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EXECUTIVE SUMMARY

One of the primary interests of the Earth Observing System (EOS) program is to
study the role of terrestrial vegetation in large-scale global processes with the goal of
understanding how the Earth functions as a system. This requires an understanding of
the global distribution of vegetation types as well as their biophysical and structural
properties and spatial/temporal variations. Vegetation Indices (VI) are robust, empirical
measures of vegetation activity at the land surface. They are designed to enhance the
vegetation signal from measured spectral responses by combining two (or more)
different wavebands, often in the red (0.6-0.7 mm) and NIR wavelengths (0.7-1.1 mm).

The MODIS vegetation index (VI) products will provide consistent, spatial and
temporal comparisons of global vegetation conditions which will be used to monitor the
Earth's terrestrial photosynthetic vegetation activity in support of phenologic, change
detection, and biophysical interpretations. Gridded vegetation index maps depicting
spatial and temporal variations in vegetation activity are derived at 16-day and monthly
intervals for precise seasonal and interannual monitoring of the Earth’s vegetation.

The MODIS VI products are made globally robust and improves upon currently
available indices with enhanced vegetation sensitivity and minimal variations associated
with external influences (atmosphere, view and sun angles, clouds) and inherent, non-
vegetation influences (canopy background, litter), in order to more effectively serve as a
‘precise’ measure of spatial and temporal vegetation ‘change’.

Two vegetation index (VI) algorithms are to be produced globally for land, at launch.
One is the standard normalized difference vegetation index (NDVI), which is referred to
as the “continuity index” to the existing NOAA-AVHRR derived NDVI. At the time of
launch, there will be nearly a 20-year NDVI global data set (1981 - 1999) from the
NOAA- AVHRR series, which could be extended by MODIS data to provide a long term
data record for use in operational monitoring studies. The other is an ‘enhanced’
vegetation index (EVI) with improved sensitivity into high biomass regions and improved
vegetation monitoring through a de-coupling of the canopy background signal and a
reduction in atmosphere influences. The two VIs compliment each other in global
vegetation studies and improve upon the extraction of canopy biophysical parameters.
A new compositing scheme that reduces angular, sun-target-sensor variations is also
utilized. The gridded vegetation index maps use MODIS surface reflectances,
corrected for molecular scattering, ozone absorption, and aerosols, and adjusted to
nadir with use of a BRDF model, as input to the VI equations. The gridded vegetation
indices will include quality assurance (QA) flags with statistical data, that indicate the
guality of the VI product and input data. The products can be summarized as:

250 m NDVI and QA at 16 day (high resolution)
1 km NDVI, EVI, and QA at 16 day and monthly (standard resolution)

25 km NDV, EVI, and QA at 16 day and monthly (coarse resolution)



An important aspect of the VI products will be their translation to biophysical canopy
parameters. The use of biophysical data forms an integral component of the vegetation
index validation plan, tying the radiometric VI to measurable physical parameters on the
ground. This enables the acquisition of the necessary “ground truth” information needed
to assess error, uncertainties, and performance as part of validation. This document
describes the theoretical basis for the development and implementation of the MODIS
VI products along with validation and a thorough characterization of VI performance
and uncertainties.
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1 Introduction

One of the primary interests of the Earth Observing System (EOS) program is to
study the role of terrestrial vegetation in large-scale global processes with the goal of
understanding how the Earth functions as a system. This requires an understanding of
the global distribution of vegetation types as well as their biophysical and structural
properties and spatial/temporal variations. Remote sensing observations offer the
opportunity to monitor, quantify, and investigate large scale changes in vegetation in
response to human actions and climate. Vegetation influences the energy balance,
climate, hydrologic, and biogeochemical cycles and can serve as a sensitive indicator of
climatic and anthropogenic influences on the environment.

The MODIS vegetation indices (VIs) will provide consistent, spatial and temporal
comparisons of global vegetation conditions that will be used to monitor the Earth's
terrestrial photosynthetic vegetation activity for phenologic, change detection, and
biophysical derivation of radiometric and structural vegetation parameters. The MODIS
vegetation index (VI) products will play a major role in several EOS studies as well as
be an integral part in the production of many global and regional biospheric models and
biogeochemical cycles. Currently, satellite-derived vegetation indices are being
integrated in interactive biosphere models as part of global climate modelling (Sellers et
al. 1994; Raich and Schlesinger, 1992; Fung et al., 1987; Tans et al., 1990) and
production efficiency models (Prince et al., 1994; Prince, 1991). They are also used for
a wide variety of land applications, including natural resource management, agriculture,
the Global Health and Human Monitoring Program (NASA, 1988), and operational
Famine Early Warning Systems (Prince and Justice, 1991; Hutchinson, 1991). This
latter example is one of the few examples where derived satellite data are currently
being used to drive policy decisions.

1.1 Identification of Algorithm

MODIS product #13, Gridded Vegetation Indices (Level 3)

The level 3 gridded vegetation indices are standard products designed to be fully
operational at launch. The level 3, spatial and temporal gridded vegetation index
products are composites of daily bidirectional reflectances. The gridded Vis are 16- and
30 day spatial and temporal, re-sampled products designed to provide cloud-free,
atmospherically corrected, and nadir-adjusted vegetation maps at nominal resolutions
of 250 m, 1 km, and 0.25°. The latter is also known as the climate modeling grid (CMG).

Two vegetation index (VI) algorithms are to be produced globally for land, at launch.
One is the standard normalized difference vegetation index (NDVI), which is referred to
as the “continuity index” to the existing NOAA-AVHRR derived NDVI. At the time of
launch, there will be nearly a 20-year NDVI global data set (1981 - 1999) from the
NOAA- AVHRR series, which could be extended by MODIS data to provide a long term
data record for use in operational monitoring studies. The other is an ‘enhanced’
vegetation index with improved sensitivity to differences in vegetation from sparse to



dense vegetation conditions. The two VIs compliment each other in global vegetation
studies and improve upon the extraction of canopy biophysical parameters.

Normalized Difference Vegetation Index (NDVI), Parameter No. 2749a
Enhanced Vegetation Index (EVI), Parameter No. 4334a.

The compositing algorithm utilizes the bidirectional reflectance distribution function
of each pixel to normalize the reflectances to a nadir view and standard solar angular
geometry. The 16 day VI composites will be archived at 250 m resolution and will
include the selected, nadir-adjusted VI value, the nadir-adjusted red and NIR surface
reflectances, median solar zenith, relative azimuth, and quality control parameters.

250 m NDVI (16 day)
1 km NDVI and EVI (16 day and monthly)
25 km NDVI and EVI (16 day and monthly)

The 250 m MODIS VI product will consist of only the NDVI, since the EVI utilizes the
500 m blue channel and only the red and NIR bands are at 250 m resolution. The
composited surface reflectance data from each pixel will be used to compute both the
NDVI and the EVI gridded products.

