixture model. Both fallow bush/grassland (Fig. 10a) and fallow grassland

(Fig. 10b) LAIs were very well predicted during the growing season, but lacked accuracy

after the peak of the growing season (DOY 261). The RMS LAI error for the bush/grassland

was 0.05 for the growing season up to DOY �_261 (the approximate time of the peak of the

growing season). The RMS LA/ error was 0.22 for the complete monitoring period

including three weeks after the peak of the growing season. RMSLAI errors for the grassland
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site were 0.05 for DOY � 261 and 0.17 for the complete monitoring period. The LAI

predictions (Fig. 10c) for the healthy millet site were off significantly. The RMS LA, for the

millet site was 0.11 for the complete monitoring period. This could be due to the

underestimation of the measured total LAI in the millet field. Reportedly only the millet

plants were sampled for estimates of LAI (the spike was not included). However, the

radiometric measurements included the sparsely distributed weeds as well. Furthermore

agricultural practices were applied (weeding, mulching) several times during the growing

season to terminate the weeds. Another reason for this discrepancy might be the inability

of the SAIL-model, which was designed for homogeneous canopies, to simulate the

clumped millet plants accurately. Moreover, a uniform leaf distribution and Andropogon

leaf spectra were used for an erectophile millet canopy. The degraded millet site was plotted

as a reference (Fig. 10c). Sheet erosion during rainfall events destroyed all the millet crop

and seedlings and the site was left with very sparse distributed clumps of weeds, millet,

trees and shrubs. Since fAPAR was more difficult to validate, due to the differences in

scales and biological variability, a final validation will be performed with the ASAS data.

Interpretation of the vegetation and soil fractions from the deconvolved transect TM

data (Fig. 11), indicated different patterns for each vegetation type with respect to peak

vegetation growth and soil brightness. As a reference, the vegetation fraction and soil

fraction for the SAIL data with a bright soil and dark soil were plotted as well. The

different vegetation types can be ordered by decreasing peak vegetation growth (vegetation

fraction; Fig. 11): 1. fallow bush/grassland, 2. fallow grassland, 3. millet, 4. eroded millet

site. The sites can also be ordered by increasing soil brightness (soil fraction; Fig. 11): 1.

fallow bush/grassland, 2. fallow grassland, 3.healthy millet - 4. eroded millet site. It can be

concluded that the vegetation growing over darker soils had higher primary production than
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the brighter soils. Supposedly, the lower soil brightness was most likely related to higher

organic matter contents, and thus more nutrient absorption and release through the

decomposition of organic material. The circled markers are all days with wet/moist soil

surfaces due to significant rainfall events the previous day (DOY 193, 205, 213, 221, 254;

Lebel et al., 1993). Consequently, the soil fractions were all lower with respect to the

general trend.

Deconvolution and inversion of ASAS imagery (31 spectral bands)

The procedure presented in Figure 4, and described in the methodology, was repeated for

the 31 ASAS spectral bands. SAIL data generation and spectral modeling to calibrate the

component fractions with LAI and fAPAR were executed by using spectral properties of

one representative soil (DS2) and one leaf (Andropogon spp.). The SAIL generated

reflectances were deconvolved by using a spectral signature of DS2 and a SAIL generated

vegetation spectral signature (LAI=7) as endmembers. The vegetation fraction was

calibrated with the full LAI, 	 fAPARsA11  range (0 LAI �.. 7) (Table 4). A simpler

approach was taken since the effect of the soil background on the vegetation fraction was

limited. On DOY 247 the soil surface was dry and DS2 was shown to be fairly

representative for the study sites (compare Fig. 7 and 11). Deconvolution of the ASAS

reflectances resulted in spatially distributed vegetation fractions and soil fractions for part

of the CWSS (Fig. 12). ASAS derived LAIAsAs and fAPARAsAs maps of part of the CWSS

were obtained by inverting the calibration equations (Table 4; Fig. 13).

All four stratified sites or land cover types were indicated on the ASAS imagery

(Fig. 12 and 13). The eroded millet site was shown to be very bright. The fallow areas were

covering most of the eastern site of the image. The scale of the images is approximately
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110 000. Outstanding features are the road and a dense vegetation patch, identified in the

field as being predominantly covered with Chrozophora brocchiana.

The soil fractions are displayed in Fig. 12a (soil loadings are equivalent to soil

fractions). The soil fraction image (Fig. 12a) can be read as a soil brightness map, simply

by multiplying the soil fraction times the endmember soil brightness (R a equals DS2).

Figure 3 indicated the soil brightness to be 31.2%. The vegetation fractions are displayed

in Fig. 12b (vegetation loadings are equivalent to vegetation fraction). Although the soil

brightness map and vegetation abundance map are a measure for the profusion of soil and

vegetation, more information can be obtained by inferring LM, fAPAR and potentially soil

mineralogy. Figure 13a (LM) and Fig. 13b (fAPAR) seem very useful in obtaining spatial

vegetation information. Maps like these can be utilized for soil survey, vegetation

classification, vegetation production monitoring and many other applications.

Validation of LAI and fAPAR derived from ASAS imagery

Based on the vegetation fractions obtained from the ASAS sub sites, LAI and fAPAR were

computed with the calibration equations in Table 4. The LAIAsAs and fAPARAsAs, estimated

with the mixture model, were compared with the LAIFTELD and fAPARFIELD measured in the

field (Fig. 14). It should be noted that the biophysical measurements at the degraded millet

site (bare soil) were not actually executed. Three ASAS data subsets (10x10 pixels),

sampled from each stratified subsite (Fig. 12 and 13), were averaged to represent the

different vegetation types. Since the biophysical measurements were made at the same sites

as the sampled ASAS subsets, it can be concluded that the LAI AsAs estimated with ASAS

data agrees very well with the measured LAIFTELD (Fig. 14a). Note that the measured

fAPARFŒLD in the fallow bush/grassland was about 50% higher than the estimated
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fAPARAsAs (Fig.14b). The other sites showed better agreement, but compared to the

fAPARFELD measured in the field, the fAPAR,,,, was underestimated for all sites. This

discrepancy was also found between the field estimated fAPAR (Fig. 6b) and SAIL

generated fAPAR.

CONCLUDING REMARKS

It seems feasible to use a radiative transfer model to generate realistic vegetation canopy

data and use these as a reference to calibrate spectral mixture models. However, it should

be noted that the validation procedure was only executed for the range of vegetation covers

(LAIma, -, 1) observed at the study sites. A wide range of LAI sAm values was chosen to

capture the less frequently encountered dense vegetation structures in this semi-arid

environment. Although the input parameters of the SAIL-model were general

representations of the three major vegetation types, the simulated SAIL data could vary

greatly due to differences among vegetation species reflectance and transmittance

properties, as well as soil reflectance characteristics. More accurate simulations would also

include: a three dimensional description of the vegetation architecture, species composition

and their optical properties and leaf distribution, accurate ratio of diffuse and direct solar

irradiance, and a range of view-sun geometries. Nevertheless, validation of the SAIL model

with field data showed the simulation of reflectances and LAI with the SAIL model to be

fairly reliable. The SAIL model might be of limited use for generating fAPAR for different

vegetation types as was shown in this study, and by Bégué et al. (1995b). However, the

proposed calibration and validation procedure for the biophysical interpretation of mixture

model results can be applied by using some more sophisticated radiative transfer models

from Myneni et al. (1992) and Bégué et al. (1995b).
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The combined use of a radiative transfer scheme and mixture model can be applied

to other satellite spectral band configurations, beside the 4 TM bands and the 31 ASAS

bands used in this study. MODIS bands and MODIS global coverage (Salomonson, 1989)

make this approach very useful for global LAImoms and fAPARmoDis information extraction.

GCMs might get more accurate vegetation information on a global scale to simulate and

predict climate changes. This is analogous to the recently proposed idea to calibrate the

MODIS vegetation indices with LAI and fAPAR on a global scale using Myneni's radiative

transfer model, which allows for incorporating canopy structure (Huete and Liu, 1994;

Running et al., 1994).

Leeuwen et al. (1994) showed the importance of using atmospherically corrected

data as an input to the mixture model. The vegetation fractions of the vegetated subsites,

using ASAS corrected reflectances, were approximately 30% higher compared to the

vegetation fi-actions using uncorrected, apparent reflectances. Therefore, the atmospheric

effect can cause a significant underestimation of the green vegetation cover. The

atmosphere caused the soil fractions to be equal or lower than the soil fractions using

corrected reflectances (Leeuwen et al., 1994).

Although soil brightness is a useful soil property, the soil spectral signatures contain

more soil mineralogic information. Deconvolution of spectral mixtures was shown to be a

useful tool in obtaining the vegetation and soil contributions. The mixture model allowed

us to subtract the vegetation contribution, after which it was possible to obtain the soil

spectral signature or residual that can be analyzed further to obtain soil mineralogic

information. Furthermore, since fAPAR is dependent on the soil background (13égué et al.,

1995b), soil brightness information can improve estimates of fAPAR. Naturally only

partially vegetated and bare soils can be monitored with remote sensors to obtain soil
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information.

