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Atmospheric Effects and Spectral

Vegetation Indices

R. B. Myneni’ and G. Asrar'

A vegetation / atmosphere radiative transfer method is
employed to study atmospheric effects in spectral vegeta-
tion indices. A one-dimensional turbid medium model of
a vegetation canopy that includes specular reflection and
the hot spot effect is used to calculate canopy bidirectional
reflectance factors. These are then used to specify the
lower boundary condition of the atmospheric radiative
transfer problem. A horizontally homogeneous cloudless
midlatitude continental atmosphere with both molecular
and aerosol loading is assumed throughout. The canopy
and atmospheric radiative transfer equations are numeri-
cally solved by the discrete ordinates method. A total of
13 discrete wavelengths in the solar spectrum outside the
absorption bands of major atmospheric constituents were
considered in this study. Spectral and angular distribu-
tion of surface radiances above the canopy and atmo-
sphere were evaluated for different solar zenith angles
and leaf area indices. The most frequently used spectral
vegetation index, NDVI, and variants introduced recently
to correct for atmospheric and soil brightness effects
(ARVI, SAVI, and SARVI) were calculated to investigate
the extent of atmospheric distortion. The nature of the
relationship between top-of-the-atmosphere and top-of-
the-canopy spectral vegetation indices is studied, and its
sensitivity to various problem parameters assessed.

INTRODUCTION

Spectral vegetation indices (SVI) are synthesized from
spectral reflectance factors using a variety of techniques
(Tucker, 1979). A number of SVIs have been proposed
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in the literature that employ various combinations
(differencing, ratioing, etc.) of vegetation bidirectional
reflectance factors (BRFs) at two or more wavelengths.
The most common index is the normalized difference
vegetation index (NDVI). The component canopy re-
flectance factors invariably contain contribution from
the soil or background litter. A soil-adjusted vegetation
index (SAVI) was proposed by Huete (1988) which
minimizes soil brightness influences from SVIs involving
red and near-infrared wavelengths.

In addition to minimizing the effect of background,
top-of-the-atmosphere (TOA) spectral radiance values
must be corrected for atmospheric effects to recover the
vegetation signal. One such index, the atmospherically
resistant vegetation index (ARVI), was recently pro-
posed by Kaufman and Tanré (1992) that incorporates
a self-correction process for the atmospheric effect at
red wavelength by utilizing the radiance difference be-
tween blue and red wavelengths. AVRI can be coupled
with SAVI (cf. Kaufman and Tanré, 1992); the resulting
index (SARVI) is expected to correct for both atmo-
spheric and background brightness effects.

These indices are related to vegetation parameters
of interest such as fractions of absorbed solar and photo-
synthetically active radiation, canopy photosynthetic
and unstressed bulk stomatal conductance efficiencies
and land surface albedo (Asrar et al., 1984; Sellers, 1985;
Myneni et al., 1992b). This information is needed in all
surface energy balance and climate studies (Sellers et
al., 1986), productivity analysis (Prince, 1991), and eco-
system models (Peterson and Running, 1989). As a re-
sult, these indices form the core of an evolving branch
of remote sensing technology with a significant role in
the forthcoming Earth Observing System (EOS) era.

Most of the past ground-based analyses were re-
stricted to top-of-the-canopy (TOC) spectral indices. It
is of considerable interest to inquire if TOA vegetation
indices from remote sensing are similarly related to land
surface physical and physiological parameters. Clearly,
the question of atmospheric effects has to be addressed.
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Moreover, sensitivity of these relationships to problem
parameters has also to be assessed. With these consider-
ations in mind, a vegetation / atmosphere radiative trans-
fer method is employed in this study to investigate
atmospheric modulation of spectral vegetation indices.

TOP-OF-THE-CANOPY (TOC) REFLECTANCE
FACTORS

Vegetation canopy bidirectional reflectance factors Ry
are evaluated by numerically solving the canopy radia-
tive transfer equation. We assume a horizontally homo-
geneous vegetation canopy, of finite physical depth,
filled densely with small leaves and bounded by a flat
Lambertian ground surface. The canopy is illuminated
spatially uniformly on top by monodirectional radiation
of intensity I} along Q/(/,¢’), #'<0. The unit vector
Q(u,p) has an azimuthal angle ¢ and a polar angle
6=cos™! i with respect to the outward normal. The
scattered intensity distribution emerging at the top of
the canopy in all directions in the upper hemisphere,
L[Qu,p)], u>0, is the desired solution.

The governing radiative transfer equation and bound-
ary conditions are similar to the ones encountered in at-
mospheric radiative transfer (next section) with the fol-
lowing important exception (Ross, 1981). The canopy
radiative transfer problem is not rotationally invariant,
that is, the extinction coefficient depends on the direc-
tion of photon travel and the scattering phase function
depends on the absolute directions of photon travel '
and Q. Extinction of radiation in a canopy depends
on the leaf area density distribution and leaf normal
orientation, and is independent of wavelength. The mag-
nitude of scattered radiation depends strongly on the
wavelength of the incident beam. A probabilistic de-
scription of the scattering event requires information
on the leaf scattering physics in addition to the above
two structural parameters. Models of the leaf scattering
phase function describing specular reflection at the leaf
surface and diffuse scattering in the leaf interior are
included in our canopy models (Shultis and Myneni,
1988; Myneni et al., 1990).