1.2 Key Science Applications of the Vegetation Index

Vegetation indices have a long history of use throughout a wide range of disciplines.
Some examples are listed below:

Inter- and intra-annual global vegetation monitoring on a periodic basis;
Global biogeochemical, climate, and hydrologic modeling;

Net primary production and carbon balance;

Anthropogenic and climate change detection;

Agricultural activities (plant stress, harvest yields, precision agriculture...);
Famine early warning systems;

Drought studies

Landscape disturbances (volcanic, fire scars, etc..);

Land cover and land cover change products;

Biophysical estimates of vegetation parameters (%cover, fAPAR, LAI) ;
Public health issues (rift valley fever, mosquito producing rice fields...).



2 Overview and Background Information

2.1 Experimental Objective

The overall objective is to design an empirical or semi-empirical robust vegetation
measure applicable over all terrestrial biomes of the earth. Vegetation indices (VI's) are
dimensionless, radiometric measures of vegetation exploiting the unique spectral
signatures and behavior of canopy elements, particularly in the red and NIR portions of
the spectrum. VI's not only map the presence of vegetation on a pixel basis, but
provides measures of the amount or condition of vegetation within a pixel. The basic
premise is to extract the vegetation signal portion from the surface. The stronger the
signal, the more vegetation is present for any given land cover type. Their principal
advantage is their simplicity. They require no assumptions, nor additional ancillary
information other than the measurements themselves. The goal becomes, how to
effectively combine these bands in order to extract and quantify the ‘green’ vegetation
signal across a global range of vegetation conditions while minimizing canopy
influences associated with intimate mixing by non-vegetation related signals.

The vegetation index compositing objective is to combine multiple images into a
single, gridded, and cloud-free VI map, taking into account the variable atmosphere
conditions, residual clouds, and a wide range of sensor view and sun angle conditions.
The task is to design an algorithm that is able to depict spatial variations in vegetation
across a range of scales as well as depict temporal variations for phenologic studies
(intra-annual) and change detection studies (inter-annual).

Specific tasks and experimental objectives include:

develop precise, empirical measures of vegetation, depicting both spatial and
temporal variations in vegetation composition, condition, and photosynthetic
activity.

continuity with current, global NOAA-AVHRR series, NDVI data fields.

improved measures of vegetation utilizing new, improved variants of the NDVI for
enhanced vegetation sensitivity and more accurate quantitative analysis.

develop near-linear measures of vegetation parameters in order to maintain
sensitivity over as wide a range of vegetation conditions as possible and to
facilitate scaling and extrapolations across regional and global resolutions.

provide estimates of biophysical parameters, comparable for insertion into global
biome and climate models.

maximize global and temporal land coverage at the finest spatial and temporal
resolutions possible within the constraints of the instrument characteristics and
land surface properties.

minimize the effects of residual clouds, cloud shadow, and atmospheric
aerosols.



standardize variable sensor view and sun angle (BRDF effects) of the cloud-free
pixels to a nadir view angle and nominal sun angle.

ensure the quality and consistency of the composited data.
2.2 Historical Perspective

2.2.1 Vegetation indices

Many studies have shown the relationships of red and near-infrared (NIR) reflected
energy to the amount of vegetation present on the ground (Colwell, 1974). Reflected
red energy decreases with plant development due to chlorophyll absorption within
actively photosynthetic leaves. Reflected NIR energy, on the other hand, will increase
with plant development through scattering processes (reflection and transmission) in
healthy, turgid leaves. Unfortunately, because the amount of red and NIR radiation
reflected from a plant canopy and reaching a satellite sensor varies with solar
irradiance, atmospheric conditions, canopy background, and canopy structure/ and
composition, one cannot use a simple measure of reflected energy to quantify plant
biophysical parameters nor monitor vegetation on a global, operational basis. This is
made difficult due to the intricate radiant transfer processes at both the leaf level (cell
constituents, leaf morphology) and canopy level (leaf elements, orientation, non-
photosynthetic vegetation (NPV), and background). This problem has been
circumvented somewhat by combining two or more bands into an equation or
‘vegetation index’ (VI).

The simple ratio (SR) was the first index to be used (Jordan, 1969), formed by
dividing the NIR response by the corresponding ‘red’ band output,

SR = 1
X (1)

red

where X can be digital counts, at- satellite radiances, top of the atmosphere
apparent reflectances, land leaving surface radiances, surface reflectances, or
hemispherical spectral albedos. However, for densely vegetated areas, the amount of
red light reflected approaches very small values and this ratio, consequently, increases
without bounds. Deering (1978) normalized this ratio from -1 to +1, with the normalized
difference vegetation index (NDVI), by ratioing the difference between the NIR and red

bands by their sum;
NDVI = xnir - Xred (2)

X

nir red

For terrestrial targets the lower boundary became approximately zero and the upper
boundary approximately 0.80.



Global-based operational applications of the NDVI have utilized digital counts, at-
sensor radiances, ‘normalized’ reflectances (top of the atmosphere), and more recently,
partially atmospheric corrected (ozone absorption and molecular scattering)
reflectances. Thus, the NDVI has evolved with improvements in measurement inputs.
Currently, a partial atmospheric correction for Rayleigh scattering and ozone absorption
is used operationally for the generation of the Advanced Very High Resolution
Radiometer; Agbu et al., 1994, (AVHRR) Pathfinder and the IGBP Global 1km NDVI
data sets (James and Kalluri 1994; Townshend et al. 1994). The NDVI is currently the
only operational, global-based vegetation index utilized. This is in part, due to its
‘ratioing’ properties, which enable the NDVI to cancel out a large proportion of signal
variations attributed to calibration, noise, and changing irradiance conditions that
accompany changing sun angles, topography, clouds/shadow and atmospheric
conditions.

As a vegetation monitoring tool, the NDVI is utilized to construct seasonal, temporal
profiles of vegetation activity enabling interannual comparisons of these profiles. The
temporal profile of the NDVI has been shown to depict seasonal and phenologic
activity, length of the growing season, peak greenness, onset of greenness, and leaf
turnover or 'dry-down' period. Myneni et al. (1997) presented a 10 year NDVI data
record of northern Boreal forests showing a warming trend whereby the length of the
growing season had increased by nearly 2 weeks. They showed the usefulness of such
NDVI growing season plots for change detection and monitoring. Tucker (1985)
similarly used NDVI seasonal profiles to show desert expansions and contractions in
the Sahara. The time integral of the NDVI over the growing season has been
correlated with net primary production (NPP) (Running and Nemani, 1988; Prince,
1991; Justice et al., 1985; Goward et al., 1991, Tucker and Sellers, 1986).