The mixture modeling technique used in this study, seemed very promising for

extraction of LAI and fAPAR, and soil information. From the results of this study it also

appears feasible to make LAI and fAPAR maps with nadir ASAS imagery. The spatial

distribution of the different land cover types and their specific heterogeneity can be derived

from ASAS images. Geostatistical characterization with variogram models for each land

cover type, could also enhance their discrimination. Future investigations will involve

residual soil signature analysis to infer soil mineralogic properties and the bidirectional

aspects of ASAS imagery.
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Table 1. Nominal parameter specifications for the SAIL model data generation (conditions

are found in Sahelian landscapes) 
Illumination, solar and view geometry conditions 
- Fraction of direct solar irradiance 0.80

0°
13.5° North
00/0°
10.00 GMT/ 32.6°

- Solar declination
- Latitude
- View azimuth / zenith angle
- Time of day / solar zenith angle

Canopy and soil conditions 
- LAI (12)
- # canopy layers / # component
- spectral resolution
- soil optical properties

- leaf optical properties
- Leaf angle distribution
- Leaf inclination angle distribution
- instantaneous fAPAR

0.001, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 5, 7
1/1
p and t for 400.A � 900 nm (interval lOnm)
p for two sets of four soils ranging in brightness
(dry and wet; Fig. 1)
leaf p and (Andropogon spp. from study site)
uniform (f(0) = 2/Tc)
9 bins of 10° each (0°	 90°)
fAPAk a, (400	 700 nm) 
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Table 2. Performance evaluation of the mixture model using two factors and two
components (vegetation and soil) to extract the component fractions and reproduce the
original data.
Data # spectral # targets Real error (%) Variance RMSE in data
source bands or pixels (% reflectance) (%) reproduction (%)

SAIL 4 (TM) 96 0.40 99.96 0.42

Field 4 (TM) 120 0.57 99.97 0.50

SAIL 31(10 nm) 12 0.24 99.99 0.36

ASAS 31(10 nm) 183296 0.95 99.91 not computed



Table 3: Biophysical parameters (LAI, fAPAR (%), soil brightness (SB;
based on % reflectance) described as a function of the mixture model output
(vegetation fraction (x) and soil fraction (y)). The equations' are valid within
the range shown in Figures 6 and 7.

coefficients LAI2 fAPAR3 SB4

1-2 0.996 0.998 0.998

Fit std. error 0.034 1.150 0.24

a 1.4087 26.980 0.6103

b -0.4073 -13.478 -0.5858

c 7.2805 340.26 20.497

d -15.567 -653.63 660.71

e 16.307 544.59 -0.1660

f -6.5156 -174.26 0.4718

g -12.383 -252.75 -0.4824

h 42.996 953.99 28.913

i -74.328 -1861.4

63.361 1803.2

k -21.056 -670.11

'Equations: 
2 LAI = a+bx+cx 2 +dx 3+ex4fx 5+gy+hy 2 -4-iy 3+jy 4 +k-y 5 	(0 LAI � 1.5)
3 fAPAR= a+bx+cx 2+dx 3+ex 4-i-fx 5+gy+hy 2+iy3+jy 4 +ky 5 	(0 fAPAR _73)

SB	 = (a+bx+cy+dy2 )/(ex+fx 2 -i-gx3+hy4 )	 (0 SB	 23)
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Table 4: Polynomial regression equations relating
the vegetation fraction (x) to LAI and fAPAR for
the ASAS configuration.

coefficients LAI' fAPAR2
r2 0.995 0.999
a -0.001367 -0.006679

-1.28127 -1.01922
0.791917 46.449204

d -0.074960 -0.089419
-0.777408 -44.1980
0.3582032 0.140306

LAI = (a+cx+ex 2)/(1+bx+dx 2+fx3 )
2 fAPAR = (a+cx+ex 2)/(1+bx+dx 2+fx3)
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Figure Captions

Figure 1: Reflectance (a) and transmittance (b) optical properties of green leaves

Figure 2: Soil spectral signatures encountered at the study sites (dry soil - DS; wet soil -
WS; iron and organic matter affected and dominated soils) to qualitatively indicate their
mineralogic properties.

Figure 3: Reflectance spectral signatures generated by the SAIL—model for a range of LAI's
and dry (DS2) and wet (WS2) soil background (respectively 3a and 3b).

Figure 4: Overview of spectral mixture model validation and calibration scheme using SAIL
simulated and field observational data (p - reflectance factor; -c- transmittance; À -
wavelength (nm)), ASAS imagery.

Figure 5: Comparison of SAIL generated reflectances (4 TM bands) and reflectances (4
TM bands) measured in the field as function of LAI.

Figure 6: SAIL data validation with actual field data: (a) LAI vs SAVI for the SAIL model
and for the fallow bush/grassland, fallow grassland and millet site (b) fAPAR vs LAI
for the fallow bush/grassland, fallow grassland and millet site (in situ plot measurements,
site data simulation and SAIL simulation of fAPAR).

Figure 7: Mixture model results after deconvolving the SAIL generated TM data for eight
different soils and LAI s ranging between LAI=0 and LAI=7; the solid lines emphasizing
the LAI as a function of both vegetation and soil fractions; the dashed lines emphasizing
the soil effects on the component fractions

Figure 8: Relationship between the vegetation fraction and LAI (a) and fAPAR (b), and
between the soil fraction and LAI (c) and fAPAR (d); based on he SAIL generated TM
data for eight different soils and LAI's ranging between LAI=0 and LAI=7.

Figure 9: Soil fractions are linearly related to soil brightness based on a limited range of
soils.

Figure 10: Validation of the spectral mixture model (calibrated with the SAIL data) results
with field data; making a comparison of the seasonal LAI development as it was
measured in the field and estimated by the calibrated mixture model. (a) fallow
bush/grassland; (b) fallow grassland; (c) millet (and eroded millet field)

Figure 11: Scatterplot of vegetation and soil fractions for different biomes, indicating
differences in soil background and vegetation growth.
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Figure 12: ASAS image (using 31 spectral bands) of soil brightness (a) and vegetation
fraction (b) as a result of the deconvolution of the spectral reflectances into component
fractions using the mixture model.

Figure 13: ASAS derived LAI (a)and fAPAR (b) images based on the calibration of the
mixture model with the SAIL model; LAI=gCF g), fAPAR= f(CFwg) (Table 4)

Figure 14: The mixture model estimated LAI (a) and fAPAR (b) from the ASAS imagery
was compared with field observational data for fallow bush/grassland, fallow grassland,
millet, and the degraded millet site (bare soil).
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ABSTRACT

Litter is frequently present within vegetation canopies and thus contributes to the overall

spectral response of a canopy. Consequently, litter will affect spectral indices designed to

be sensitive to green vegetation, soil brightness or other features. The main objectives of

the current research were (1) to evaluate the spectral properties of green vegetation and

litter and (2) quantify the effect of standing litter on the performance of spectral indices.

The SAIL-model (Scattering by Arbitrarily Inclined Leaves) was used to generate canopy

reflectance "mixtures' with varying leaf area index (LAI), soil background, combinations

of vegetation component spectral properties, and one or two horizontal vegetation layers.

Spectral measurements of different bare soils and mature green and senescent leaves of

representative plant species at the HAPEX-Sahel (Hydrological Atmospheric Pilot

Experiment) study sites were used to simulate canopy reflectances and estimate fractions

of absorbed photosynthetically active radiation (fAPAR) for a range of mixed canopies.

The normalized difference vegetation index (NDVI), the soil adjusted vegetation index

(SAVI), the modified NDVI (MNDVI) and mixture model spectral indices were selected

to evaluate their performance with respect to standing litter and green vegetation mixtures.

All indices were affected by standing leaf litter, but the performance of each index was a

result of the coupled litter, green vegetation and soil spectral properties. The spectral

reflectance signature of leaf litter varied significantly, but strongly resembled soil spectral

characteristics The amount and vertical distribution of litter and green vegetation were

shown to be equally important in controlling the spectral index response. The biophysical

parameters (LAI, fAPAR) derived from spectral vegetation indices, tended to be

overestimated for randomly distributed, sparse green and litter vegetation cover mixtures,

while the biophysical parameters tended to be underestimated for randomly distributed
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dense green and litter vegetation cover mixtures. All spectral indices and their biophysical

interpretation were significantly altered by variability in (1) green leaf, leaf litter, and bark

optical properties, (2) the position of standing leaf litter, (3) leaf angle distribution and (4)

soil background. The NDVI response to these variables was inconsistent, and was the most

affected by litter. The spectral mixture model indices, designed to be sensitive to litter, were

shown to be promising for the identification of litter present among different ecosystems.

INTRODUCTION

The Earth's natural and human-induced terrestrial ecosystems exhibit a very complex optical

behavior due their inherently dynamic vegetative growth and decay processes, driven by

time- and space-dependent climate and soil properties. On a sub-pixel scale, multiple

scattering and interaction among the green plant components, non-photosynthetically active

plant components (senescent standing litter, stems/bark), and soil background, will

determine the spectral reflectance obtained with remote sensors. Therefore, spectral indices,

which are mathematical expressions of spectral reflectances to quantify or qualify

vegetation and soil components, will be affected in different ways and ultimately cause

noise in the estimation of biophysical parameters (leaf area index (LAI), fraction of

absorbed photosynthetically active radiation (fAPAR), green phytomass, vegetation

coverage and soil brightness). The relationship between spectral vegetation indices (VIs)

and biophysical parameters have been described by many investigators (Asrar et al., 1984;

Baret and Guyot, 1991; Prince, 1991a, 1991b; Sellers, 1985; Tucker and Sellers, 1986;

Huete and Jackson, 1987, Leeuwen et al., 1993, 1994).

Vegetation indices can also be used to monitor the green vegetation component of

the global carbon cycle (Fung et al., 1987). Soil respiration was shown to be closely related
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to net primary production (Raich and Schlesinger, 1992). A technique for estimating the

amount of dead vegetation on the surface would improve estimates of turnover rates and

soil management practices related to the prevention of water and wind erosion (Tueller,

1989). Vegetation indices are also used in energy balance studies (Moran et al., 1989) to

partition soil and vegetation surfaces to determine net radiation components and

contributions of soil heat flux, latent heat flux and sensible heat flux. However, litter

components are rarely accounted for.

Forest, grassland, desert and cultivated land are the Earth's major vegetation cover

types, but estimates of their spatial distribution vary dramatically (Townshend et al., 1991).

Remotely sensed vegetation indices and their relationship with AFAR are used to estimate

global primary production (Prince, 1991b). However, an accurate estimate of the green and

dead vegetation components is needed to determine yearly primary production and plant

decay to improve land cover classification and their production. It has been suggested to

simulate different biomes using a sophisticated radiative transfer model (Myneni et al.,

1992) on a global scale to better interpret remotely sensed data (Running et al., 1994).

However, this is very difficult for most biomes since the composition and optical properties

of soil and vegetation components are changing throughout the year due to climate

changes.

