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The Interpretation of Spectral Vegetation Indexes

Ranga B. Myneni, Forrest G. Hall, Piers J. Sellers, and Alexander L. Marshak

Abstract— Empirical studies report several plausible correla-
tions between transforms of spectral reflectance, called vegeta-
tion indexes, and parameters descriptive of vegetation leaf area,
biomass and physiological functioning. However, most indexes
can be generalized to show a derivative of surface reflectance with
respect to wavelength. This derivative is a function of the optical
properties of leaves and soil particles. In the case of optically
dense vegetation, the spectral derivative, and thus the indexes,
can be rigorously shown to be indicative of the abundance and
activity of the absorbers in the leaves. Therefore, the widely used
broad-band red/near-infrared vegetation indexes are a measure
of chlorophyll abundance and energy absorption.

I. INTRODUCTION

HE importance of vegetation in studies of global climate

and biogeochemical cycles is now well recognized [1].
The physical and physiological parameters of vegetation re-
quired in these studies may be obtained from satellite remote
sensing. For these reasons, several of the instruments sched-
uled for the Earth Observing System have land surface studies
as major goals [2]. These instruments measure solar radiation
reflected by vegetation at certain wavelength intervals. Of
these, the broad-band red (0.6-0.7 x m) and near-infrared
(0.75- 1.35 p m)$ channels have been found to be most
valuable in the remote sensing of vegetation.

The measured spectral reflectance data are usually com-
pressed into vegetation indexes. For example, the widely used
ratio of near-infrared to red vegetation reflectance is the Simple
Ratio index. More than a dozen such indexes are reported
in the literature and shown to correlate well with vegetation
amount [3], the fraction of absorbed photosynthetically active
radiation [4], unstressed vegetation conductance and photosyn-
thetic capacity [5], and seasonal atmospheric carbon dioxide
variations [6]. The proliferation and use of vegetation indexes
can also be attributed to the ease with which large amounts of
satellite data can be processed with minimum effort per pixel,
thereby facilitating valuable large spatial- and temporal-scale
analyses [7].

While this large body of empirical evidence is impressive
and encouraging, a central question remains unanswered:
what do vegetation indexes indicate? In other words, what
information is encoded in the reflectance spectra of vege-
tation? It is shown here that the derivative of vegetation
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Fig. 1. The reflectance spectrum p(A) of a soybean canopy and its spectral
derivatives dp/d), dp?/d) and d?p/dA?. Solar zenith and azimuth angles
are 30° and 225°. The view direction is nadir. The architecture of the canopy
is discussed elsewhere [29]. Leaf optical properties were simulated with
measured inputs as described in [25]. A radiative transfer model was used
to estimate p(A) with these inputs [19].

reflectance with respect to wavelength, or a related form, is
common to all vegetation indexes and is indicative of the
abundance and activity of the absorbers (viz. pigments, water,
nitrogen, etc.). The presented theory provides a physical basis
for high-resolution spectral remote sensing of vegetation, by
formalizing the relationship between vegetation reflectance
spectra and leaf biochemical constituents [8], [9].

II. SPECTRAL VEGETATION INDICES

A distinctive feature in the scattering spectrum of a green
leaf is the chlorophyll absorption maximum at about 0.69
um. The lack of absorption in the adjacent near-infrared
region (0.85 ym) results in a strong absorption contrast across
the 0.65-0.85 p m wavelength interval (Fig. 1). Vegetation
indexes capture this contrast through combinations of broad-
band red/near-infrared reflectance.

The atmosphere above and the soil below tend to mask the
vegetation signal in a remote measurement. Some vegetation
indexes partially correct for these effects and also compensate
for the bidirectional geometry of the measurement. Other
indexes require pre-processing of data, such as selecting the
maximum value in a weekly or monthly composite [10], to
unmask the vegetation signal in the measurement. However,
most indexes can be expressed in the form kp’, i.e. a coefficient
k times the derivative of surface reflectance p’.

0196-2892/95$04.00 © 1995 IEEE



482 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 33, NO. 2, MARCH 1995

Type I: The most widely used index in the processing of
satellite data is the Normalized Difference Vegetation Index
(NDVI) defined as [(pn — pr)/(pn + pr)], wWhere py and
pr are spectral bidirectional reflectance factors (ratio of the
radiance of a target surface to the radiance of a conservative,
lambertian surface) at near-infrared and red wavelengths,
respectively [11]. To obtain a continuous form let NDVI =
AV, pn = p(A+ AX) and pr = p()). Note that
dp

== AX + B[(AN?] (1)

PA+AN) —p(A) = -5

2 A+AX 9
= /A X (V) + O[(AN7).
0

Here ©(AX?) denotes error of order AA2. In the limit
(AX — 0)

p(A+ AX) + p(A)

av dp

dx T dx k )
where k = [1/2p())]. The Soil Adjusted Vegetation Index,
designed to minimize the soil effect in a vegetation signal [12],
can be similarly expressed (3) with k£ = (14+a)/[2 p(}) + al;
a is a constant. The Simple Ratio (SR) is equivalent to NDVI
because NDVI = (SR — 1) / SR + 1) and therefore k =
[1/p(A)].