Many studies have shown the NDVI to be related to leaf area index (LAI), green
biomass, percent green cover, and fraction of absorbed photosynthetically active
radiation (fAPAR) (Asrar et al., 1984; Baret and Guyot, 1991; Goward and Huemmrich,
1992; Sellers, 1985; Sellers, 1986; Running and Nemani, 1988; Tucker et al., 1981,
Curran, 1980). Relationships between fAPAR and NDVI have been shown to be near
linear (Pinter, 1993; Begué, 1993; Wiegand et al., 1991; Daughtry et al., 1992), in
contrast to the non-linearity experienced in LAl — NDVI relationships with saturation
problems at LAl values over 2. Other studies have shown the NDVI to be related to
carbon-fixation, canopy resistance, and potential evapotranspiration allowing its use as
input to models of biogeochemical cycles (Raich and Schlesinger, 1992; Fung et al.,
1987; Sellers, 1985; Asrar et al.,, 1984; Running et al., 1989; Running, 1990; IGBP,
1992).

2.2.2 Compositing

The construction of seasonal, temporal profiles requires a separate ‘compositing’
algorithm in which several VI images, over a given time interval (7-days, 10-days, etc...)
are merged to create a single cloud-free image VI map with minimal atmospheric and
sun-surface-sensor angular effects (Holben, 1986). Moderate and coarse resolution
satellite systems, such as MODIS, the AVHRR, SPOT4-VEGETATION (Systeme Pour



'Observation de la Terre 4-VEGETATION; Archard et al., 1994), SeaWiFS (Sea-
Viewing Wide Field-of-View Sensor; Hooker et al., 1994), and GLI (Global Imager;
Nakajima et al., 1998) acquire global bi-directional radiance data of the Earth’s surface
under a wide variety of solar illumination angles, sensor view angles, atmospheres, and
cloud conditions.

The current procedure for generation of composited, AVHRR-based, NDVI products
is the maximum value compositing (MVC) technique. This is accomplished by
selecting, on a pixel by pixel basis, the input pixel with the highest NDVI value as output
to the composited product. The procedure generally includes cloud screening and data
quality checks (Goward et al., 1994; Eidenshink and Faundeer, 1994). Since residual
cloud cover, not accounted for in the cloud masking procedure, and atmospheric
sources of contamination both lower NDVI values, a maximum NDVI would select the
least cloud- and atmospheric-contaminated pixels. Furthermore, since the influence of
atmospheric contamination and residual cloud cover increases with optical path length,
the maximum NDVI criterion also has a tendency to select the most near-nadir view and
smallest solar zenith angle pixels (least optical path lengths), thus standardizing to a
certain degree the variable sun-surface-sensor observation geometries over a
compositing cycle (Holben 1986; Cihlar et al. 1994a).

The MVC works nicely over near-Lambertian surfaces where the primary source of
pixel variations within a composite cycle is associated with atmosphere contamination
and path length, however, its major shortcoming is that the anisotropic, bi-directional
influences of the surface is not considered. The bidirectional spectral behavior of
numerous, ‘global’ land cover types and terrestrial surface conditions have been widely
documented and shown to be highly anisotropic due to canopy structure, shadowing,
and background contributions (Kimes et al., 1985; Leeuwen et al., 1994; Vierling et al.,
1997). Ratioing of the NIR and red spectral bands to compute vegetation indices does
not remove surface anisotropy (Walter-Shea et al., 1997) due to the spectral
dependence of the BRDF response (Gutman, 1991; Roujean et al., 1992). The
atmosphere counteracts and dampens the surface BRDF signal, mainly through the
increasing path lengths associated with off-nadir view angles and/or sun angles.

The maximum NDVI value selected is thus, related to both the bidirectional
properties of the surface and the atmosphere, which renders the MVC-based selection
unpredictable. The MVC favors cloud free pixels, but does not necessarily pick the pixel
closest to nadir or with the least atmospheric contamination. Although the NDVI tends
to increase for atmospherically corrected data, it does not mean that the highest NDVI
is an indication of the best atmospheric correction. Many studies have shown the MVC
approach to select off-nadir pixels with large, forward-scatter (more shaded) view
angles and large solar zenith angles, which are not always cloud-free or atmosphere
clear (Goward et al., 1991; Moody and Strahler, 1994; Cihlar et al., 1994b, 1997). This
degrades the potential use of the VI for consistent and accurate comparisons of global
vegetation types.

The MVC method works best for data uncorrected for atmosphere (Cihlar et al.,
1994a), although numerous inconsistencies result (Gutman, 1991; Goward et al., 1991,



1994; Cihlar et al., 1994b, 1997). The MVC approach becomes less appropriate with
atmospherically-corrected data sets, since the anisotropic behavior of surface
reflectances and vegetation indices is stronger (Cihlar et al., 1994b). The influence of
surface anisotropy and bidirectional reflectances on the VI composited products will
become more pronounced in the EOS era as a result of improved atmospheric removal
algorithms, which will accentuate differences and cause surface BRDF-related
anisotropies to become more prominent (Cihlar et al.,1994a). In many cases, the nadir
view direction may produce the lowest VI value, particularly in atmospherically corrected
data.

There are other alternatives to simply choosing the highest NDVI value over a
compositing cycle. One may integrate or average all cloud-free pixels over the period.
Meyer et al. (1995) suggested that averaging the NDVI would be superior to the MVC
approach. The Best Index Slope Extraction (BISE; Viovy et al., 1992) method reduces
noise in NDVI time series by selecting against spurious high values through a sliding
compositing cycle. Use of the thermal channel has also been shown to be helpful.
Knowledge of the ecological evolution of a land cover with respect to a VI temporal
response might also be of use for the improvement of compositing techniques (Viovy et
al.,1992; Qi et al., 1994; Moody and Strahler, 1994). This was not considered for the
MODIS compositing algorithm due to the amount of knowledge required of the
dynamics of land cover growth patterns, seasonality, and response to climate change
(precipitation, temperature). Such an approach might be more applicable at regional
scales. Other VI compositing techniques are discussed by Cihlar et al. (1994b) and Qi
and Kerr (1997).

2.2.3 VI optimization

The global operational use of a vegetation index requires that it not only be
calculated in a uniform manner, but that the results be comparable over time and
location. Although the NDVI has been shown useful in change detection, land surface
monitoring, and in estimating many biophysical vegetation parameters, there is a history
of vegetation index research identifying limitations in the NDVI, which may impact upon
its utility in global studies. These limitations form the basis of VI optimization
techniques and are useful to understand before utilization of the VI product. The
limitations can result from various external influences including:

Calibration and instrument characteristics
Clouds and cloud shadows
Atmospheric effects due to variable aerosols, water vapor, and residual clouds.

Sun-target-sensor geometric configurations and the resulting interactions of
surface and atmospheric anisotropies on the angular dependent signal.