The growing season can be characterized in terms of vegetation growth stages and

transitions. Most grasslands, savannas, and shrublands have (1) a senescence period, (2) a

transition from the dry to the wet season during which litter is decaying from yellow to gray

and dark structures, (3) a growing stage depending on the precipitation distribution, and

(4) a dry-down into the senescence stage due to lack of precipitation or extreme low or

high temperatures. Throughout this growing season the soil and litter color and litter
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distribution vary due to biochemical, biophysical, and morphological changes as a response

to their environment. A well-grazed pasture will have less standing litter than an ungrazed

pasture The litter will partially obscure the green vegetation. Senescence patterns can be

observed among all biomes as overall (entire plant), top (above ground), deciduous and

partial or progressive senescence (Thimann, 1980).

Reflectance differences among vegetation, litter and soil

At the leaf scale, leaf pigment concentrations (chlorophyll and cartenoids), leaf water

content and leaf structure cause variations in leaf reflectance, transmittance and absorption

(Gates, et al., 1965; Woolley, 1971; Sinclair et al., 1971). Leaf pigments in healthy green

leaves cause a strong absorption of irradiance and result in low reflectance and

transmittance in the visible parts of the spectrum (400nm-700nm). The near-infrared (NIR)

are minimally absorbed by green leaves. Reflectance and transmittance properties in the

NIR are mostly a function of leaf structure (mesophyll structure, leaf thickness, external

hairs or thorns) and to a lesser extent of leaf water content. The leaf mesophyll structure

affects the intra-leaf scattering in both the visible and near-infrared (NM) since it is

determining the mean path length of incident radiation through the leaf A higher path

length will improve the electron captivity of plant pigments and decrease the reflectance and

transmittance in the visible part of the spectrum. Since the NIR has low absorptance (-4%),

this scattering mechanism will increase the reflectance in the NIR (Tucker, 1977, 1978).

The transmittance will decrease with thicker leaves.

Reflectance and transmittance properties have been observed to be different

between dicotyledonous and monocotyledonous leaves, because of differences in the

mesophile structure (Sinclair et al., 1971). Monocotyledons (e.g. grass) generally have very
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similar adaxial (leaf face) and abaxial (leaf back) leaf scattering properties. Dicotyledonous

leaves (e.g. forb), however, differ markedly in the structure of their adaxial and abaxial

sides, showing corresponding differences in their reflectance and transmittance spectral

signatures (Gates et al., 1965; Woolley, 1971). Reflectance differences between vegetation

and litter can be attributed to histological and optical properties. Senescence of plant

components occurs during or after plant maturity or can be caused by stress factor like lack

of water and nutrients or extreme temperatures. These natural and environmental factors

can cause changes in leaf pigmentation concentration (lower) and composition (Sanger,

1971) and changes in leaf structure (more air-filled intercellular leaf space). Senescence

and decomposition of leaves will finally cause a breakdown of all pigments. The internal

leaf structure will collapse and different leaf structures, mainly consisting of cellulose will

be left in different stages of decomposition, changing color from yellow/brown to

brown/gray and black. The reflectance of senescent soybean leaves was higher for all

wavelengths compared to a green leaf (Sinclair et al. 1971). Gausman (1976) showed the

transmittance of dead corn leaves to be very low and the reflectances to be higher in the

visible, but similar in the NIR in comparison with a green corn leaf.

At the canopy scale, the bidirectional spectral properties are affected by canopy

structure, bidirectional plant component scattering properties, bidirectional soil reflectance

properties and bidirectional diffuse and direct irradiation (Colwell, 1974). Therefore the

spectral response at the leaf scale is significantly different from the spectral response at the

canopy scale. Williams (1991) compared the spectral reflectance properties at the needle,

branch and canopy level for selected conifer species, and showed the importance of canopy

components, such as needles, twigs, branches, bark and understory material, in altering the

reflectance of the canopy. Goward et al. (1994) measured the spectral reflectances of
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forest landscape components in Western Oregon using stacks of leaves, branches and litter,

and concluded that the observed variations in remotely sensed spectral vegetation indices

were affected by canopy optical properties and background reflectance, rather than simple

variations in LAI or percentage canopy closure.

Huete and Jackson (1987) showed spectral vegetation indices to be unreliable

measures of green phytomass for arid grass rangelands, because senescent and weathered

litter mixed with green vegetation decreased the NDVI and prevented detection of small

amounts of green vegetation. Yellow senescent vegetation on bare soil increased the NDVI.

Sellers (1985) showed that the presence of any significant fraction of dead material

decreased the NDVI for 0<LAI<6, based on hemispherical reflectances and horizontal

leaves A mixture model, using the first four Thematic Mapper wavebands, did not improve

the green phytomass detection (Huete, 1987). Roberts et al (1993) successfully used

spectral mixture modeling techniques to distinguish green vegetation, soil and shade. Non-

photosynthetic vegetation (NPV) could not be discriminated from soil in the mixture model,

because the soil and NPV endmembers were not unique. After modeling the green

vegetation, soil and shade, the NPV could be distinguished using the residual spectra

between 1511m and 2355 nm that contain several cellulose and lignin absorption bands

Preliminary analysis by Huete and Escadafal (1991) showed that soil, vegetation and

senescent materials could be assessed with spectral mixture modeling.

Although the spectral reflectance of crop residue was different from soil spectral

reflectances, crop residue could not be quantified (Gausman et al., 1975). Wanjura and

Bilbro (1986) indicated that the feasibility of detecting agricultural crop residues on bare

soil with remote sensing techniques depends on if it is known whether the residue is fresh

or weathered Aase and Tanaka (1984) found the reflectance behavior of a mixture of
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standing and flat wheat stubble to be similar to that of a loamy soil surface. Temperature

and n-space indices have some potential for differentiating between wheat crop residue and

dark colored soils (Aase and Tanaka, 1991). Aase et al. (1987) showed that increased

grazing intensity on rangeland pastures (Montana) caused differences in species and cover

composition, and different relationships between green LAI and NDVI. Different surface

residue treatments of native rangeland would not significantly alter the NDVI to predict

accumulation of dry green matter (Frank and Aase, 1994).

Many studies, at different scales, have shown good relationships between

vegetation indices and LAI, primary production and fAPAR, but indicated variations caused

by phenology, woody parts or litter (Tucker, 1985, 1986; Townshend and Justice, 1986;

Asrar et al., 1986, 1989; Aase et al., 1991; Diallo et al., 1991; Wylie et al., 1991; Bégué et

al., 1995). Different investigators have reported on vegetation components or canopy

spectral signatures, but a quantitative evaluation with respect to vegetation component

mixtures and their corresponding spectral indices and biophysical properties has been

neglected. The purpose of this study was to answer several questions:

- What is the effect of standing and ground leaf litter on the canopy spectral

response?

- How does litter affect vegetation indices and thus derived biophysical properties?

- Do litter and soil have the same optical properties?

- What information is needed to quantify the effect of leaf litter?

The main objectives of the current study were (1) to evaluate spectral properties of

alive and dead plant components and (2) to quantify the effect of standing litter on spectral

indices, and predicted or estimated values of green LAI and fAPAR, for a range of soil and

canopy conditions.
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DATA AND METHODOLOGY

Strategy

To accomplish the research objectives the following strategy was chosen. First,

reflectance and transmittance properties of individual green leaves, senescent leaves, and

bark, and also soil reflectance properties were evaluated. Then, the spectral vegetation

index response to canopies that were simulated with "pure" spectral signatures of the

formentioned soil and vegetation components were examined. Mixed litter and green

vegetation canopies were simulated and the effect on their spectral vegetation index

response evaluated. Finally, the effect of the location of litter on the vegetation index

response and its biophysical interpretation was evaluated. Potential solutions to the litter

problem were discussed.

Study site

HAPEX-Sahel (Hydrological Atmospheric Pilot Experiment in the Sahel, Niger, 1992)

was an international, multi-disciplinary research effort to study soil-plant-atmosphere

interactions and the energy, water and carbon balance in the West African Sahel

(Goutorbe et al., 1994; Prince et al., 1995). The study area contained several of the

most dominant and typical Sahelian landscapes; 1) fallow bush/grassland; 2) fallow

grassland; 3) millet (Pennisetum glaucum); and 4) Tigerbush. The area was part of the

west central supersite (WCSS; Latitude 13.54°N, Longitude 2.52°E), in a region

southeast of the town of Hamdallay, 30 km northeast of Niamey.
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Spectral field and plant component data

Bi-hemispherical leaf reflectance and transmittance data were collected from different

representative plant components. Mature green and senescent plant leaves, (Andropogon

spp. (A. S .; grass), Pennisetum glaucurn (P. G. ;mill et), Guiera senegalensis (G. S.; shrub),

Combretum micranthum  (CM.; shrub), Combreturn glutinosum (C.G.; tree) Chrozophora

brocchiana (C.B.; forb), Vigna unguiculata (VU.; cowpea)) and bark of G. S. were

measured with an assembly of the Spectron-SE590 spectroradiometer and Licor integrating

sphere (400nm to 1100nm, 2.5 nm bandwidth, resampled to 10nm intervals). All leaves

were measured on the adaxial and abaxial sides. The reflectance and transmittance

measurements were made three times, with the leaf slightly moved after the first and second

measurements. Each measurement consisted of eight repetition which were internally

averaged to reduce instrument noise. Only leaves that covered the sampling port completely

were measured. All leaves were kept attached to their stems as much as possible and were

measured within half an hour directly after they were cut. To minimize dehydration the

stems were kept in water directly after they were cut and during the required instrument

reconfigurations. The technique for measuring single leaf reflectance and transmittance with

the Spectron and integrating sphere is described by Major et al. (1993).

In situ reflectance factors of different soils were measured throughout the sites with

a hand-held Spectron-590 spectroradiometer using a 15° field of view. BaSO 4

measurements were made before and after the field measurements to obtain reflectance

factors. Three soil reflectance signatures were selected for conducting this investigation.