A quantitative description of the vegetation-canopy
hot-spot effect requires consideration of leaf spatial dis-
tribution and size in the transport formulation which
leads to correlated probabilities of photon interactions
(Myneni et al., 1990). For remote sensing purposes,
however, a simple model of the hot spot effect generally
suffices. A model for the extinction coefficient that corre-
lates interaction rates between incident and once-
scattered photons is used to describe the hot spot effect
(Marshak, 1989). Multiple scattering within the canopy
and reflection at the soil surface is handled by the
standard radiative transfer method. This approach gave
results that compared well with measured BRFs of
several vegetation canopies (Stewart, 1990). Details on
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the problem formulation, solution, benchmarking, and
validation can be found in our earlier papers (Myneni
et al., 1988a,b; Shultis and Myneni, 1988; Asrar et al.,
1989; Stewart, 1990; Myneni et al., 1990; Ganapol and
Myneni, 1992). The computer code for numerical solu-
tion of the canopy radiative transfer equation (RTE) to
obtain BRFs (R,) was developed by Stewart (1990) and
extensively modified by us recently (Myneni et al,
1992).

TOP-OF-THE-ATMOSPHERE (TOA)
REFLECTANCE FACTORS

Absorption and scattering of radiation in the atmosphere
is assumed primarily due to gases and aerosols. Atmo-
spheric optical depth 7,, single scattering albedo w. and
phase function P, are parameterized for horizontally
homogeneous cloudless atmospheres over midlatitude
continental areas (Deepak and Gerber, 1983). Interac-
tion of solar radiation with gaseous molecules is de-
scribed by Rayleigh scattering. The molecular optical
depth 77 at wavelength A in the solar spectrum is evalu-
ated from the refractive index of air and molecular
density distribution. Midlatitude summer profiles of
temperature and pressure are used to calculate the
height distribution of molecular density up to an altitude
of 100 km. The Rayleigh phase function P™ is used to
evaluate the scattered photon redistribution in angle.
Routines from the 5S code were used to calculate 77
and P™ (Tanré et al., 1990).

The profile of atmospheric aerosol distribution is
based on a recommendation by the International Radia-
tion Commission (IRS) applicable to continental areas
(Deepak and Gerber, 1983). The report describes aero-
sol models based primarily on the works of Shettle and
Fenn (1979), who developed several aerosol models for
a variety of atmospheric conditions with input from
many sources. From the various possible aerosol compo-
nents (e.g., water soluable, dustlike, soot particles, etc.),
five aerosol type models were developed assuming exter-
nal mixing— continental, urban/industrial, maritime,
stratospheric, and volcanic models.

The aerosol profile used in our calculations contains
a continental tropospheric aerosol distribution in the
layer between 0 km and 12 km. The model is composed
from 70% dustlike aerosols, 29% water-soluable compo-
nents, and 1% soot particles. The layer is further divided
into a planetary boundary layer contained between 0
km and 2 km, with an aerosol optical depth 74 of 0.2 at
0.55 um. A free tropospheric layer extends from 2 km
to 12 km, with 7§55 = 0.025. The atmospheric layer be-
tween 12 km and 30 km is modeled as unperturbed
background stratospheric aerosol (75% sulfuric acid
droplets) with 7§55 = 0.003. Likewise, the layer between
30 km and 100 km is modelled as upper atmospheric
aerosol, also with 75% sulfuric acid droplets. The total
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aerosol optical depth at 0.55 um in this profile is 0.23.
The actual vertical distribution within each of these
layers is also given in the IRS report.

The aerosol scattering phase function P is modeled
using the Henyey-Greenstein function. Its asymmetry
parameter g° and the aerosol single scattering albedo
° are tabulated in the IRS report for several wave-
lengths in the solar spectrum. These were derived from
measured complex indices of refraction and particle size
distributions by the application of Mie theory (Deepak
and Gerber, 1983). These models, however, do not
account for dependence on relative humidity (RH).
Thus, our results are valid for atmospheric conditions
under 75% RH. Assuming external mixing (Tanré et
al., 1983), the total atmospheric optical depth 7., single
scattering albedo w,, and the scattering phase function
P, were evaluated, that is,

T,=T"+19
w, =TT, + w7l 1,,
P.=Pmt"| 1, + Pr%/1,. Q)

Thirteen wavelengths in the solar spectrum were consid-
ered in this study, viz., 0.4 um, 0.488 um, 0.515 um,
0.55 um, 0.633 ym, 0.694 ym, 0.860 um, 1.06 ym, 1.3
gm, 1.536 yum, 1.8 uym, 2.0 um, and 2.25 um. Leaf
hemispherical reflectance and transmittance at these
wavelengths were calculated by digitizing the spectra
measured by Hall for several vegetation species (F. G.
Hall, personal communication). Measured hemispheri-
cal reflectance of three soil types (bright, dark, and very
dark) were obtained from Irons et al. (1989).