In addition to these external influences, there are influences inherent to vegetated
canopies which restrict the use and/or interpretation of vegetation indices. These
include:



Canopy background contamination in which the background reflected signal
intimately mixes with the vegetation signal and influences the resulting VI value.
Canopy background signals vary with soils, litter covers, snow, and surface
wetness.

Saturation problems whereby VI values remain invariant to changes in the
amount, type, and condition of vegetation, normally associated with a saturated
chlorophyll signal in densely vegetated canopies.

Furthermore, if one were to extend VI capabilities to the derivation of biophysical
vegetation parameters, then one must take into account the following:

Canopy structural effects associated with leaf angle distributions, clumping and
non-photosynthetically-active components (woody, senesced, and dead plant
materials). Thus for a given LAI, %cover, and/ or biomass, the NDVI may vary
with changes in the structure and orientation of the canopy. The ‘strength’ of the
vegetation signal is simultaneously dependent upon several ‘physical' measures
of vegetation amount, including leaf area index, %green cover, and wet or dry
green biomass.

Non-linearity in VI relationships with fAPAR and/ or LAI.
2.2.4 Calibration and instrument characteristics
2.2.5 Atmospheric effects

The atmosphere degrades the NDVI value by reducing the contrast between the red
and NIR reflected signals. The red signal normally increases as a result of scattered,
upwelling path radiance contributions from the atmosphere, while the NIR signal tends
to decrease as a result of atmospheric attenuation associated with scattering and water
vapor absorption. The net result is a drop in the NDVI signal and an underestimation of
the amount of vegetation at the surface. The degradation in NDVI signal is dependent
on the aerosol content of the atmosphere, with the turbid atmospheres resulting in the
lowest NDVI signals. The impact of atmospheric effects on NDVI values is most
serious with aerosol scattering (0.04 - 0.20 unit decreases), followed by water vapor
(0.04 - 0.08), and Rayleigh scattering (0.02 - 0.04) (Goward et al. 1991; Teillet, 1989).

The atmosphere problem may be corrected through direct and indirect means
(Kaufman and Tanre, 1996). Atmospheric effects on the MODIS VI's will become
minimal as a result of the atmospheric correction algorithms being implemented
(MODIS-09) prior to VI computation. However, some residual aerosol contamination
will be expected in the NDVI product, due to the coarse resolution of the aerosol
product (~20 km resolution) (Vermote et al., 1994) compared to the 250m NDVI
product. Thus, spatial variations in smoke, gaseous and particulate pollutants, and light
cirrus clouds, may be present at the finer spatial resolutions. The accuracy of
atmospheric correction will also vary with the availability of ‘dark-objects’, which are
needed for the best corrections.



Kaufman and Tanré (1992) developed the atmospherically resistant vegetation
index (ARVI) as an example of an indirect approach to atmosphere correction, utilizing
the difference of the blue and red bands as an indicator of atmospheric noise. The
ARVI accounts for atmosphere aerosol scattering and requires atmospheric correction
of molecular scattering and ozone absorption prior to its use. Myneni and Asrar (1993),
in a sensitivity study with simulated data, found the ARVI to reduce atmospheric effects
and to mimic ground-based NDVI data. Pinty and Verstraete (1992) have proposed an
AVHRR-specific, global environment monitoring index (GEMI), which minimizes
atmospheric effects specific to AVHRR data sets. We propose to use the atmosphere
resistance concept (blue/ red) in the enhanced VI (EVI) to aid with highly variable
aerosol conditions, such as smoke from biomass burning.

2.2.6 Angular considerations

The NDVI has been shown to be affected by variations in bidirectional reflectances
resulting from differences in sun-target-sensor geometries. MODIS viewing angles will
vary +55° cross-track accompanied by solar illumination angle differences of up to 20°
from edge to edge of the MODIS swath. In addition sun angles will vary with latitude
and time of the year. The strong anisotropic properties from vegetation canopies
seriously affect vegetation indices, an effect that will become more pronounced with
MODIS data in which atmosphere correction will further enhance surface-based
anisotropies, which vary with land cover type, relative amounts of characteristic
vegetation and soil components, and sun-earth-sensor geometry. The resulting
deviations must be considered in the derivation of the vegetation index products. This
resulting variability in view and sun angles is important for the (seasonal and
interannual) intercomparison of vegetative covers on a global basis. Therefore, some
knowledge of the bi-directional reflectance distribution function (BRDF) is needed for
successful utilization of directional reflectance data and vegetation indices, and the
derivation of land cover-specific biophysical parameters (Cihlar et al., 1994a).

The influence of variable sun-target-sensor configurations on derived vegetation
indices can be standardized in various manners, including: (1) standardize reflectances
to nadir view angle at a solar zenith angle representative of the observations; (2)
standardize reflectances to nadir view angle and a temporally and globally constant
solar zenith angle; (3) adjust to a constant “off-nadir” view angle with a constant sun
angle; or (4) use of spectral (bi-hemispherical) albedos. For the standard MODIS VI
products, we propose to use the first method (Justice et al., 1998) and examine the
other three approaches post-launch. There is considerable research and understanding
of bidirectional reflectances with the development of physical, semi-empirical, and
empirical BRDF models (Wanner et al., 1995). Preliminary analysis (Huete et al., 1996)
also suggests that both the third and fourth approaches may enhance vegetation
detection only over a limited range of land cover conditions (Kimes et al., 1984, Privette
et al., 1996), and will result in overall decreased sensitivity from desert to forest, and
present greater saturation problems in more densely vegetated canopies.



2.2.7 Canopy background contamination

In contrast to the previous sources of noise and uncertainty, this source of
uncertainty is best handled in the formulation of the VI equation itself, since canopy
background (soil, litter, snow, and water) effects on the VI are not readily corrected for
prior to VI computation. Background effects are best removed within the VI equation
itself because (1) they cannot be assessed independently as in atmosphere and BRDF,;
and (2) in validation, a ‘true’ VI value for a given canopy is needed, one that does not
depend upon the background optical properties.

Numerous ground-, air-, and satellite-based observations have shown the NDVI to
be overly sensitive to the brightness of the underlying canopy background (Elvidge and
Lyon, 1985; Huete et al., 1985; Heilman and Kress, 1987; Huete and Warrick, 1990; Qi
et al., 1993a). Canopy backgrounds exhibit spatial and temporal reflectance variations
resulting from rain events, snowfall, litterfall, roughness, and the organic matter content
and mineralogy of the soil substrate material. In all of these studies there is a
systematic increase in the NDVI value as the reflectance or ‘brightness’ of the
background decreases. This change in NDVI with background brightness is also
confirmed with canopy radiative transfer models including the SAIL and two-stream
approximation models (Baret and Guyot, 1991; Baret at al., 1989; Myneni and Asrar,
1993); Sellers, 1985; Choudhury, 1987). Goward and Huemmrich (1992) noted how
difficult it is to observe or quantify background effects in global scale imagery, although
snow background was deemed to be of particular concern, introducing errors in the
estimation of fAPAR in excess of 50% relative to more typical canopy backgrounds (soil
and litter), where errors were in excess of +15%.