Two surface soil reflectance signatures were measured at the fallow bush/grassland site:

an unaltered sand and an organic matter dominated soil (0.M.). The reflectance signature

of a third, iron dominated soil (Fe), was measured on the tigerbush plateau.
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To monitor the spectral dynamics of a developing canopy, two plots ( 20m apart)

were selected in the fallow bush/grassland site. Plot A was initially covered with high

standing litter (plot A: erectophile leaf angle distribution (LAD), - 60%litter cover, - 60

cm tall) and plot B with low standing litter (plot B: planophile LAD; - 40% litter cover -15

cm tall). The litter consisted predominantly of senescent grass (Eragrostis tremula). Bi-

weekly, nadir reflectance measurements were made before and during part of the

growing season, from day of year (DOY) 181 to DOY 269, with a Spectron-590

spectroradiometer mounted 3m above the plots using a 15° field of view. A bare sandy

soil, close to the two plots, was measured as a reference. BaSO4 measurements were

made before and after the measurements to obtain reflectance factors. After the start of

the rainy season the yellow grass litter started to change color to gray tints. Forbs and

grasses grew sparsely within both litter plots and started to emerge sporadically around

DOY 200. Less green vegetation was observed on plot A than on plot B. Both plots were

without any green vegetation on day of year (DOY) 181. Plot A had moist soil

background conditions during measurements on DOY 245.

SAIL-model data generation

Inversion of the SAIL model (Verhoef, 1984) to derive biophysical parameters from actual

field spectral data has been shown feasible by Goel (1988). Leeuwen et al (1995) showed

that LAI and fAPAR could be estimated fairly accurately for several HAPEX-Sahel study

sites by verifying the SAIL model with biophysical and spectral data obtained for different

vegetation types at the HAPEX-Sahel sites For this research the SAIL data simulation

involved pure green component canopies, mixed litter and green canopies and 2-layer mixed
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canopies in combination with a sandy soil (sand), an organic matter dominated soil (0.M.),

and an iron affected soil (Fe). A schematic diagram of the canopy structure for different

vegetation/soil data simulations is drawn in Fig. 1. The utilized SAIL-model could

simulate the spectral response of multiple vegetation components for one or two canopy

layers. The derived vegetation index response was presented as function of leaf area

index (LAI) and component area index (CAI). The component area index (CM) is the

same as the leaf area index except for the fact that the CAI includes variable vegetation

components e.g. bark, litter and green leaves. The green leaf area index (GLAI) excludes

senescent leaves.

SAIL data input specifications are summarized in Table 1. The leaf angle

distribution (LAD) was varied for one pure green canopy to specifically examine the

canopy spectral variation due to differences in LAD (planophile (PL), extremophile

(EX), uniform (U), plagiophile (PLG), spherical (SP), erectophile (ER)). For most

simulations a constant uniform leaf angle distribution was chosen to examine scattering

interactions between and among different vegetation components. Bégué et. al. (1995)

showed the leaf angle distribution of the different vegetation species to be: Guiera

senegalensis, uniform; forbs and annual legumes, planophile; and annual grasses,

erectophile.
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Spectral indices

Spectral vegetation indices were computed by using the reflectances of the moderate

resolution imaging spectroradiometer (MODIS; Salomonson et al., 1989) wavebands for

land monitoring: p b,„e (459-579 nm), p green (545-565 nm), p red (620-670), and p NIR (840-

875nm), since these will be used in the earth observing system (E0S) era. Several spectral

vegetation indices have been proposed and were evaluated with respect to vegetation, soil

and atmosphere sensitivity (Huete and Liu., 1994a). The normalized difference vegetation

index (NDVI) will most likely be produced for continuity of historical NDVI data (Huete

et al., 1994b). The soil adjusted vegetation index (SAVI; Huete, 1987) and the modified

NDVI (MNDVI; Liu and Huete, 1995) are improved indices for future vegetation

monitoring since they minimize canopy background noise. The MNDVI also reduces

atmosphere effects, and has adjustable parameters for non-atmospherically affected

reflectance data. The following vegetation indices were selected to be evaluated in this

study:

NDVI (PN11 - Pred) (PNIR±Pred)

SAVI = 1.5 (PNIR - Pred) (PmR+Pred+0 . 5 )

MNDVI= (1+C 2H2) (NDVI) / (1+C I H 1 )

where

H I (C11 P red P blue + C12) / (P 21\TR — P 2red) , H2— 1 / (C11 P red — P blue ± C12),

C 1 = 0.6 , C 11 — 0.55, C2 = 0.03 , C12 = 0.12

Since many vegetation indices are functionally equivalent (Perry and

Lautenschlager, 1984), the SAVI was selected to represent the NDVI and MNDVI

response to avoid unnecessary overlap. However, the results of the performance analysis

will be presented for each index.
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The spectral mixture model utilized here assumes that the observed spectral

response is equal to the weighted sum of the unique reflecting features on the earth's

surface:

= E r c fr
	 (4)

where da is the measured spectral response of mixture k (surface target) in waveband

n is the number of unique reflecting components in the mixtures, ru is the response of

component j in waveband î, and cfk is the relative contribution or fraction of component

j in spectral mixture k. The mixture model can be applied to data sets with two or more

spectral bands. Principal component analysis was used to obtain the number of

significant reflecting components and also to obtain the abstract eigenspectra and

eigenvector loadings or fractions. This abstract solution is finally transformed into a

physical solution through target rotation. This involved the use of pure spectral

signatures of vegetation and soil components (Malinowski and Howery, 1980; Huete,

1986).

A "standard" two component mixture model,

[D] = VR VCF + SR SCF + Ei re ,	 (5)

was applied to deconvolve the spectral mixtures reflectance data matrix [D] into a

vegetation component fraction (VCF) and a soil component fraction (SCF). The solution

to this problem is to find two 'unique' component spectral signatures or endmembers.

In this study, a vegetation reflectance signature (VR) generated by the SAIL model for

LAI =4 and a bright sandy soil reflectance signature (SR) (see sand in Fig. 2c) were

used to obtain the fractions for the vegetation and soil components. The residual ( )
. 6 res.
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is the difference between the original data matrix and the regenerated data matrix using

the two component model. Deconvolution of the reflectance data with the mixture model

results in two spectral indices, one related to vegetation parameters, the VCF, and one

related to soil parameters, the SCF. It should be noted that the VCF and SCF are only

linearly related to the endmember spectral reflectances and not to derived biophysical

parameters like vegetation cover, soil cover, LM or APAR (Leeuwen et al., 1995).

The number of components incorporated in the mixture model was varied in the

latter part of this study to evaluate the feasibility to separate litter from green vegetation

and soil spectral signatures. This resulted in a yellow millet litter component fraction

(YMCF) and a brown millet litter component fraction (BMCF).

Spectral index performance and sensitivity

Huete et al. (1994b) described several ways to quantify vegetation index sensitivity to

perturbing factors and the effect on the retrieval of LAI. In this study, the performance of

spectral indices were evaluated and compared by quantifying their sensitivity to vegetation

related variables, such as bark, litter optical properties, green leaf optical properties (LOP),

leaf angle distribution (LAD), and varying canopies comprised of mixed litter and green

leaves (MIX). Two measures of vegetation index sensitivity were defined to evaluate

variation in canopy and plant component reflectance characteristics. The percent relative

error (E r) quantifies the error in the vegetation index due to a particular variable (var):

6 r,var 1 00 (VI var — Vi ref)/(Vi re f — VI sod) (6)

where Vi va, is the vegetation index value related to a vegetation variable (LOP, LAD,

MIX), and VIref is a reference VI, which was set to a SAIL simulated green millet canopy
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with a uniform leaf angle distribution and a bright sand soil background. The VI value for

a bare soil is VIsaa and is subtracted from the VIref to account for each W specific dynamic

range. The second measure of VI performance is the vegetation equivalent noise (VEN)

expressed in terms of biophysical parameters LAI and fAPAR,

VENLm = (Viva, - VIref) AI ' ref 	(7)

VENfAp AR = (Viva Viref) dfAPAR/dWref	 (8)

where dLAI/dWref and dfAPAR/dVITef are the slopes of the LAI-VI curve and fAPAR-VI

curve at specific LAI and fAPAR

The information content of the soil component fraction (SCF) and other spectral

indices related to non-green components should be considered as well, since these can

provide useful information of soil surface parameters like soil brightness, surface wetness

and litter decomposition stages related to brightness changes.

RESULTS and DISCUSSION

Reflectance and transmittance properties of vegetation components

The reflectance and transmittance spectral signatures presented in Fig. 2a and 2b were

chosen to be representative for a range of green and senescent leaves and bark. Reflectance

and transmittance signatures of the green leaf faces were presented in Fig. 2a to show the

variability among different species. A qualitative evaluation indicated the thicker leaves to

have lower transmittance values in both the visible and MR. Combretum glutinosum had

the thickest green leaves and Penniseturn glaucum (Millet) one of the thinnest. Differences

in leaf greenness were observed among the different leaf species resulting in reflectance

differences in the visible part of the spectrum. Differences in the MR reflectances were

most likely related to mesophyll structure and leaf water content. The area between the
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reflectance curve and the transmittance curve in the visible spectra is a measure for the

absorption of PAR. For a specific wavelength, absorptance (a) can be expressed in terms

of reflectance (p) and transmittance (t): a = 1- (p x+ .7 1). The coupled behavior of

reflectance, transmittance (scattering coefficient = reflectance + transmittance) and

absorptance, and interactions between plant and soil components should be understood and

quantified to determine their relationship with biophysical parameters (LAI and fAPAR;

Jacquemoud, 1993).

Fig. 2b showed the large variability of spectral reflectances among non-green

vegetation components. The spectral signature of a chlorotic leaf of Guiera senegalensis

(c.G.S.) had still green leaf vegetation properties with respect to the reflectance but

appeared to have a low transmittance in the NIR and negligible transmittance in the visible

part of the spectrum. The leaf of yellow millet litter (YM) had significant transmittance,

especially in the NIR. The reflectance of the decaying senescent plant leaves varied

significantly. Spectral signatures of litter can vary from convex (bright yellow litter) to

concave curve shapes (dark brown decaying Guiera senegalensis (b.G.S.) and brown millet

(BM) spectral signatures). The selected soils from the study sites have spectral signatures

ranging from sinusoidal to concave for bright unaltered sandy soils to organic matter

dominated soils (Fig. 2c). This was previously shown by Stoner and Baumgardner (1981).