A related class of indexes employs a weighted contrast
in red/near-infrared reflectance to minimize soil effects. The
continuous forms of these indexes (Weighted Difference-,
Perpendicular- and Transformed Soil Adjusted-Vegetation In-
dex) can also be expressed in a similar manner (Appendix A).
Therefore, indexes containing a simple or weighted contrast
can be grouped in (k dp/d)\) (Fig. 1).

Type II: Vegetation indexes in this category are non-linear
because they contain products of reflectance. For example,
the Global Environment Monitoring Index (GEMI), designed
to minimize atmospheric effects in Advanced Very High
Resolution Radiometer data [16], can be shown (Appendix
B) to conform to

dv dp?

- = Zr 4

dA dX “)
where k = 2/[2 \rho(A)+ 0.5]. Another index in this category

is the Greenness [17], defined as Z?:l A;p;. The evaluation of
dV/dX in the limit ({AX — 0) is straightforward (Appendix C)

av dpp? %
ax < Tax
The derivative dp?/d) is shown in Fig. 1.
Type HI: The Atmospherically Resistant Vegetation In-
dex, developed to minimize atmospheric effects in Moderate
Resolution Imaging Spectrometer data [18], is defined as
[(o~ = pr,B)/ (PN + pR,B)], Whete pr B = pr— (pB — pR)
and pp is reflectance at blue wavelength (~0.45 um). The
continuous form of this index is (Appendix D)
d’v d%p

DE " ek ©)

6)

where & = 1/ [2 \rho())]. The related Soil and Atmo-
spherically Resistant Vegetation Index [18] can be similarly
expressed (6) with $k = (14+a) / [2 p(A) + a]. These indexes
are therefore grouped in (k d?p/d)?) (Fig. 1).

IIl. THE SPECTRAL DERIVATIVE

The reflectance of a vegetated surface depends on the struc-
tural and optical properties of the vegetation and underlying
soil. In the case of remote directional measurements, the direc-
tions of incident solar radiation and observation also determine
surface reflectance. However, only the optical properties of
vegetation and soil control the spectral dependence of surface
reflectance [19]. Therefore, p(A) = Flps(A),wr(A)], where
wy, is leaf albedo, pg is soil hemispherical reflectance, F' is
canopy reflection function and p is bidirectional reflectance
factor of the vegetated surface at wavelength ).

Radiation incident on a leaf may be specularly reflected at
the surface, the magnitude of which is usually assumed to be
small. If this is not the case, p must be assumed to denote the
diffuse reflectance of a canopy only. Radiant energy reaching
the interior of a leaf can be absorbed by the pigments, water
and other constituents. The principal mechanism of scattering,
defined here as change in direction of photon travel, is due
to refractive index discontinuities at cell wall-air interfaces.
Radiation not absorbed inside a leaf emerges diffused on both
sides of the leaf [20]. The leaf albedo wy, is thus the sum of
leaf hemispherical reflectance and transmittance.

The optical system of a leaf can be modelled as a pile of
transparent plates. Each plate represents a hypothetical layer
of leaf-interior of unit thickness [21]. The number of plates is
independent of wavelength. The spectral dependence of leaf
albedo is governed by the transmittance % of a single such
plate and the refractive index v of the cell walls. The latter
however is a weak function of wavelength and a constant value
of ~1.4 can be assumed [21]. Thus, w(A) = P[k(\)]; P is
the leaf albedo function.

Bare soil reflectance pg is a function of soil moisture
and physical and optical properties of the soil particles [22].
Of these, only the single scattering albedo of the particles
ws depends on the wavelength and soil moisture content
[23]. Therefore, ps(A) = Qlws(A)]; @ is the soil reflection
function.

In light of the above discussion, the spectral derivative can

be expanded as
OF 0Q dwg

Do OF 9Q dws | OF 9P ds

dA dps Ows dA Owr 9k dA
The functions F', @, and P describe radiative transfer in
a canopy of leaves layered above a soil surface, a semi-
infinite medium of soil particles and the interior of a leaf
modelled as a pile of transparent plates, respectively. The
governing equations of transfer are linear integro-differential
equations [24]. The solutions can be expressed formally as
a sum of exponential functions, that is, the photon count
decays exponentially through successive absorption and scat-
tering events in the media. The partial derivatives (8F /0ps,
OF [Owr, 9Q/8ws and 8P/Ok) are therefore exponential
functions—smooth and smaller in magnitude than the total

OF 9P dx
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PARTIAL DERIVATIVES
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Fig. 2. Partial derivatives of the canopy reflection function F, soil reflection
function @ and leaf albedo function P. w; is leaf albedo, wg is single
scattering albedo of soil particles, & is plate transmittance and pgs is soil
hemispherical reflectance. Other parameters are as in Fig. 1.
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Fig. 3. The derivatives of plate transmittance « and single scattering albedo
of soil particles ws with respect to wavelength A. wg data are for slightly
moist clayey (A), peaty (B) and sandy (C) soils [23]. x is for the soybean
leaf discussed in [25].