We now focus our attention on the radiative transfer
problem. Consider a horizontally homogeneous atmo-
sphere of finite optical depth 1,, illuminated spatially
uniformly on top (7 =0) and bound at the bottom (t=1,)
by a vegetation canopy. Assuming no polarization, fre-
quency shifting interactions, and emission, the steady
state monochromatic radiance or intensity distribution
function I(7,Q) is given by the radiative transfer equation
in plane geometry

d w
—u—I(7, Q)+ I(1, Q) =—=| d¥ P,(Q'~>Q)I(1, ),
Harl(e, @)+ 0.9 - 2| a9 P(@ > D)l(r. )

@)
where w, is the single scattering albedo and P, is the
scattering phase function for photon scattering from the
direction ' into Q. Again, the unit vector Q(u,p) has
an azimuthal angle ¢ and a polar angle 8 = cos~! y with
respect to the outward normal (opposite to the t-axis,
which is directed down into the atmosphere); conse-
quently, € (0,1) denotes upward directions of photon
travel and vice versa.

The atmosphere is illuminated from above by paral-

lel beams of monodirectional solar radiation of intensity
I, incident along (i < 0),

I(r=0,9Q) = Lo - Q), u<0. ®)

At the bottom of the atmosphere, a horizontally homoge-
neous, absorbing and scattering vegetation canopy re-
flects radiation back into the atmosphere according to

Ir=1,9Q)= 1S d¥ R~ Q)
T )on

X || (7, Q), w<0,u>0, (4)

where R, is the canopy bidirectional reflectance factor
(BRF) defined as

R/~ Q)= D)

| (7., Q')
In Eq. (5), It is the intensity incident on the canopy
along Q' and I, is the canopy radiance along Q obtained
as a solution of the canopy RTE. Solution of the atmo-
spheric RTE [Eq. (2)] subject to the boundary conditions
[Egs. (3) and (4)] gives the top-of-the-atmosphere radi-
ance field [I(t=0,2),u>0].

, W<0,u>0.  (5)

NUMERICAL SOLUTION METHODS

The standard discrete ordinates method is employed to
solve the atmospheric and vegetation canopy radiative
transfer equations. In this method, photons are allowed
to travel in a finite (144) number of directions in the
unit sphere. These directions are chosen such that their
direction cosines serve as ordinates of the quadrature
schemes that replace the integral member in the transfer
equation [rhs of Eq. (2)]. Thus, the scattering phase
function is replaced by a matrix of cross section values
that define scattering between the discrete directions,
which conveniently alleviates the nonrotational invari-
ance of the canopy transport equation. The spatial deriv-
ative in Eq. (2) is replaced by a first-order finite differ-
ence scheme to result in a linear system of algebriac
equations that is solved by iteration on the scattering
source. Acceleration of this iteration is accomplished by
any one of the standard techniques such as the coarse
mesh rebalancing method. The particular discrete ordi-
nates method used in this study was rigorously bench-
marked and found to be four-digit accurate (Myneni et
al., 1988a; Ganapol and Myneni, 1992). The method
was also validated with experimental data of reflectance
spectra collected over maize and soybean (Myneni et
al., 1988b; Shultis and Myneni, 1988), prairie grassland
(Asrar et al., 1989) and forest canopies (Myneni et al.,
1992a).

For a given incident dierction €, the vegetation
canopy BRFs are calculated, by numerically solving the
canopy RTE, for all the 72 directions € in the upper
hemisphere, R, (€' — Q). This procedure is repeated for
all the 72 directions in the downward hemisphere of
the unit sphere. The resulting matrix R, is then used in
the lower boundary condition of the atmospheric RTE



[Eq. (4)). The atmospheric RTE is numerically solved,
again by the discrete ordinates method, to evaluate the
radiance distribution at the top of the atmosphere. We
implemented interpolation schemes that allow decou-
pling the quadrature orders between the canopy and
atmospheric radiative transfer calculations. This allows
the boundary condition for the atmospheric RTE to be
specified in a finer grid without the attendant calcula-
tions. Essentially this involves performing one additional
sweep of the spatial grid, using converged source distri-
bution, into the desired angular grid. This entire scheme
is wavelength specific and a detailed energy balance is
performed both at the canopy and atmospheric level.
Typical CPU time for a one-wavelength calculation of
the vegetation/atmosphere BRFs is about 2 h on a
Sparcstation 2 (note that the canopy RTE is solved 72
times and the atmospheric RTE once).