Therefore the dark litter has a similar concave shape as an organic matter dominated soil.

Price (1994) explained the potential difficulty in discriminating matching spectral

reflectances of different material types or surface components with mixture models.

To have a relative indication of the VI response on the leaf scale, the SAW was

computed for each vegetation constituent and shown in table 2 and behind the acronyms

of all vegetation and soil components in Fig. 2. Furthermore, the position of the MODIS
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spectral bands are shown in Fig. 2 to indicate the potential loss of spectral information

compared to the full spectral resolution. Table 2 presents an overview of the scattering

properties of vegetation components encountered at the study site, using MODIS bands

(four spectral bands related to land surface monitoring). The difference in reflectance

between the abaxial and adaxial side of leaves varied significantly especially for the

dicotyledonous plant leaves. For accurate radiative transfer modeling efforts, these

reflectance differences between leaf sides might be significant for certain vegetation types.

Effect of different vegetation components on the canopy spectral index response

The NDVI, SAVI, MNDVI, VCF (vegetation component fraction) and SCF (soil

component fraction) were computed from the SAIL simulated canopy reflectance data for

single vegetation component canopies. Fig. 3a showed a large variability among the SAVI

responses with respect to differences among the optical properties of green leaves, litter and

bark for a range of component area indices (CAIs). The SAVI at the leaf scale (Fig. 2a)

changed from the SAW at the canopy scale (CAI=LAI=4; Fig. 3a). The millet leaf SAW

response was the lowest among the green leaf responses, but the SAVI response at the

millet canopy scale was intermediate among the green canopy responses. Obviously, the

SAVI response for one component green canopies varied with their specific scattering

properties. The SAW response of all litter and bark canopies (Fig. 3a) are higher than the

bare soil sand response and thus a potential cause of error in the VI response to green

vegetation cover. The scattering properties of litter and bark caused the SAW response

at the leaf scale (Fig. 2b) to be different from the SAVI response at the canopy scale (Fig.

3b).
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The effect of leaf angle distribution on the SAVI for a range of LAIs is shown in

Fig. 3b for the scattering properties of a green millet leaf, brown millet litter and yellow

millet litter. The canopies with the planophile and the erectophile leaf angle distributions,

respectively had the highest and lowest SAW response. The VI responses corresponded

to differences in reflectances of the canopy, which varied significantly among different leaf

angle distributions.

The results of the spectral mixture model for varying leaf optical properties (LOP)

and leaf angle distributions (LAD) are presented in Fig. 4a and Fig. 4b. The vegetation

component fraction (VCF) index showed similar responses to the different component

canopies and LAD as the SAVI. The soil component fraction (SCF) index decreased with

increasing vegetation amounts. The Chrozophora brocchiana (C.B.) canopy was optimally

modeled as can be seen from Fig. 4a and Fig. 4b, where the respective VCF and SCF

indices varied between zero and one. However, the spectral contribution of different plant

components in combination with the sand soil background, resulted in differences in the

SCF which do not directly correspond to the soil background. This was most obvious for

the yellow millet litter and bark of Gu/era senegalensis. The SCF index increased with

higher yellow millet-CAIs, while the SCF for higher bark-CAIs leveled out at 0.4. The

mixture model found the best solution for the sand-YM-mixtures by increasing the SCF

and VCF. In this case (sand and Chrozophora Brocchiana endmembers were used), the

yellow millet spectral signature appeared similar to the sand spectral signature. Since the

bark spectral signature is neither similar to that of sand or Chrozophora Brocchiana, the

mixture model deconvolved the mixtures accordingly.

The SAW response of different soils in combination with a range of litter and green

millet LAIs was presented in Fig. 5 to indirectly demonstrate the contribution of all
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components to the overall spectral response. The VI sensitivity to green vegetation dropped

from an Fe-dominated soil to an unaltered sand to an organic matter dominated soil

background, because the slope dSAVIVGLAI (Fig. 5) decreased in this respective order,

especially for LAIs <1. Furthermore, the SAW response of a bare soil can either increase

or decrease due to brown and yellow litter spectral signatures respectively.

Relative error and vegetation equivalent noise (LOP, LAD, litter and soils)

The sensitivity among vegetation indices to green leaf optical properties (LOP), leaf angle

distribution (LAD), non-photosynthetically active plant components and soils were

compared in Fig. 6, 7 and 8. The maximum relative error and vegetation equivalent noise

(VEN) were computed with reference to equivalent green leaf area index (GLAI) of a green

millet canopy with a uniform LAD and sand soil background.

Generally, the largest relative error due to the variation in green LOP of the used

species (Eaop; Fig. 6a) occurred for low vegetation covers and dropped with higher GLAIs.

The SAW had less relative error then NDVI, MIND VI  and VCF. The VEN(LAI) (Fig. 6b)

and VEN(fAPAR) (Fig. 6c), generally increased with GLAI, but for all GLAIs the MNDVI

had less vegetation equivalent noise then SAVI, VCF or NDVI. Based on these variations

in leaf optical properties, the MIND VI was the best vegetation index to retrieve biophysical

parameters.

When the relative error due to variations in leaf angle distribution (,,LAD, Fig. 7)

was compared to E r,Lop, the eam) was higher for low GLAI's and lower for high GLAIs.

The r,LAD for the NDVI was generally lower then the r,LAD for VCF, SAW and MNDVI,

and about 1% for GLAIs >3. In terms of VEN(LAI) (Fig. 7b) and VEN(APAR) (Fig. 7c),

the variation in leaf angle distribution caused slightly lower vegetation equivalent noise
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values compared to the variations in leaf optical properties. Especially the NDVI

outperformed the SAW, MIND VI and VCF (Fig.7). Unfortunately, in this case the NDVI

appeared to saturate at the higher GLAIs and thus causing the variations in LAD to have

less effect on the NDVI.

VEN(LAI) (Fig. 8a) and VEN(fAPAR) (Fig. 8b) were computed for non-

photosynthetically active plant component canopies and soils to evaluate the VI response

in terms of LAI and fAPAR for pixels without any green vegetation. The SAW, MIND VI

and VCF were superior to the NDVI. The NDVI response to canopies of brown millet

litter, brown leaves of Guiera senegalensis, and bark was equivalent of a green canopy

with an LAI < 0.9. This would be the average LAI around the peak of the growing season

for many vegetation types at the H_APEX-Sahel. Although a canopy of brown Guiera

senegalensis leaves might be unrealistic, the extreme sensitivity of the NDVI to decaying

plant components is extraordinary. The VENN,Dvi was also the highest for organic matter

dominated soil, with has concave spectral signatures very similar to brown litter. Only

yellow millet litter caused a low vegetation equivalent noise in the NDVI. The VEN for the

SAW, MIND VT and VCF were very similar, and indicated significant amounts of noise in

the estimation of LAI and fAPAR.

Litter and green vegetation canopy mixtures

The SAW response for a randomly mixed layer of different ratios of green millet and

standing yellow millet litter were presented in Fig. 9a. Increasing amounts of yellow litter

caused lower SAVI responses. The open circles represent a litter canopy for a range of

0 �CAI.A. The fAPAR by litter contributed significantly to the total APAR of the complete

canopy (Fig. 9b). However, the fAPAR increased with higher litter contents, and the SAW
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decreased with higher litter contents. Therefore, if the contribution of litter is unknown,

fAPAR can not be estimated accurately with a vegetation index. Fig. 9b also showed the

litter canopy to have slightly lower fAPAR then a green canopy. The trends observed in

Fig. 9a and 9b were fairly representative for all vegetation indices.

The SAVI response of different distributions of yellow and brown litter and green

vegetation over the sandy soil and organic matter dominated soil varied dramatically (Fig.

10). The complex SAVI response was demonstrated for a low green vegetation cover

(GLAI=0.25) and a relatively high vegetation cover (GLAI=2), because these represented

the trends observed in the range of green/litter vegetation mixtures. Increasing litter

amounts mixed with green vegetation caused larger deviations in the SAVI response with

reference to a pure green canopy with equivalent GLAL Overall, the two-layer canopy

structure with green on top of litter (Fig. 1) had a higher SAVI response (Fig. 10) than the

one-layer randomly distributed litter/green vegetation canopy. The SAVI response of the

one-layer green/litter mixtures was again higher then the two-layer, litter over green

canopy structure (Fig. 10). Consequently, the more green vegetation exposed towards the

sensor, the higher the response of the SAVI. At low vegetation covers the SAVI response

of green/litter mixtures was mostly related to the spectral contrast between the soil

background and litter.

At high vegetation covers (GLAI=2) the soil effect was much less than at low

vegetation covers. Nevertheless, it should be noted that the SAVI response for low

vegetation covers (GLAI=0.25) with a dark organic matter dominated soil background

(Fig. 10c, 10d) was much higher then the SAVI response for the same low vegetation

cover and relatively bright sand soil background (Fig. 10a, 10b). This was reversed for high

vegetation covers (GLAI=2) and the same contrasting soil backgrounds, where the SAVI
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response was slightly higher for the sand soil background than for the organic matter

dominated soil background. This effect is due to the higher contribution of multiple

scattering in the NIR for the sand compared to the organic matter dominated soil. The

contribution of multiple scattering in the red is much lower due to low reflectance and

transmittance of vegetation as well as low reflectance in the red portion of the organic

matter dominated soil spectral signature (Fig. 2).

The yellow millet litter and brown millet litter backgrounds in the two-layer green

over litter canopies behave analogously to the respective sandy soil and organic matter

dominated soil. Figure 10 showed that combinations of high green vegetation covers

(GLAI=2) and high litter covers cause a large perturbance in the SAVI response, especially

for the one-layer randomly distributed, and the two-layer litter over green canopies. The

two-layer litter over green canopies resulted in the most dramatic decrease in the SAW

response as a result of the litter layer obscuring part of the green millet layer. Therefore,

the SAW response was a function of the spectral and structural properties of components

present in the mixed pixels.