A common misconception is that canopy background considerations are only
important in sparsely vegetated, arid and semi-arid areas, where spectral variations in
background are the greatest. However, most studies and simulations show NDVI
background sensitivity to be greatest at intermediate levels of vegetation, comparable to
humid and sub-humid land cover types, including open forest stands. Bausch (1993)
and Huete et al. (1985) showed the influence of canopy background reflectance on
NDVI values to be highest at LAl = 1 (~40% green cover) where the NDVI varied by
0.30 units for background reflectances that varied from 0.06 to 0.33 in the red.
Background influences start to disappear at LAl > 2, which is where ‘saturation’ begins.
The range in background reflectances becomes greater when snow, wetlands, and
irrigated rice paddy fields are included.

Several approaches have been proposed to minimize background influences on
vegetation indices. Richardson and Wiegand (1977) introduced the perpendicular
vegetation index (PVI) which utilized a ‘soil line’ concept for site specific background
corrections. The soil line is a “baseline” value of zero vegetation over a wide
‘brightness’ range of soil backgrounds, from which vegetation can be measured in NIR-
red space, relative to the baseline. Clevers (1989) found the weighted difference
vegetation index (WDVI) to greatly improve upon the estimation of LAI while minimizing
background effects. Elvidge and Chen (1995) showed how narrower-band channels, as
input to vegetation indices, reduce background-related problems present in broad-band
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vegetation indices. Similarly, Hall et al. (1990) and Demetriades-Shah et al. (1990)
have discussed the value of narrow-band, derivative spectra for reducing background
effects. Major et al. (1990) proposed a series of ratio-based vegetation indices, which
effectively estimated the slope of the vegetation isoline derived with a simple
reflectance model (Baret and Guyot, 1991).

Some studies have utilized knowledge of vegetation isoline equations, derived from
simple reflectance models, to produce vegetation indices which minimize soil
background effects (Huete 1988: Major et al. 1990). The soil-adjusted vegetation index
(SAVI), proposed by Huete (1988), uses vegetation isoline equations derived by
approximating canopy reflectances by a first-order photon interaction model between
canopy and soil layers (Huete 1987). This was further improved by Baret et al. (1989)
yielding the transformed soil adjusted vegetation index (TSAVI) and by Qi et al. (1993b)
with the modified SAVI (MSAVI).

Canopy background influences on vegetation indices are also atmosphere-sensitive,
Huete and Liu (1994) found background influences on the NDVI to decrease greatly
with increases in atmospheric aerosol contents and that at a horizontal visibility of Skm
(turbid atmosphere), background influences became nearly zero. This was also
observed with satellite imagery (Qi et al., 1993). Consequently, we anticipate canopy
background problems to become more pronounced in MODIS-NDVI imagery due to the
improved atmospheric correction algorithms being implemented. A feedback problem
is evident whereby the improvement of one form of noise increases other forms of
noise. Liu and Huete (1995) developed a feedback-based approach to correct for the
interactive canopy background and atmospheric influences, incorporating both
background adjustment and atmospheric resistance concepts. This enhanced, soil and
atmosphere resistant vegetation index (EVI) was simplified to:

EV] = 2% (I’ nir'rred) (3)
(L +r nir +C1I’ red +C2r que)

where r is ‘apparent’ (top-of-the-atmosphere) or ‘surface’ directional reflectances, L is a
canopy background adjustment term, and C; and C, weigh the use of the blue channel
in aerosol correction of the red channel (Huete and Liu, 1996).

2.2.8 NDVI saturation considerations

There are several explanations for the NDVI saturation problem over densely
vegetated areas in which NDVI values no longer respond to variations in green
biomass. The NDVI has been reported to be an insensitive measure of LAl at values
exceeding 2 or 3. This is of concern since land use change detection, vegetation
monitoring, net primary production, and scaling studies cannot be carried out in an
NDVI ‘saturated’ mode (Townshend et al., 1991). Land cover classification based on
multitemporal NDVI profiles would similarly be hampered. Gitelson et al. (1996)
attributed this to the high sensitivity of the NDVI to the red (chlorophyll) absorption
band, which also saturates quickly. Maximum sensitivity to chlorophyll-a (Chl-a )
pigment absorption is at 670nm. For Chl-a concentration beyond 3-5 ng/cm?® , the
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inverse relationship of reflectance at 670nm vs. chlorophyll concentration ‘saturates’
and is no longer sensitive despite a global range in chlorophyll concentrations from 0.3
to 45 m‘;/cm2 (Vogelmann et al. 1994; Buschmann and Nagel 1993).

Gitelson et al. (1996) reported enhanced sensitivity could be achieved by replacing
the red channel with a green channel, which was found to remain sensitive to
chlorophyll-a over a wider range of concentrations. They proposed a green NDVI
equation which was five times more sensitive to Chl-a concentration. Yoder and
Waring (1994) similarly have used a green NDVI for improved estimates of
photosynthetic activity in Douglas-fir trees. The potential, however, for improved
vegetation analysis with narrower-band channels is also well demonstrated (Elvidge
and Chen 1995). This is of concern to the MODIS-NDVI equation because the MODIS
red channel is much narrower (620 - 670nm) and chlorophyll-sensitive than that of the
AVHRR (580 - 680nm) and may thus saturate more quickly.

Although bandwidth may affect saturation, one must also consider the nature of the
NDVI mathematical transform involving the red and NIR bands. The NDVI is a non-
linear ‘stretch’ of the functionally equivalent, NIR/red ratio designed to confine its values
from -1 to +1 (Deering, 1978). The stretch has the effect of enhancing low ratio values
while compressing higher ratio values. As ratio values increase from 5 to 10 and 15,
the corresponding NDVI values shift from 0.67 to 0.82 (20% increase), and 0.87 (6%
increase). A further increase in the NIR/red ratio to a value of 20 yields very little
change in the NDVI (0.90). The non-linear stretch has the effect of enhancing
vegetation index values under low biomass conditions while compressing the NDVI
values at high biomass conditions. This results in very low sensitivity to spatial and
temporal variations in densely vegetated areas.