RESULTS AND DISCUSSION

Angular and Spectral Distributions

The angular distribution of top-of-the-canopy (TOC)
and top-of-the-atmosphere (TOA) radiance in the solar
principal plane at red and near-infrared wavelengths is
shown in Figures 1a and 1b. Atmospheric path radiance,
comprising of photons scattered in the atmosphere only,
is shown in Figure lc. The canopy leaf area index is 3
and an uniform leaf normal orientation distribution is
assumed. The results are for two solar zenith angles
(80=15° and 60°).

Angular distributions above the canopy are aniso-
tropic with the distinctive hot spot in the retro-solar
direction, at both wavelengths (Fig. la). The hot spot
radiance is, in general, the maximum of the distribution.
The minimum is found about the nadir on the forward
scattering side. The degree of anisotropy increases with
solar zenith angle. The hot spot effect is more pro-
nounced in the red than near-infrared because of the
contrast between sunlit and shaded elements. These
features agree well with experimental data (Deering,
1989; Myneni et al., 1992c). Vegetation canopies are
strong backscatterers because the characteristic dimen-
sion of the scatterers (leaves) is much larger than the
wavelength of the incident beam.

Radiances above the atmosphere differ from those
above the canopy both in terms of their magnitude
and angular distribution (Fig. 1b). The net atmospheric
effect, which is the difference between TOA and TOC
values, decreases almost linearly with increasing surface
reflectance (Kaufman, 1989). It is positive at shorter
wavelengths (viz., red), where atmospheric scattering
plays a dominant role and negative at longer wave-
lengths (near-infrared), where aerosol and gaseous ab-
sorption predominate. For instance, TOA radiance at
the red wavelength is 2-10 times greater than TOC red
radiance, depending upon the view and solar zenith
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Figure la. Angular distribution of top-of-the-canopy radiance
in the solar principal plane at red and near-infrared wave-
length. Unit incident irradiance is assumed such that radiance
x 7 is the corresponding bidirectional reflectance factor. 6, is
the solar zenith angle in degrees.

Figure 1b. Angular distribution of top-of-the-atmosphere radi-

ance in the solar principal plane at red and near-infrared wave-
length. Unit incident irradiance is assumed such that radiance

x 7 is the corresponding bidirectional reflectance factor. 8, is

the solar zenith angle in degrees.
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Figure 1c. Angular distribution of atmospheric path radiance
in the solar principal plane at red and near-infrared wave-
length. 8, is the solar zenith angle in degrees.

angles. The hot spot effect so distinctive at this wave-
length in TOC radiance distribution is masked due to
scattering in the atmosphere. Absorption in the atmo-
sphere and surface scattering increases with wavelength
from =0.7 yum onwards. At near-infrared wavelengths,
the net atmospheric effects is slightly negative. Thus,
TOA radiance distribution is similar to that above the
canopy.

The anisotropy of TOA radiance distribution in-
creases dramatically with solar zenith angle. Atmo-
spheric effects are most pronounced at oblique look
angles, especially in the forward scattering directions
irrespective of wavelength. Angular atmospheric effects
are best understood from angular distribution of path
radiance (Fig. 1c). Path radiance at nadir view direction
varies only slightly with solar zenith angle, but increases
sharply at oblique view angles, especially in the forward
scattering directions. Therefore, view directions about
the nadir are least affected by the atmospheric effects,
and TOA radiance distribution corresponds closely with
TOC radiance distribution. The range of this interval
decreases with solar zenith angle, and outside this range
the path radiance masks the signal from the canopy.

Reflectance spectra in the range 0.4-2.25 um ob-
served above the canopy and atmosphere for a solar
zenith angle of 30°, and five view zenith angles in the
solar principal plane are shown in Figures 2a and 2b.
The distortion of the canopy reflectance spectrum due
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Figure 2a. Top-of-the-canopy reflectance spectra in the 0.4-
2.25 um range for a solar zenith antle of 30° at five view ze-
nith angles in the solar principal plane.
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Figure 2b. Top-of-the-atmosphere reflectance spectra in the
0.4-2.25 um range for a solar zenith angle of 30° at five view
zenith angles in the solar principal plane.

to scattering and absorption in the atmosphere can be
clearly seen in these figures. At the shorter wavelengths
(<0.7 um), the atmospheric effect is positive due to
strong molecular scattering. Conversely, at the longer



wavelengths (> 1.0 ym) absorption in the atmosphere
damps the vegetation signal resulting in a negative atmo-
spheric effect. The minimum reflectance factor shifts
from a view zenith angle of 50° in the forward scattering
directions at visible wavelengths to a view zenith angle
of 10° at near- and mid-infrared wavelengths (Fig. 2a).
Similarly, the maximum value shifts from the retrosolar
direction at =1.0 um to a view zenith of 45° in the
backscattering hemisphere. In the case of TOA re-
flectance factors, the minimum is about the nadir at all
wavelengths (Fig. 2b). These differences are in general
quite small. It appears from these results that the re-
flectance spectra contain valuable information for cor-
recting atmospheric effects, a feature exploited in the
derivation of ARVI (next section). Also, data from high
spectral resolution spectroradiometers can be utilized
to estimate canopy parameters, snow cover, integrated
atmospheric water vapor, etc., during the EOS era.