The relative error and VEN(LAI) and VEN(fAPAR) for NDVI, SAW, MIND VI and

VCF were presented in Fig. 11 as a function of GLAI and the following conditions: one-

layer canopy, random distribution of litter and green millet leaves, sand soil background,

0 �_GLA1 �4, 25% YM and 25% BM The relative error due to 25% yellow millet litter was

the least for the VCF and the most for the NDVI (Fig. 11a). Both VEN(LAI) and

VEN(fAPAR) (Fig. 11b, 11c) increase with increasing GLAI. The VCF performed better

then the SAW and MIND VI, which again performed better then the NDVI, especially for

high GLA1 and thus high amounts of litter. Paradoxically, the relative error, VEN(LAI) and

VEN(fAPAR) due to 25% brown millet were lowest for the NDVI and higher for the
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SAVI, MNDVI and VCF (Fig. 11d, 11 e and 110. As shown in Fig. 5, the NDVI was

extremely sensitive to a brown millet cover, whereas in Fig. 11d, 1 le and 11f the NDVI had

the least vegetation equivalent noise related to the presence of brown millet litter. Since

the NDVI response to brown millet litter was very high, the effect of randomly distributed

brown millet litter among green vegetation caused less direct changes in the NDVI when

part of the green vegetation would be obscured. This demonstrated that the performance

and sensitivity of each VI can be misleading without information about the component

composition for each pixel.

Although the variability among the optical properties of soils and plant components

and variability due to canopy structure created in this current study represent a large range

of ecosystem variables, in natural ecosystems (e.g. savannas), mixtures of these soil and

plant components and differences among canopy structures will be encountered for vast

regions on the Earth's surface. A real problem occurs when spectral vegetation indices are

compared on a global scale with all its natural variability.

In situ temporal response of a mixed canopy

The spectral reflectance dynamics of plot A and plot B are characterized in Fig. 12a and

Fig. 12b to demonstrate the effect of litter on spectral vegetation indices with actual field

data. Litter and green vegetation mixtures significantly altered the spectral reflectance of

the reference bare soil as a function of wavelength. Both plots had lower reflectances than

bare sand, and decreased more while the litter became darker. The start of vegetation

growth can be observed by changes in reflectances around the red edge, around DOY 224

for plot A and around DOY 213 for plot B. However, the SAVI response did not indicate

clearly when vegetation growth occurred Both plots had higher initial SAVI responses
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than that of a bare soil. On plot A, significant vegetation growth was observed on DOY

245, but the SAVI response was equal to the SAW response on DOY 181 (SAVI=0.19).

Furthermore the SAW response reached a minimum of 0.13 on DOY 224 (plot A), while

some green plants started to emerge through the standing litter. Green vegetation amounts

also emerged around DOY 224 on plot B, but the SAW response did not change

(SAVI=0.17). Since the vegetation indices will be calculated with the MODIS bands,

information on the start of the growing season will be hard to retrieve. High spectral

resolution sensors seem to be needed to monitor slight changes on the Earth's surface.

The temporal response of the vegetation component fraction (VCF; Fig. 13a)

showed a trend similar to that of the SAVI (Fig. 12). The soil component fraction (SCF)

response showed a decrease in brightness from DOY 181 to DOY 213 for both plots,

indicating the litter turning less bright. The high initial values of the VCF and SAW were

caused by litter on the sandy soil. Nevertheless, the decreasing SCF in combination with

the decreasing VCF on plot A implied the presence of litter. A reference value before the

start of the growing season was needed to evaluate the surface conditions and their effect

on the W. A green canopy and sandy soil spectral signature (full Spectron resolution) were

used as endmembers to deconvolve the mixtures of plot A and plot B.

Deconvolution of the same temporal data set, but for four MODIS bands, and

solving it for two-components (sand and vegetation) resulted in similar VCFs and SCFs.

The three component mixture results for MODIS-band resolution showed rather unrealistic

CFs. Both BMCF (brown millet component fraction) and VCF were highly positive or

negative. However, the results of a three component mixture deconvolution, using full

spectral resolution, showed the VCFs to behave more according to the observations in the

field (Fig. 13b). The litter response was taken into account by the BM endmember. The
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three component mixture model results were more interpretable, although the BMCF

became slightly negative. This indicated that the mixture model could not accurately assign

component fractions for some days of the temporal data. This was most likely the result of

the changing component compositions in plot A and plot B, which not necessarily contain

the exact same endmember spectral signatures. Adding a yellow millet litter spectral

signature as a fourth endmember caused the CFs to be either very high or very low and

negative. The use of "unknown" spectral endmembers obtained from the data set could

possibly solve this problem, although this will decrease the possibilities to make accurate

biophysical interpretations.

Spectral separability of soil, litter and green vegetation mixtures

Fig. 14 showed that green vegetation (PG.; Fig. 14a), yellow millet litter (YM; Fig. 14b),

and brown millet litter (BM; Fig. 14c) can be separated from a sand soil background for a

range of LAIs by utilizing a four component mixture model and full Spectron resolution.

This was a significant improvement over the two component model using the four MODIS

bands (Fig. 4). The VCF only responded to green vegetation and was practically zero for

yellow millet litter and brown millet litter covers. For ideal conditions (SAIL simulated data

with known endmembers and without atmospheric perturbance), the sand and litter

mixtures (Fig. 14b, 14c) and sand and green vegetation mixtures (Fig. 14a) can be

deconvolved. This was in contrast with the findings of Roberts et al. (1993), who indicated

that soil and litter spectral signatures (AVIR1S spectral resolution) overlapped and could

only be discriminated through residual spectra. However, residual spectra analysis and

mixture modeling techniques require high spectral resolution reflectance data to be

successful. These high spectral resolution data might be acquired on a limited global scale
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by ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) and

MISR (Multi-angle imaging spectroradiometer) in the immediate future. The indices of a

four component mixture model for green vegetation mixed with 25% litter and sand soil

background were presented in Fig. 14d and Fig. 14e. Although the spectral separability of

all components became more complex due to the scattering interactions between

components, causing non-linear or intimate mixing, the spectral indices indicated the

presence of all four components. The VCFs for the litter and green vegetation mixtures

were noticeably lower than the VCF for green vegetation only.

For MODIS bands, the two component mixture model (soil and vegetation

endmembers) seemed to work best, since green vegetation and soil are most commonly

present in each pixel. Neural network classification schemes could improve mixture model

results by directing scene dependent choices of endmembers, excluding accessory

endmembers that would interfere with the deconvolution of the data. More research is

needed to determine the number and which endmembers to use. The spectral context

formed by the pixels of the scene could be evaluated in terms of spectrally unique

endmembers. The endmember selection might have to be adjusted according to temporal

changes occurring throughout the growing season.

CONCLUDING REMARKS

Litter present among green vegetation can cause the vegetation index response to be lower

and higher with reference to the vegetation index response of a pure green canopy. The

spatial and spectral composition of leaf litter, green vegetation and soil mixtures were

shown to be equally important in controlling the response of vegetation indices and their

biophysical interpretation. This study showed that the variability among and differences
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between the spectral properties of litter, green vegetation and soil determined whether the

vegetation index response increased or decreased with reference to the vegetation index

response of a particular green vegetation canopy and soil background.

The vegetation index response of a standing leaf litter canopy was shown to

decrease or increase, depending on the vegetation index response of bare soil. Dark leaf

litter canopies were associated with a higher vegetation index response than the bright leaf

litter canopies. Litter on top of green vegetation generally decreased the vegetation index

response, depending on how much of the green vegetation was obscured by litter. The

change in vegetation response for low LAIs of litter and green vegetation canopy mixtures

was less dramatic then the change in vegetation index response for high LAIs of litter and

green vegetation mixtures.

The relative error and vegetation equivalent noise due to variability in vegetation

and soil properties was high for all vegetation indices, but the NDVI response was most

inconsistent. Vegetation equivalent noise (VEN) due to 25% litter was about equal to VEN

due to variability among leaf optical properties and leaf angle distributions. These results

explained why different local applications and studies (Aase et al. 1991; Tucker, 1985,1986;

Asrar et al., 1986; Aase and Tanaka, 1991; Huete, 1987; Wanjura and Bilbro, 1986; Frank

and Aase, 1994) and limited simulations (Sellers, 1985) of the effect of litter on the

vegetation index response appeared inconclusive.

Variability among leaf optical properties, leaf angle distributions, the presence of

standing litter, and soil background were shown to have a significant impact on mixture

model indices and vegetation indices such as NDVI MNDVI and SAVI. To derive LAI and

fAPAR from vegetation indices through inversion of a radiative transfer model, the current

research certainly emphasized the need for ecosystem specific information concerning



13 0

spectral reflectance and transmittance properties, LAD, structure and composition of all

above ground plant component (green leaf, litter, bark) as well as soil background.

The effect of standing litter on spectral indices was complex due to the variability

in litter spectral reflectance and transmittance properties, which are caused by

decomposition processes during the growing season. A range of litter reflectance signatures

resembled a range of soil reflectance signatures, which made it hard to discriminate between

litter and soil spectral responses. As was demonstrated with field data, temporal analysis

seems needed to decide about the baseline vegetation index response to monitor changes

before and during the growing season. Geographic information systems (GIS) could

contribute by combining data sources (soil spectral data, soil survey data, crop growth

calendar, precipitation and temperature) to improve the interpretation of vegetation indices.

Nevertheless, spectral mixture modeling techniques were shown to have some potential in

discriminating among soil and litter spectral signatures. High spectral resolution reflectance

data and contrasting soil and litter spectral responses were shown to make this mixture

modeling technique successful. If several unique spectral components are present, high

spectral resolution reflectance data would enhance the spectral separability and

deconvolution of the mixtures. The spectral mixture model indices had the best potential

for identifying litter on the Earth's surface.

The spectral soil and plant component properties and SAIL simulations used in the

current study were designed to encompass some of the vast variability among vegetation

types. Consequently, the results of this research are not confined to the Sahelian

environment. Since the relative error and VEN due to leaf optical properties, leaf angle

distribution and litter were mostly presented for maximum variability or boundary

conditions, the performance of vegetation indices can be improved considerably with
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ecosystem-specific information. Future research could involve the spectral characterization

of different ecosystems, as well as more efforts towards applying mixture models to

remotely sensed imagery.