2.2.9 Canopy structural effects (biophysical interpretations):

Sellers (1985) calculated the variation of the NDVI with canopy greenness fractions
and demonstrated how the presence of dry and dead plant material severely alters the
relationship between NDVI and LAl. He showed the NDVI to vary greatly with leaf
angle which alters the optical thickness of the canopy. He also showed that due to the
non-linear nature of the NDVI-LAI relationship, the contribution of the bare ground
fraction to the NDVI is disproportionately strong when equal amounts of greenness
(LAI) are distributed differently, such as in clumps. The same LAI in smaller cover
fractions yielded the lowest NDVI. Clevers and Verhoef (1993) used the SAIL canopy
and PROSPECT leaf models to show how the main variable that influences vegetation
indices is the leaf inclination angle distribution. The more planophile a canopy the
greater the vegetation index value for a given LAl.

Because of the overwhelming influence of canopy structure on spectral reflectances
and vegetation indices, it is very difficult to derive biophysical plant parameters directly
from the VI. Many of the VI to biophysical parameter relationships involve site specific,
regression plots which are subject to variability associated with canopy background,
atmosphere, instrument calibration, sun angle, and view angle. It is necessary to
accomodate the effects of the different factors when interpreting VI values, especially if
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we are to detect deviations in behavior indicative of directional or ‘global’ change
(Wickland, 1989; Prince and Justice, 1991). A direct approach would be to utilize a
canopy radiative transfer model to handle the radiative transfer processes within the
structure of the canopy. Alternatively, an indirect approach may be utilized whereby
‘land cover type’ empirical parameters are used in the translation from NDVI to LAI,
green cover, or fAPAR.

2.2.10 Vegetation indices, summary

The MODIS VI's are envisioned as improvements over the current NOAA-AVHRR
NDVI as a result of both improved instrument design and characterization and the
significant amount of VI research conducted over the last decade. Many new indices
have been proposed to further improve upon the ability of the NDVI to estimate
biophysical vegetation parameters (Prince et al., 1994). However, the robustness and
global implementation of these indices have not been tested and one must be cautious
that new problems are not created by removing the ‘ratioing’ properties of the NDVI.
The ‘ratioing’ properties of the NDVI were extremely vital when the NOAA-AVHRR
production of the NDVI first began, particularly with un-normalized, uncalibrated, and
uncorrected for atmosphere data sets. Since the MODIS NDVI product will utilize well-
calibrated and atmospherically corrected, surface reflectances, one needs to re-assess
the continued importance and benefits of ‘ratios’.

On one hand there is a need for continuity, while on the other hand improvements to
make the NDVI more quantitative are needed. In the next section of this algorithm,
“Algorithm Description”, we describe the implementation of multiple indices and assess
their capability in improving vegetation monitoring and change detection.

In summary, the criteria for and definition of a global vegetation index includes:

the index should maximize sensitivity to plant biophysical parameters, preferably
with a linear response in order that some degree of sensitivity be available for a
wide range of vegetation conditions and to facilitate validation and calibration of
the index,

the index should normalize or model external effects such as sun angle, viewing
angle, and atmosphere for consistent spatial and temporal comparisons,

the index should normalize canopy background (brightness) variations for
consistent spatial and temporal comparisons,

the index should be applicable to the generation of a global product, allowing
precise and consistent, spatial and temporal comparisons of vegetation
conditions,

the index should be coupled to key biophysical parameters such as LAl and
fAPAR as part of the validation effort, performance, and quality control.
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The processing flow for optimized VI computation is shown below:

Instrument Cloud Atmosphere Angular VI equation

characteristics Masking corrections adjustments (intimate
(Calibration, (aerosol, (BRDF) mixing)
registration) gases)

Improved vegetation sensitivity will be achieved with improved MODIS sensor
characteristics and from the optimal utilization of MODIS sensor wavebands (Table 1).
An “improved” index can increase sensitivity by enhancing the reflected signal from
vegetation and by further normalizing internal and external “noise” influences
(atmosphere, view and sun angles, canopy background). Atmospheric correction
algorithms and atmospheric resistant versions of the NDVI will greatly minimize
atmospheric sources of noise. Angular concerns (view and sun angles) will be handled
through the use of BRDF models and improved compositing methods.

2.3 Instrument Characteristics

This section identifies those aspects of the instrument (Salomonson et al., 1989)
critical to the VI parameters. The atmospherically corrected reflectances of MODIS
bands 1 and 2 are directly input into the NDVI equation (Table 1). For the EVI, band 3
will also be utilized and band 4 is being tested to minimize chlorophyll saturation
problems. The MODIS NDVI will not be completely the same as that derived from the
NOAA-AVHRR instrument due to different sensor characteristics. An example is the
narrower spectral widths of the MODIS bands, which eliminates the water absorption
region in the NIR (Table 1) and also renders the red band more sensitive to chlorophyll
absorption. This causes differences in the spectral response of vegetation canopies
with consequent differences in vegetation index response (Teillet et al., 1997). New
and improved atmospheric correction algorithms (Rayleigh scattering and aerosols)
may further modify the red and NIR inputs into the NDVI equation, especially when
surface reflectances derived from MODIS data are utilized.

MODIS (250 m, 500 m, and 1 km at nadir) is a whiskbroom sensor, similar to the
AVHRR (1.1 km at nadir) and SeaWiFS (1.13 km at nadir) (Sea-Viewing Wide Field-of-
View Sensor; Hooker et al., 1994) sensors, in which the pixel size increases with scan
angle by as much as a factor of four. This is in contrast to the ADEOS-2 Global Imager
(GLI, 250 m and 1 km at nadir) (Global Imager; Nakajima et al., 1998) and SPOT4-
VEGETATION (1 km) (Systeme Pour I'Observation de la Terre 4-VEGETATION;
Archard et al., 1994), which are pushbroom sensors with equal pixel sizes across all
scan angles. The variable pixel sizes of MODIS will affect the interpretation of the
vegetation index products and can be a source of error in evaluating anisotropic and
biophysical properties of both heterogeneous and homogeneous land surfaces
(Leeuwen et al., 1997a).

The MODIS repeat cycle is sixteen days, during which each point on the earth will
be viewed with a range of view angles between ~55° in the forward and backscatter
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direction. The scan angle is slightly lower than the view zenith angle due to the
curvature of the earth. Complete coverage of the earth may further be attained within a
scan angle of 20° in an 8-day period. Since the repeat cycle is 16 days, it is suggested
to make the compositing period half of this time, thus 8 days. This number seems
appropriate since it gives a consistent distribution of view angles and a possibility to
cover all latitudes within small viewing angles, providing the best spatial resolution (250
m NDVI) and most accurate atmospheric correction.