Spectral Vegetation Indices

A number of spectral vegetation indices (SVIs) have
been proposed in the literature that employ various
combinations (differencing, ratioing, etc.) of vegetation
BRFs at two or more wavelengths. The most common
index is the normalized difference vegetation index
(NDVI), evaluated as the contrast in canopy reflectance
at near-infrared and red wavelengths, normalized to
their sum. The component canopy reflectance factors
invariably contain contribution from the soil or back-
ground. Consequently, the relationship between SVI
and a canopy parameter of interest in remote sensing
(e.g., fraction of absorbed photosynthetically active radi-
ation) is sensitive to background reflectance (e.g., Choud-
hury, 1987). A soil-adjusted vegetation index (SAVI)
was proposed by Huete (1988) which minimizes soil
brightness influences in spectral vegetation indices in-
volving red and near-infrared wavelengths.

In addition to minimizing background brightness
effects, TOA spectral radiance values must be corrected
for atmospheric effects to recover the vegetation signal.
Recently, an atmospherically resistant vegetation index
(ARVI) was proposed by Kaufman and Tanré (1992) that
incorporates a self-correction process for atmospheric
effects at the red wavelength. Specifically, the difference
in the TOA radiance between the blue (0.47 ym) and
red (0.6-0.7 um) wavelengths is used to correct for the
atmospheric effect at the red wavelength. They report
that ARVI is four times less sensitive to atmospheric
effects than NDVI based on numerical investigations
with the 5S code. ARVI can be coupled with SAVI (cf.
Kaufman and Tanré, 1992); the resulting index (SARVI)
is expected to correct for both atmospheric effects and
background brightness, but no results were presented
in their article. In this and the following section, we
perform a comparative analysis of the four indices and
their sensitivity to the various problem parameters.
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A base case set of problem parameters is defined
to facilitate the following analysis. The leaf normal orien-
tation is assumed uniform. A bright (reflective) soil
background is assumed and reflectance values digitized
from curves published by Irons et al. (1989) were uti-
lized. The solar zenith angle is 30° and a horizontally
homogeneous cloudless midlatitude continental atmo-
sphere is used to calculate TOA radiances. The relation-
ship between spectral vegetation indices evaluated from
TOA radiances and canopy leaf area index (LAI) is
shown in Figure 3. NDVI and SAVI approach an asymp-
totic value at LAI < 2. Their dynamic range is also small
as compared to either ARVI or SARVIL. ARVI is about
50% greater than NDVI for dense canopies (LAIs>
4-5). Both NDVI and SAVI are susceptible to atmo-
spheric effects because of the large positive net atmo-
spheric effect at the red wavelength. Hence, the contrast
between near-infrared and red reflectance is reduced
in TOA radiances. ARVI corrects for the atmospheric
effect in the red by using TOA radiance difference
between blue and red wavelengths, thereby increasing
the contrast. This suggests that ARVI is preferable in
vegetation remote sensing because of its atmospheric
correction properties and consequent sensitivity to LAIL

The angular distribution of NDVI and ARVI in the
solar principal plane for the base case problem is shown
in Figure 4. Sparce (LAI=0.5) and dense canopy
(LAI=5) results are shown to assess the interaction
between canopy and soil contributions. NDVIs evalu-
ated from TOC and TOA radiances are also shown in

Figure 3. Top-of-the-atmosphere (TOA) spectral vegetation in-
dices vs. vegetation canopy leaf area index in the base case.
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Figure 4. Angular distributions of NDVI and ARVI in the so-
lar principal plane for the base case problem.

this figure together with ARVI (evaluated from TOA
radiance field) to characterize effects in NDVI. The
dense vegetation TOC NDVI angular distribution (curve
4) shows that the minimum value of NDVI in the princi-
pal plane is along the retrosolar direction. The hot spot
effect in this direction results in a high red canopy
reflectance which decreases the contrast (lower NDVI).
Also, NDVISs in the backscattering directions are lower
than those in the forward scattering directions—due to
strong backscattering that is characteristic of all vegeta-
tion canopies. The ratio of backscattering to forward
scattering is higher at red than at near-infrared wave-
length. This behavior is also seen in the First Interna-
tional Field Experiment (FIFE) experimental data set
(Ahmad and Deering, 1992).

The dense vegetation TOA NDVI angular distribu-
tion in the principal plane (curve 5) clearly shows the
nature of the atmospheric effect. TOA NDVI is always
smaller than TOC NDVI because of the positive net
atmospheric effect at the red wavelength. The atmo-
spheric effect increases dramatically because of steep
increase in atmospheric path radiance for view zenith
angles greater than 60°, both in the forward and back-
scattering directions (Figs. 1b and 1¢). The dense canopy
ARVI distribution in the principal plane (curve 6) is
remarkably similar to TOC NDVI distribution (curve 4)
for moderate view zenith angles (< 50°). The minimum
due to the hot spot effect is apparent in ARV, indicating

that, within this view angle range, atmospheric effects
have been corrected.