ACKNOWLEDGMENTS

Special thanks to Steve Prince, Niall Hanan and Shelly Thawley for using the
integrating sphere and their help with the initial processing of the reflectance and
transmittance data and to Charlie Walthall for his helpful instructions in the field. This work
Was supported by MODIS contract NAS5-31364 (A.R. Huete) and NASA grants NAGW-
1949 (A.R. Huete), NAGW- 1967 (S.D. Prince) and Eos-NAWG-2425 (S. Sorooshian).



132

REFERENCES

Aase, J.K., Frank, A.B., and Lorenz, R.J., 1987. Radiometric Reflectance Measurements
of Northern Great Plains Rangeland and Crested wheatgrass pastures. J. Range
Managem., 40, 299-302.

Aase, J.K. and Tanaka, D.L., 1991. Reflectances from Four Wheat Residue Cover Densities
as Influenced by Three Soil Backgrounds. Agron. J., 83, 753-757.

Aase, J.K. and Tanaka, D.L., 1984. Effects of Tillage Practices on Soil and Wheat Spectral
Reflectances. Agron. J., 76, 814-819.

Asrar, G., Fuchs, M., Kanemasu, E.T., and J.L. Hatfield, 1984. Estimating Absorbed
Photosynthetic Radiation and Leaf Area Index from Spectral Reflectance in Wheat
Agronomy Journal, 76, 300-306.

Asrar, G., Weiser, R.L, Johnson, D.E., Kanemasu, ET., and Killeen, J.M., 1986.
Distinguishing among Tallgrass prairie Cover Types from Measurements of
Multispectral Reflectance. Remote Sens. Environ., 19, 159-169.

Asrar, G., Myneni, R.B., Li, Y., and Kanemasu E.T., 1989. Measuring and Modeling
Spectral Characteristics of a Tallgrass Prairie. Remote Sens. Environ., 27, 143-155.

Baret, F. and G. Guyot, 1991. Potentials and Limits of Vegetation Indices for LAI and
APAR Assessment. Remote Sens. Environ., 35, 161-173.

Bégué, A., S.D. Prince, N.P. Hanan, J.L. Roujean, 1995. Shortwave Radiation Budget of
Sahelian Vegetation During HAPEX-Sahel - 2. Radiative Transfer Models. Agricultural
and Forest Meteorology, submitted.

Colwell, J.E., 1974. Vegetation canopy reflectance. Remote Sensing Environ. 3, 175-183.

Diallo, O., Diouf, A., Hanan, N.P., Diaye, A., and Prevost, Y., 1991. AVHRR Monitoring
of Savanna Primary Production in Senegal, West Africa: 1987-1988. Int. J. Remote
Sensing, 12, 1259-1279.

Frank, A.B. and Aase, J.K., 1994. Residue Effects on Radiometric Reflectance
Measurements of Northern Great Plains Rangelands. Remote Sens. Environ., 195-199.

Fung, Y., Tucker, C.J. and Prentice, K.C., 1987. Application of Advanced Very High
Resolution Radiometer Vegetation Index to Study Atmosphere-Biosphere Exchange
of CO 2 . J. Geoph. Res., 92, 2999-3015.



133

Gausman, H.W., Gebermann, A.H., Wiegand, C.L., Learner, R.W., Rodriguez, R.R., and
Noriega, J.R., 1975. Reflectance differences between crop residues and bare soils. Soil
Sci. Soc. Amer. Proc., 39, 752-755.

Gausman, H.W., Rodriguez, R.R., and Richardson, A.J., 1976. Infinite reflectance of dead
compared with live vegetation. Agron. J., 68, 295-296.

Gates, D.M., Keegan, H.J., Schleter, J.C., and Weidner, V.R., 1965. Spectral properties
of plants. Appl. Opt., 4, 11-20.

Goel, N.S., 1988. Models of Vegetation Canopy Reflectance and Their Use in Estimation
of Biophysical Parameters from Reflectance Data. Remote Sensing Reviews, 4 (1), pp
1-212.

Goel, N.S. and Thompson, R.L., 1984. Inversion of Vegetation Canopy Reflectance
Models for Estimating Agronomic Variables IV: Total Inversion of the SAIL Model.
Remote Sens. Environ.,15, 237-253

Goutorbe, J-P., Lebel, T., Tinga, A., Dolman, A.J., Engman, E.T., Gash, J.H.C.,
Hoepffner, M., Kabat, P. , Kerr, Y.H., Monteny, B., Prince, S.D., Said, F., Sellers, P.,
and Wallace, J.S., 1994. HAPEX—Sahel: a Large Scale Study of Land—Atmosphere
Interactions in the Semi- Arid Tropics. Ann. Geophysicae 12:53-64.

Goward, S.N., Huemmrich, K.F., and Waring, R.H., 1994. Visible-Near Infrared Spectral
Reflectance of Landscape Components in Western Oregon. Remote Sens. Environ., 47,
190-203.

Huete A.R. and Liu, H.Q., 1994a. An Error and Sensitivity Analysis of the Atmospheric-
and Soil Correcting Variants of the NDVI for MODIS-EOS. IEEE Trans. Geosc.
Remote Sens., Vol 32, pp 897-905.

Huete A.R. Justice, C. and Liu, H.Q., 1994b. Development of Vegetation and Soil Indices
for MODIS-EOS. Remote Sens. Environ. 49:224-234.

Huete, A.R. and R. Escadafal, 1991. Assessment of Soil-Vegetation-Senescent Materials
with Spectral Mixture Modeling: Preliminary Analysis. Proc. IGARSS'91.

Huete, A.R., 1988. A Soil Adjusted Vegetation Index (SAW). Remote Sens. Environ.
25:295-309.

Huete, A.R., 1986. Separation of Soil-Plant Spectral Mixtures by Factor Analysis. Rem.
Sens. Environ. 19:237-251.



134

Huete, A.R., 1987. Soil-Dependent Spectral Response in a Developing Plant Canopy.
Agron. J. 79:61-68

Huete, A.R. and Jackson, R.D., 1987. Suitability of Spectral Indices for Evaluating
Vegetation Characteristics on Arid Rangelands. Remote Sens. Environ. 23, 213-232.

Jacquemoud, S., 1993. Inversion of the PROSPECT + SAIL Canopy Reflectance Model
from AVIRIS Equivalent Spectra: Theoretical Study. Remote Sens. Environ. 44, 281-
292.

Jacquemoud, S., and Baret, F., 1990. PROSPECT: A Model of Leaf Optical Properties
Spectra. Remote Sens. Environ. 34, 75-91.

Leeuwen, van, W.J.D., Huete, A.R., Bégué, A., Duncan, J., Franklin, J., Hanan, N.P.,
Prince, S.D., and Roujean, J.L., 1993. Evaluation of Vegetation Indices for Retrieval

of Soil and Vegetation Parameters at HAPEX—Sahel. Proceedings of PECORA 12: A
Symposium on Land Information from Space-Based Systems, August 24-26, Sioux
Falls, SD (1993), 188-197.

Leeuwen, van, W.J.D., Huete, A.R., Duncan, J., and Franklin, J., 1994. Radiative Transfer
in Shrub Savanna Sites in Niger -- Preliminary Results from HAPEX-Sahel: 3. Optical
Dynamics and Vegetation Index Sensitivity to Biomass and Plant Cover. Agric. For.
Meteorol. Vol. 69, 267-288.

Leeuwen, van, W.J.D., Huete, A.R., Walthall, C.L., Prince, S.D., Hanan, N., Bégué, A. and
Roujean, J.L., 1995. Deconvolution of remotely sensed spectral mixtures for retrieval

of LAI, fAPAR and soil brightness. J. Hydrology (HAPEX special issue), in press.

Liu, H.Q., and Huete, A.R., 1995. A Feedback Based Modification of the NDVI to

Minimize Canopy Background and Atmospheric Noise. IEEE Trans. Geosc. Remote
Sensing, 33, 457-465.

Major, D.J., McGinn, S.M., Gillespie, T.J., and Baret, F., 1993. A Technique for
Determination of Single Leaf Reflectance and Transmittance in Field Studies. Remote
Sens. Environ., 43:209-215.

Malinowski, E.R. and Howery, D.G., 1980. Factor Analysis in Chemistry. Wiley, New
York, 255 pp.

Moran, M.S., Jackson, R.D., Raymond, L.H., Gay, L.W. and Slater, P.N., 1989. Mapping
Surface Energy Balance components by Combining Landsat Thematic Mapper and
Ground-Based Meteorological Data. Remote Sens. Environ., 30:77-87.



135

Myneni, R.B., G. Asrar, F.G. Hall, 1992. A three-Dimensional Radiative Transfer Method
for Optical remote Sensing of Vegetated Land Surfaces. Remote Sens. Environ.
41:105-121.

Perry, C.R. and Lautenschlager, L.F., 1984. Functional equivalence of spectral indices.
Rem. Sens. Environ., 14, 169-182.

Price, J.C., 1994. How Unique are Spectral Signatures? Remote Sens. Environ., 49:181-
186.

Prince, S.D., Kerr, Y.H., Goutorbe, J-P, Lebel, T., Tinga, A., Bessemoulin, P., Brouwer,
J., Dolman, A., Engman, E., Gash, J,.Hoepffner, M., Kabat, P., Monteney, Said, F.,
Sellers, P. and Wallace, J., 1995. Geographical, Biological and Remote Sensing Aspects
of the Hydrologic Atmospheric Pilot Experiment in the Sahel (HAPEX—Sahel). Rem.
Sens. Environ., 51:215-234.

Prince, S.D., 1991a. A Model of Regional Primary Production for Use with Coarse
Resolution Satellite Data. Int. J. Remote Sensing, 12,1313-1330.

Prince, S.D., 1991b. Satellite Remote Sensing of Primary Production: Comparison of
Results for Sahelian Grasslands 1981-1988. Int. J. Remote Sensing, 12,1301-1311.