Table 1: MODIS sensor characteristics in support of the vegetation index algorithm

products.
# Bandwidth IFOV Spectral Required Bandwidth
(nm) Radiance® SNR Tolerance
1 620-670 250 21.8 128 +/- 4.0 nm
2 841-876 250 24.7 201 4.3
3 459-479 500 35.3 243 2.8
4 545-565 500 29.0 228 3.3
5 1230-1250 500 5.4 120 7.4
6 1628-1652 500 7.3 275 9.8
7 2105-2155 500 1.0 110 12.8
'=Watts/m2/mm/sr
Quantization: 12 bits
Scan width: 2330 km by 10 km (track) at 705 km platform altitude
+/-55° cross track
Absolute Calibration: +/-5%; +/-2% Reflectance
Spectral Stability: stable to < 2nm;
Co-registration: +/-20% along and off track at 1km with +/-10% goal.

Critical to the quality of the composited VI product will be the co-registration of the
red and NIR 250m channels, spectral stability of the channels, pixel registration
(Townshend et al.,, 1992) and calibration over time (Price, 1987). Actual day to day
registration accuracy over a set composite period (16 days) will be determined post-
launch. Geolocation accuracy is very important for temporal composites. The geometry
of the detector (weighted triangular response) and the scan geometry determine the
accuracy of the Earth location. The MODIS Land team requires the Earth location
accuracy to be 0.1 pixels (for 1 km pixels) to support image registration for change
detection and temporal compositing. Actual day to day registration accuracy over a 16
day period will be determined post-launch.

3 Algorithm Description

Vegetation indices are empirical measures of vegetation activity. The primary goal
is to formulate a precise measure of spatial/ temporal variations in vegetation while
maintaining an equation that is robust and sensitive over a global range of vegetation
conditions. The conditions of robustness and sensitivity are essential in order for VIs to
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be effective in intercomparisons of vegetation and extraction of biophysical parameters
from arid regions to rainforest areas. The vegetation index equations presented here
utilize the red and NIR reflected signals to isolate and enhance the ‘green’,
photosynthetically-active vegetation component of a given pixel. The red and NIR
responses are radiometrically calibrated, cloud-filtered, atmospherically corrected,
spatially and temporally gridded, and adjusted for view angle influences to produce the
level 3 vegetation index maps. The level 3 products are 16- and 30-day, cloud-free
vegetation maps at 250 m, 1 km, and 0.25° spatial resolutions.

In discussing VI robustness and sensitivity to vegetation “variations”, it is useful to
express such measures of performance in terms of various physical parameters of the
vegetation such as LAI or %green cover. This also serves as a useful validation tool to
ensure that spatial and temporal variations depicted through the VI maps are
associated with ‘real’ changes in vegetation. In the following section the theory and
physical principles from which the VI products are derived are presented along with an
assessment of their robustness as precise measures of vegetation activity. The
theoretical basis of the NDVI is first presented followed by a theoretical basis for an
improved vegetation index.

3.1 Theoretical Description of Vegetation Indices

The theoretical basis for ‘empirical-based’ vegetation indices is derived from
examination of typical spectral reflectance signatures of leaves (Figure 3.1.1). The
reflected energy in the visible is very low as a result of high absorption by
photosynthetically active pigments with maximum sensitivity in the blue (470 nm) and
red (670 nm) wavelengths. Nearly all of the near-infrared radiation is scattered
(reflected and transmitted) with very little absorption, in a manner dependent upon the
structural properties of a canopy (LAI, leaf angle distribution, leaf morphology). As a
result, the contrast between red and near-infrared responses is a sensitive measure of
vegetation amount, with maximum red - NIR differences occurring over a full canopy
and minimal contrast over targets with little or no vegetation (Figure 3.1.1). For low and
medium amounts of vegetation, the contrast is a result of both red and NIR changes,
while at higher amounts of vegetation, only the NIR contributes to increasing contrasts
as the red band becomes saturated due to chlorophyll absorption.
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Figure 3.1.1: Spectral reflectance signature of a photosynthetically active leaf with a
soil signature to show contrast (Tucker and Seller, 1986).

The red-NIR contrast can be quantified through the use of ratios (NIR/red),
differences (NIR-red), weighted differences (NIR-k*red), linear band combinations (x1 *
red + x2 * NIR), or hybrid approaches of the above. Vegetation indexes are measures
of this contrast and thus are integrative functions of canopy structural (%cover, LAl,
LAD) and physiological (pigments, photosynthesis) parameters.

The contrast between red and NIR canopy reflectances for a variety of canopy types
and canopy backgrounds may also be depicted in graphical form, using the red and
near-infrared reflectances as axes. In such a plot, a triangular, cloud of points is
observed with well-defined boundaries, whether the data plotted are temporally variable
reflectances of agricultural crops over the growing season (Figure 3.1.2a) or spatially
variable reflectances of different land covers from desert to forests (Figure 3.1.2b).
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Figure 3.1.2b: Cloud of reflectance points in NIR-red reflectance space from Landsat
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TM for a wide range of land surface cover types.

In both cases there is a lower ‘baseline’ of pixels close to the 1:1 line, representing
the lower boundary condition of vegetation. This baseline boundary condition can be
further extended to include water targets (dark), snow backgrounds (bright), soils with
variable mineralogies and litter and detrital material at variable stages of decomposition
(bright to dark) or incorporation into the dark soil humus pool. The basic premise of the
lower baseline is that only non-photosynthetic targets with low contrast in the red and
NIR will occupy this area. The third apex represents dense vegetation which is at or
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close to the lowest red values (chlorophyll-absorption) and highest NIR values. Note,
the lower baseline involves non-photosynthetic canopy backgrounds and would not
include a separate understory canopy, i.e., multiple canopy layers are all treated as
overlying canopy and not background.

Pixels with increasing amounts of green vegetation shift away from the lower
baseline toward the apex of maximum NIR and low red reflectance in a manner
dependent upon the optical/ structural properties of the vegetation canopy and the
optical properties of the canopy background (soil, snow, water, understory, etc.) (Figure
3.1.2). The greater the amount of ‘green’ vegetation present in a pixel, the greater will
be the red-NIR contrast, and thus the shift away from the lower baseline. In Figure
3.1.2b, desert regions fall near the lower zero ‘baseline’, followed by semi-arid and
grassland pixels. Closed forest canopies and open forests with green understories
occupy the extreme left-hand portion, varying very little in the red (‘saturation’) with
larger variations along the NIR axis (Figure 3.1.2), in accordance with expected optical
behavior. The pixels inside the triangular cloud structure are generally ‘mixed’ pixels,
with multiple responses from the vegetation and background components. Over 70% of
the Earth’s terrestrial surface is classified as “open canopies” with mixed background
and vegetation signals (Graetz, 1990). The role of vegetation indices is to model the
behavior and boundary conditions of the cloud of terrestrial-based pixels in NIR-red
space and their associated variations in time and space.