The above discussion is limited to the case of a
dense vegetation canopy, where soil contribution in
TOC and TOA radiance field is usually negligible. The
TOC NDVI angular distribution in the principal plane
for sparse canopies (curve 1) shows that it is symmetric
about the nadir where the minimum value is encoun-
tered. This distribution follows from the assumption
that the soil is a Lambertian scatterer. The TOA NDVI
distribution for a sparse canopy (curve 2) is similar to
that of a dense canopy (curve 5), but smaller in magni-
tude, indicating that TOA NDVI angular distribution is
more or less dictated by the angular distribution of path
radiance. If correction for this distortion is applied, as
in the case of ARVI, the original TOC distribution is
recovered for most of the view directions of practical
interest (curve 3 versus curve 1, for instance). The
original TOC magnitude is not recovered, however, 1)
because of the residual atmospheric effect (viz., the net
negative atmospheric effect at near-infrared) and 2)
because the difference between blue and red reflectance
for bare soils is larger than for dense vegetation. This
introduces a nonnegligible spurious atmospheric effect
that is not present in NDVI. It should be pointed out
that NDVI and ARVI are not numerically equivalent
but are linearly related (Kaufman and Tanré, 1992).

Sensitivity to Problem Parameters

It is of interest to investigate the relationship between
TOC and TOA spectral vegetation indices and how
this relationship is influenced by variation in problem
parameters. The base case problem parameter set de-
fined previously was used to accomplish this. Fifteen
vegetation canopies were simulated with leaf area index
ranging from 0.5 to 10. Sensitivity analysis was per-
formed by varying one problem parameter at a time.
The five problem parameters for which sensitivity was
analyzed are 1) leaf normal orientation, 2) leaf optical
properties at visible wavelengths, 3) soil reflectance, 4)
solar zenith angle, and 5) aerosol optical depth. In all
cases nadir bidirectional reflectance factors were used
to evaluate various spectral indices.

The influence of leaf normal orientation distribution
on the relationship between TOA and TOC vegetation
indices is shown in Figures 5a and 5b. Planophile and
erectophile leaf normal distributions were utilized be-
cause they represent extreme cases of mostly horizontal
and mostly vertical leaf orientations, respectively. The
slope of the relationship between TOA NDVI and TOC
NDVI is less than unity (=0.82-0.85), indicating a re-
duction in contrast between near-infrared and red re-
flectance due to a positive net atmospheric effect at the
red wavelength. Leaf normal orientation does not appear
to influence this relationship. Similar observations can
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Figure 5a. Influence of leaf normal orientation distribution on
the relationship between top-of-the-atmosphere (TOA) and
top-of-the-canopy (TOC) spectral vegetation indices.
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be made about the relationship between TOA SAVI and
TOC SAVIL

The slope of the relationship between ARVI and
TOC NDVI is close to unity, indicating that atmospheric
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effects have been corrected. This relationship is also
nearly invariant of the canopy leaf normal orientation
distribution. This is an important result because TOC
NDVT has been shown to be related to fraction of solar
and photosynthetically active radiation absorbed by the
canopy and its photosynthetic and bulk stomatal conduc-
tance efficiencies (Asrar et al., 1984; Sellers, 1985;
Goward and Huemmerich, 1992; Myneni et al,
1992b,c). The relationship between SARVI and TOC
NDVI is similarly almost independent of leaf normal
orientation distribution but the slope is less than unity
(=0.7) because NDVI is sensitive to soil brightness (Fig.
7a), while SARVI corrects for soil influences to a certain
extent (Fig. 7b).

The reflectance spectrum of a vegetation canopy
exhibits a characteristic shape (Fig. 2a), and, in the TOA
radiance field, atmospheric influences are imposed on
the canopy spectral signal (Fig. 2b). The effective leaf
optical properties are sensor-dependent because they
are reported as integral values over the bandwidth of
a specific sensor. Thus, a question arises as to the
comparability of data collected with different sensors.
For instance, one could enquire how TOA vegetation
indices evaluated from radiance fields measured by sen-
sors of different bandwidths differ. A sensitivity analysis
was performed with leaf optical properties (leaf hemi-
spherical reflectance and transmittance) in the visible
region of the solar spectrum doubled and halved. The
resulting relationships between TOA and TOC indices
are shown in Figures 6a and 6b. It is apparent that
variations in leaf optical properties do not appreciably
alter the relationship between TOA and TOC vegetation
indices, although the index SAVI is generally more
sensitive. Thus, a multisensor data set may be used to
chart temporal profiles of canopy spectral vegetation
indices. An important assumption here is that the foot-
print and filter functions of the sensors are comparable.