Raich, J.W., and Schlesinger, W.H., 1992. The global carbon dioxide flux in soil respiration
and its relationship to vegetation and climate. Tellus, 44B, 81-99.

Roberts, D.A., Smith, M.O., and Adams, J.B., 1993. Green Vegetation, Nonphotosynthetic
Vegetation, and Soils in AVIRIS Data. Remote Sens. Environ., 44, 255-269.

Running, S.W., Justice, C.O., Salomonson, V., Hall, D., Barker, J., Kaufmann, Y.J.,

Strahler, A.H., Huete, A.R., Muller, J.P., VanderBilt, V.,Wan, Z.M., Teillet, P. and
Carneggie, D., 1994. Terrestrial Remote Sensing Science and Algorithms planned for
EOS/MODIS, Int. J. Remote Sensing, Vol. 15, 17:3587-3620.

Salomonson, V., Barnes, W.L., Maymon, P.W., Montgomery, H.E., and Orstow, H., 1989.

MODIS: Advanced Facility Instrument for Studies of the Earth as a System. IEEE
Trans. Geosc. Remote Sens. 27(2):145-153.

Sanger, J.E., 1971. Quantitative investigations of leaf pigments from their inception in buds
through autumn coloration to decomposition in falling leaves. Ecology, 52, 1073-1089.

Sellers, P.C., 1985. Canopy reflectance, photosynthesis and transpiration. Int. J. Remote
Sensing, 6, 1335-1372.



136

Sinclair, T.R., Hoffer, R.M., and Schreiber, MM., 1971. Reflectance and internal structure
of leaves from several crops during a growing season. Agron. J., 63, 864-868.

Stoner, E.R. and Baumgardner, M.F., 1981. Characteristic Variations in Reflectance of
Surface Soils. Soil Sci. Soc. Am. J., 45:1161-1165.

Thimann, K.V., 1980. Senescence in Plants. CRC-Press, pp 276.

Townshend, J.R.G, Justice, C.O., Li, W., Gurney, C., and McManus, J., 1991. Global Land
Cover Classification by Remote Sensing: Present Capabilities and Future Possibilities.
Remote Sens. Environ. 35:243-255.

Townshend, J.R.G. and C.O. Justice, 1986. Analysis of the Dynamics of African Vegetation
Using the Normalized Difference Vegetation Index. Int. J. Remote Sensing, 7, 1435-
1445.

Tucker, C.J., and Sellers, P.C., 1986. Satellite Remote Sensing of Primary Production. Int.
J. Remote Sensing, 7(11),1395-1416.

Tucker, C.J., Vanpraet, C.L., Sharman, M.J., and Ittersum, van, G., 1985. Satellite Remote
Sensing of Total Herbaceous Biomass Production in the Senegalese Sahel: 1980-1984.
Remote Sens. Environ., 17, 233-249.

Tucker, C.J., 1978. Post Senescent Grass Canopy remote Sensing. Remote Sens. Environ.,
7,203-210.

Tucker, C.J.,1977. Spectral Estimation of Grass Canopy Variables. Remote Sens. Environ.,
6, 11-26.

Tueller, P.T., 1989. Remote sensing technology for rangeland management applications.
J. Range Manage., 42, 442-453.

Verhoef, W., 1984. Light Scattering by Leaf Layers with Application to Canopy
Reflectance Modeling, the Sail Model. Remote Sens. Environ., (1984) 16:125-141.

Wanjura, D.F. and Bilbro, Jr, J.D., 1986. Ground cover and Weathering Effects on
Reflectances of Three Crop Residues. Agron. J., 78, 694-698.

Williams, D.L., 1994. A Comparison of Spectral Reflectance Properties at the Needle,
Branch, and Canopy Level for Selected Conifer Species. Remote Sens. Environ., 35,
79-93.



137

Woolley, J.T., 1971. Reflectance and transmittance of light by leaves. Plant Physiol., 47,
656-662.

Wylie, B.K., Harrington, J.A., Jr, Prince, S.D., and Denda, I., 1991. Satellite and ground-
based pasture production assessment in Niger: 1986-1988. Int. J. Remote Sensing, 12,
1281-1300.



138

Table 1. Nominal parameter specifications for the SAIL model data generation (conditions
found in Sahelian landscapes) 
Illumination, solar and view geometry conditions
- Fraction of direct solar irradiance 0.80
- Solar declination	 00

- Latitude	 13.5° North
- View azimuth / zenith angle	 0°/0°
- Time of day / solar zenith angle	 10.00 GMT/ 32.6°
Canopy and soil conditions 
- LAI (10)
- # canopy layers / # component
- spectral resolution
- soil optical properties

- vegetation optical properties
- Leaf angle distribution

Leaf inclination angle distribution
instantaneous fAPAR

0.001, 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2, 3,4
1/1; 1/2; 2/2
p and t for 400 ^ ),, � 900 nm (interval 10nm)
p for unaltered sand, organic dominated and Fe-
dominated soils
green and senescent leaf p and t and bark p
uniform (f(0) = 2/7c), planophile, erectophile,
plagiophile, spherical and extremophile
9 bins of 100 each (0° 0 90°)
fAPAR, a, (400 ^. � 700 nm)
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Figure captions

Figure 1: Schematic diagram of the SAIL-simulated canopy structures constituted by
green and non-green plant components and different soil backgrounds

Figure 2: Spectral reflectance and transmittance signatures of mature green leaves (a) and
senescent leaves and bark (b) of representative species at the study site (adaxial side,
(Andropogon spp. (A.S.), Pennisetum glaucum (PG.; millet), Guiera senegalensis
(G.S.), Combretum micranthum (CM.), Combretum glutinosum (CG.) Chrozophora
brocchiana (C.B.), Vigna unguiculata (VU.), brown millet (BM), yellow millet (YM),
brown and moist G.S. (b/m G.S.), brown G.S. (b G.S.) and chlorotic G.S. (c.G.S.)) ;
and c)spectral reflectance signatures of three soils: an unaltered sand, an iron (Fe)
dominated soil, and an organic matter (0.M.) dominated soil. The four MODIS-bands
were indicated by the four vertical bars (shaded in Fig. 2c). The SAVI values for each
component were indicated after their acronym.

Figure 3: a) SAW response for pure canopies for a range of component area indices
(CAI), based on SAIL simulated data using a sandy soil background and the
transmittance and reflectance optical properties of green leaves, senescent leaves and
bark of representative plant species. b) SAVI response of green millet (PG.), yellow
millet litter (YM), and brown millet litter (BM) canopies for a range of LAI and
different leaf angle distributions (LAD: U - uniform, EX - extremophile, PL -
planophile, PLG - plagiophile, SP - spherical, and ER - erectophile). (see Fig. 2 for the
description of component acronyms).

Figure 4: a) Vegetation component fractions (VCF) and b) Soil component fraction (SCF)
for a range of CAls, for different components and leaf angle distributions (see Fig 2 and
3 for acronyms)

Figure 5: SAW response of green millet (PG.), yellow millet litter (YM), and brown millet
litter (BM) canopies for a range of LAIs and three different soil backgrounds.

Figure 6: a) The maximum relative error (E r LOP) in VIs due to variability among green leaf
optical properties (LOP) for a range e nfGLAIs and with reference to a green millet
canopy ; Vegetation equivalent noise (VEN) due to LOP expressed in terms of LAI (b)
and fAPAR (c)

Figure 7: a) The maximum relative error r LAD) in Vls due to variability in leaf angle
distributions (LAD), for a range of GLAIs and with reference to a green millet canopy,
Vegetation equivalent noise due to LAD expressed in terms of LAI (b) and fAPAR (c).
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Figure 8: Vegetation equivalent noise (VEN) due to variability in the canopy background
(soil, litter, or bark) for four vegetation indices expressed in terms of LAI (a) and
fAPAR (b). The sand soil background was used as a reference and thus has zero VEN.

Figure 9: a) Example of the SAVI response for randomly distributed green and litter
canopies for a range of green leaf area indices (GLAI) and different amounts of yellow
millet litter; b) fAPAR as a function of GLAI for the same mixed green and yellow
senescent millet leaves.

Figure 10: Representation of the SAW response as a function of increasing amounts of
yellow millet litter (YM) and brown millet litter for canopy mixtures with GLAI=0.25
and GLAI=2 and both a sand soil background and organic matter (0.M.) dominated soil
background. The structure of the senescent and green millet canopy was represented
by three combinations: 1) 1-layer randomly mixed green and litter, 2) a green layer on
top of a litter layer, and 3) a litter layer on top of a green layer.

Figure 11: a) The relative error (.€ r.25% YM °A) in VIs with reference to a green millet canopy
for a range of GLAIs due to 25% yellow millet litter randomly distributed among green
millet in one layer; Vegetation equivalent noise (VEN) due to 25% yellow millet litter
expressed in terms of LAI (b) and fAPAR (c).The relative error (€r 25% %;(d)) and
VEN in terms of LAI (e) and fAPAR (f) were shown as a function of GLAI for 25%
brown millet litter.

Figure 12: Temporal representation of the spectral dynamics of two field plots initially
(DOY 181) composed of a sand soil and senescent grass, but with increasing amount
of green vegetation during the growing season which ended around DOY 280. Plot A
(a) had standing litter, while Plot B (b) had flat litter distributed over the measured
target area. The SAW response was indicated behind the DOY.

Figure 13: Results of a two-component mixture model (a) and a three-component mixture
model (b) for plot A and plot B. The brown millet litter component fraction (BMCF)
was computed to improve the interpretation of the VCF and SCF.

Figure 14: Reflectances were simulated with the SAIL-model for a range of LAIs and
component mixtures, including green leaves, yellow and brown litter and soil.
Component fractions were computed with a four component mixture model for three
SAIL simulated two component mixtures, (a) soil and green millet, (b) soil and yellow
millet, (c) soil and brown millet, and for two SAIL simulated three component mixtures
(d) soil, green millet and 25% yellow millet litter, and (e) soil, green millet and 25%
brown millet litter.
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