Within the cloud of spectra we can identify pairs of red and NIR reflectances which
represent equal amounts of a particular vegetation parameter. This may be described
by the term "vegetation isoline” and may be derived via canopy radiative transfer
models and/or observational data sets. Vegetation Index isolines, on the other hand,
represent all combinations of red and NIR reflectance responses resulting in the same
VI value. These are the model parameters which dissect the pixel data structure into
various levels of vegetation amounts. They create the “gray levels” of the vegetation
index from low to high. The concept of isolines essentially connect radiative transfer
theory with vegetation indices and provide a basis for decoupling atmosphere and
background signals from the vegetation signal.

3.1.1 Theoretical basis of the NDVI

The NDVI is a ‘normalized’ transform of the NIR to red reflectance ratio, I pif/I req
designed to standardize VI values to between —1 and +1;

L
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It is functionally equivalent to the NIR to red ratio and is more commonly expressed as:

[X nir ~ red ]
[X nir red ] (5)

NDVI = (4)

NDVI=
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As a ratio, the NDVI has the advantage of minimizing certain types of band-
correlated noise (positively-correlated) and influences attributed to variations in
direct/diffuse irradiance, clouds and cloud shadows, sun and view angles, topography,
and atmospheric attenuation. Ratioing can also reduce, to a certain extent, calibration
and instrument-related errors. The NDVI, as a ratio, can be computed from raw digital
counts, top-of-the-atmosphere radiances, apparent reflectances (normalized
radiances), and partially or total atmospheric corrections. Although the units cancel out,
the NDVI values themselves change so one must be consistent in how the NDVI is
derived (Jackson and Huete, 1991). The extent to which ratioing can reduce noise is
dependent upon the correlation of noise between red and NIR responses and the
degree to which the surface exhibits Lambertian behavior.

Ratios create simple, red-NIR space, vegetation index isolines (Figure 3.1.3) of
increasing slopes diverging out from the origin, i.e., slopes increase with vegetation
amount and intercepts are independent of vegetation amount with a constant value of
zero.

The NDVI efficiently shows increasing values from the baseline region to the ‘green’
apex. Furthermore, the large range in background brightness values, with little or no
vegetation present, fall close to the 1:1 line showing that the NDVI is able to ratio out a
significant portion of these spectral variations with NDVI values constrained to values
slightly above ‘zero’. The robustness of the NDVI is well established. As long as non-
vegetation sources of spectral variation cause pixels to shift toward or away the origin, it
is following an NDVI isoline or equal NDVI value. The NDVI is the only VI currently
adapted to global processing and it is used extensively in global, regional, and local
monitoring studies. It has also been used on a wide array of sensors and platforms
from Landsat MSS and TM, to the NOAA-AVHRR series, SPOT, SeaWiFS, AVIRIS,
and ground-based radiometers.

In the following sections, we analyze in detail the limitations of the NDVI both for the
purpose of assessing product performance as well as to explore potential methods for
improvement while maintaining a robust and operational algorithm. Up to now the
burden of noise removal in satellite data is placed on the NDVI equation itself and thus
the NDVI has the task of minimizing noise and simultaneously enhancing vegetation
signals. The remotely-sensed spectral signatures, however, vary with both external and
internal factors such as sensor calibration, atmosphere, sun- and view angles, and
canopy background. Because of these influences, VIs also show variations which
result in inaccuracies in estimating vegetation biophysical parameters. As
advancements are made in minimizing many of the external influences, such as sensor
calibration, noise removal, atmosphere correction, and BRDF modeling, other non-
ratioing approaches, including canopy models, may be used to better depict vegetation
spatial and temporal variations. For example, in contrast to the heritage AVHRR-NDVI
product, the MODIS NDVI algorithm will utilize complete, atmospherically corrected,
surface reflectance inputs. The instrument itself will be well calibrated and bandpasses
are narrower, avoiding atmosphere contaminants such as water vapor.
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The main disadvantage of ratio-based indices tend to be their non-linearities
exhibiting asymptotic behaviors which lead to insensitivities to vegetation variations
over certain land cover conditions. Ratios also fail to account for the spectral
dependencies of additive atmospheric (path radiance) effects, canopy-background
interactions, and canopy bidirectional reflectance anisotropies, particularly those
associated with canopy shadowing.

3.1.2 Canopy background correction and de-coupling

Canopy background noise is inherent to the canopy, being intimately coupled to the
vegetation signal. Red and NIR transmittance (extinction) through a photosynthetically-
active canopy differs significantly due to the highly absorptive properties of leaf
pigments in the red and the highly scattered (transmitted and reflected) signal in the
NIR. Such band-disparate behavior, which includes canopy shadows, is not amenable
to ratioing and the canopy transmitted and background reflected signal will vary with the
‘brightness’ of the background. The NDVI thus becomes very sensitive to background
brightness variations, i.e., the NDVI isolines do not match nor approximate the ‘true’
vegetation isolines representing constant vegetation amounts over a range of
background conditions. (Figure 3.1.3).

Unlike atmosphere correction algorithms and BRDF models, there are no
independent methods to assess canopy background optical properties making it
necessary to develop or modify a vegetation index equation to be as insensitive to
background spectral variations as possible. In this way, the vegetation signal becomes
de-coupled from the background and knowledge of the background brightness
becomes unneccesary. This is also known as ‘optimizing’ the vegetation index so that
they agree with basic physical, radiative transfer theory. This involves the design of VI's
such that their isolines depict the parameter of interest while minimizing or canceling
out undesirable variations, i.e., formulating a VI equation so that the VI isolines line up
with the ‘true’ vegetation isolines. Non-photosynthetic background variations generally
account for the principal source (axis) of spectral variations in global data sets.

3.1.3 Vegetation isolines and VI isolines

The vegetation isoline consists of the canopy reflectance points (i.e. a pair of NIR
and red reflectance) obtained by changing the optical properties of the background with
a fixed LAl and leaf angle distribution (LAD) for constant external conditions (sun- and
view angle, atmosphere and so on). The slope and NIR- (or Y-) intercept of these
isolines are functions of LAl when the LAI is the only variable other than canopy
background brightness. In this case, the vegetation isoline indicates the relationship
between NIR and red reflectance against the variation of the background brightness for
a fixed LAI. Additionally, vegetation indices have their own isoline, or ‘index isoline,’
which is obtained through plots of reflectance points with the same index values.

The index isoline can be obtained algebraically and without knowledge of
background brightness and LAI. The vegetation isoline represents the true behavior of
a constant vegetation condition against a wide range of canopy background conditions.
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These two types of isolines are typically different and usually do not coincide with each
other (Baret and Guyot, 1991; Huete, 1988; Major et al., 1990; Qi et al., 1994) (e.g.,
NDVI in Figure 3.1.3), causing the NDVI value to vary with variations in the background
brightness. In order to have a VI invariant to background brightness variation, the index
isolines must be coincident with the 'true' vegetation isolines. The knowledge of the
vegetation isoline is indispensable for this reason