The radiance field above the canopy and atmo-
sphere contains contributions from the background soil
surface. The influence of soil reflectance decreases as
canopy leaf area increases, and, for sufficiently dense
canopies (LAIs>7), the effect of reflection at the soil
may be ignored. NDVI of a bare soil can range between
0.08 and 0.33 (Stoner and Baumgardner, 1981). Like
atmospheric effects, soil effects perturb the vegetation
spectra and corrections must be applied to recover the
information content of the vegetation signal. For this
purpose, a sensitivity analysis was performed with three
soil types of varying brightness (Irons et al., 1989).
The resulting relationships between TOA and TOC
vegetation indices are shown in Figures 7a and 7b.

The relationship between TOA and TOC NDVI is
nearly dependent on the soil type. The slope of this
relationship decreases with soil brightness (Fig. 7a). The
difference between the three relationships is pro-
nounced in case of sparse canopies (low NDVIs) because
of the dominance of soil contribution to the surface
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top-of-the-canopy spectral vegetation indices. Leaf optical prop-
erties in the base case problem parameter set were doubled
and halved to effect a sensitivity analysis.
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radiance field. Soil effects generally decrease with in-
creasing leaf area (higher NDVIs), and it can be seen
from Figure 7a that the curves converge for dense
canopies. On the other hand, the relationship between



TOA and TOC SAVI is independent of soil brightness
(Fig. 7a). However, this idea does not mean that atmo-
spheric effects were corrected as can be evidenced from
the slope of the relationship (also see Fig. 8a).

The relationship between ARVI and TOC SAVI is
shown in Figure 7b for three different soil brightnesses.
TOC SAVI was choosen in this particular case because
it is independent of soil brightness and is a true measure
of the canopy reflectance contrast between near-infrared
and red wavelengths. An index such as ARVI that cor-
rects for atmospheric effects (Fig. 5b) is still subject to
soil brightness effects because of its close correspon-
dence to TOC NDVI (Fig. 7b). The spectral index
SARVI which incorporates corrections for both atmo-
spheric and soil effects is more tightly coupled to TOC
SAVI (Fig. 7b).

It should be pointed out that the coefficient L used
in evaluating SAVI and SARVI is a function of the leaf
area index of the canopy (and presumably dependent
on other canopy problem parameters). A constant value
of 0.5 was used in this analysis as recommended by
Huete (1988). As pointed out by Kaufman and Tanré
(1992), it is not clear if the same value of L is valid for
evaluating SARVI. A rigorous physical formulation based
on radiative transfer for decoupling soil and vegetation
contributions in the surface radiance field is desirable
and will be the subject of a future investigation.

The influence of variations in solar zenith angle 6,
on the relationship between TOA and TOC spectral
indices is shown in Figures 8a and 8b. The relationship
between TOA NDVI and TOC NDVI shows a small
variation within the solar zenith range 5-30°. However,
for a high solar zenith angle the relationship is dramati-
cally altered, and the slope decreases from 0.85 (6, =
5-30°) to 0.55 (6o=60°). TOA near-infrared radiance
about the nadir decreases due to the increased atmo-
spheric absorption with increasing solar zenith angle
(Fig. 1b), while, at the red wavelength, higher solar
zenith angles result in increased atmospheric scattering
(Fig. 1b). Although atmospheric path radiance increases
with increasing solar zenith angle irrespective of wave-
length, large changes are observed only in oblique view
directions (> 60°) (Fig. 1c). Consequently, the increased
net atmospheric effect (positive at red and negative at
near-infrared) results in a markedly decreased contrast
(TOA NDVI) along near-nadir view directions (Fig. 8a).
Similar remarks can be made about the relationship
between TOA SAVI and TOC SAVI.

The relationship between ARVI and TOC NDVI is
independent of the solar zenith angle within the range
5-60° as can be seen from Figure 8b, and the slope of
this relationship is close to unity. This indicates that
the larger net atmospheric effect encountered at high
solar zenith angles are completely corrected by ARVI,
and to a lesser extent by SARVL It should be noted
that the value of y in ARVI (Kaufman and Tanré, 1992)
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Figure 8a. Influence of solar zenith angle 6; on the relation-
ship between top-of-the-atmosphere (TOA) and top-of-the-
canopy (TOC) spectral vegetation indices.
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Figure 8b. Influence of solar zenith angle 6, on the relation-
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was evaluated for each solar zenith angle (6,=5,
=0.75; 6= 30, y = 0.82; and 6, = 60, y = 1.1). This par-
ticular result has a definite practical value, if one consid-
ers that most remote measurements are made at differ-
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ent sun positions for logistical reasons (satellite overpass
frequency, cloud cover, etc.). For instance, the observa-
tion time for the Landsat multispectral scanner (MSS)
is 0930 h, for NOAA-8 Advanced Very High Resolution
Radiometer (AVHRR) 0730 h, and for NOAA-9 AVHRR
1430 h. Associated with these differences in the time
of observation, there is also a seasonal variation of solar
zenith angle. For observations by geostationary satellites
like GOES and METEOSAT, the solar angle varies
throughout the day. Thus, the atmospheric correction
inherent in ARVI is an important result of practical
value. The index SARVI, on the other hand, still exhibits
sensitivity to solar zenith angle changes implying a loss
of ability to correct for atmospheric effects (Fig. 8b).

The influence of variations in aerosol optical depth
on the relationship between TOA and TOC vegetation
indices is shown in Figures 9a and 9b. Aerosol optical
depth in the base case corresponds to a continental
aerosol profile (third section), and, to assess its sensitiv-
ity, these values were doubled (turbid atmosphere) and
halved (clear atmosphere). Rayleigh scattering is in-
cluded in all the three cases by specifying a midlatitude
summer profile of molecular density distribution. The
slope of the relationship between TOA NDVI and TOC
NDVI decreases from =0.85 to =0.75 when the aerosol
optical depth is doubled. This can also be intuitively
expected —increasing aerosol optical depth decreases
the contrast between near-infrared and red reflectance
and vice versa. In the ideal case of a very clear atmo-
sphere the slope of the relationship between TOA and
TOC spectral indices is close to unity (a trend that can
be seen in Fig. 9a).

Interestingly, when aerosol optical depth is dou-
bled, the slope of the relationship between ARVI and
TOC NDVI decreases from =1.0 to =0.9, indicating
that a certain amount of atmospheric effect still persists.
This is in spite of the case-specific ¥ values used in the
evaluation of ARVI (y=0.82, 0.73, and 0.47 in the base,
doubled, and halved scenarios). ARVI corrects for the
positive net atmospheric at the red wavelength but not
for the net negative atmospheric effect at the near-
infrared wavelength. Obviously, the latter increases with
aerosol optical depth to an extent that merits full consid-
eration. In any case, one should be aware of residual
atmospheric effects in ARVI, especially under turbid
atmospheric conditions.

SUMMARY AND CONCLUSIONS

A vegetation / atmosphere radiative transfer method is
employed to study atmospheric effects in spectral vege-
tation indices. A one-dimensional turbid medium model
of a vegetation canopy that includes specular reflection
and the hot spot effect is used to calculate canopy
bidirectional reflectance factors. These are then used to
specify the lower boundary condition of the atmospheric
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radiative transfer problem. A horizontally homogeneous,
cloudless, midlatitude, continental atmosphere with both
molecular and aerosol loading is assumed throughout.
The canopy and atmospheric radiative transfer equa-
tions are numerically solved by the standard discrete
ordinates method. A total of 13 discrete wavelengths in
the solar spectrum were considered in this study.

Radiance distribution in the principal plane above
the canopy and atmosphere differ considerably due to
the nature of atmospheric effects that are wavelength-
dependent. The net atmospheric effect is positive at
shorter wavelengths (< 0.7 um) where scattering in the
atmosphere dominates. Conversely, the net atmospheric
effect is negative at longer wavelengths (>1.0 um)
where absorption in the atmosphere predominates. The
anisotropy of the radiance distribution increases with
solar zenith angle.

Top-of-the-canopy (TOC) NDVI angular distribu-
tion of dense vegetation canopies shows a minimum
value in the retrosolar direction. The hot spot effect in
this direction results in a high red canopy reflectance
which decreases the contrast (lower NDVI). Also,
NDVIs in the backscattering directions are lower than
those in the forward scattering directions. Top-of-the-
atmosphere (TOA) NDVI is always smaller than TOC
NDVI because of a positive net atmospheric effect at
the red wavelength. Dense canopy ARVI distribution
in the principal plane is similar to TOC NDVI distribu-
tion for moderate view angles (< 50°), indicating a cor-
rection for atmospheric effects.

The relationship between TOA NDVI and TOC
NDVI is not influenced by the leaf normal orientation
distribution and leaf optical properties in the visible
wavelengths. However, this relationship is sensitive to
soil reflectance, high solar zenith angle, and aerosol
optical depth. Soil brightness effects can be minimized
if SAVI is utilized. Both NDVI and SAVI are subject to
atmospheric effects. The spectral index ARVI corrects
well for atmospheric effects resulting from sun angle
changes and moderate variations in aerosol optical
depth. However, ARVI does not correct for the net
negative atmospheric effect at the near-infrared wave-
length, which in most cases is rather small. However,
under turbid atmospheres, the residual atmospheric
effect at this wavelength can be large enough to warrant
a correction. In spite of this caveat, the slope of the
relationship between ARVI and TOC NDVT is close to
unity and invariant of leaf normal orientation and leaf
optical properties at visible wavelengths. Like NDVI,
ARVI is subject to soil brightness effects. When ARVI
is combined with SAVI to result in SARVI, there is a
certain loss of ability to correct for atmospheric effects
as compared to ARVI, but soil influences are generally
well corrected.
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