derivatives (dws/dX & dr/d)) (Figs. 2 and 3). In particular,
|(9F /8p5)(0Q/ duws)| < |dws /dX| and |(OF /3oy )(OP/ )|
& |dk/dA|. Hence

dp dwg dr

a < A Toax (8
This  conclusion is also confirmed empirically
(Fig. 4). Therefore, the symbolic representations p(\) =

Flps(A),wr (M ps(}) = Qlws(A)] and wi,(A) = Plr(})]
are assumed valid. A similar result for d2p/d\? can be
shown (Appendix E).

Further insight can be gained if it is assumed that the leaf
canopy is optically dense or that the soil is highly absorptive
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Fig. 4. The relationship between the spectral derivative of canopy reflectance
and spectral derivatives of leaf and soil optical properties. Soil, leaf, and
canopy spectra were measured in August 1989 at a natural grassland prairie
(site 916) [30]. The soil reflectance spectrum was inverted using a model [23]
to obtain the spectrum of soil-particle single scattering albedo ws(X). The
plate transmittance spectrum x(\) was estimated by inverting a model [25]
with measured leaf reflectance spectra. Note that the ordinate is equivalent to
the continuous form of NDVI.
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across the wavelength interval of interest, in which case

dp dk
a oA ©)
The reflectance spectrum p(A) in this instance is the con-
volution of plate transmittance spectrum () and a response
function R(A); p(A) = R(A)xk(X) (7). The response function
describes the effect of canopy architecture. The deconvolu-
tion of remotely sensed reflectance spectra with appropriate
response functions is key to successful remote sensing.

IV. THE SPECTRAL ABSORPTION COEFFICIENT

The plate transmittance x is equivalent to the spectral
absorption coefficient a of an assembly of absorbers located
in the plate

k(a) = (1 - a)exp(—a)+ a? Ei(a) (10)
where E; () is exponential integral of order one {21]. The key
word here is “equivalence” because « can be evaluated from
« without requiring any other measurable intrinsic property
of the leaf optical system. The absorption coefficient « is the
product of absorber concentration per unit leaf area p and
absorber-specific absorption coefficient @ [25]. If N species
are active at wavelength A, a()) = va ©idi(A).

The spectral derivative of an optically dense canopy in terms
of the above is (Appendix F)

dp _ OP [ OF

d\ T 0k | Owg
Here L; is the total leaf area per unit grdund area, over
which the ith-absorber species is distributed. Consequently,

N
Z Lip: ¥(a).

=1

an
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Fig. 5. The relationship between the discrete derivative of plate transmit-

tance x and soybean leaf chlorophyll content. A similar relationship at the
canopy scale is also shown; p is modelled canopy reflectance [19]. Other
parameters are as in Fig. 1.

L;¢: denotes the concentration of the ith-absorber species per
unit ground area. Therefore

dp N N
o~ ; Lip; « ; L;pia;

that is, the spectral derivative is indicative of the abundance
and activity of the absorbers pertaining to radiation absorption.
In fact dp/dX = —dA/dX, where A is the fraction of incident
radiant flux density absorbed by an optically dense canopy of
horizontal lambertian leaves, because p + A = 1 from en-
ergy conservation. Therefore, sensing a surface remotely with
measurements of scattered radiation is equivalent to inferring
radiation absorption by the surface. This is the theoretical
basis sought for satellite remote sensing of leaf biochemical
constituents (Appendix G). The related forms d2p/dA? and
dp®/dX can be similarly interpreted. It is therefore concluded
that spectral vegetation indexes are indicative of the abundance
and activity of the absorbers in the leaves. The indexes saturate
at sufficiently high values of L;p; (11).

12)

V. RED/NEAR-INFRARED VEGETATION INDEXES

The in vivo absorption spectra of chlorophylls a & b
peak at about 0.69 pm and approach zero at 0.85 ym [25].
Following (9) and (12), Ax/AX and Ap/A) evaluated at
these wavelengths are indicative of chlorophyll abundance and
energy absorption (Fig. 5) — a result confirmed experimentally
[28]. The broad-band red/near-infrared vegetation indexes can

be similarly understood. Chlorophyll abundance and energy
absorption influence plant growth through photosynthesis.
This may be the basis for the observed correlations be-
tween red/near-infrared indexes and vegetation amount [3],
the fraction of absorbed photosynthetically active radiation [4],
unstressed vegetation conductance and photosynthetic capacity
[S], and seasonal atmospheric carbon dioxide variations [6].

VI. APPENDIX A

The Weighted Difference Vegetation Index is defined as
(pv — apr), where a is a constant [13]. Let Viw(A+ AX) =
[p(A + AX) = ap(N)] and Vig(X) = [(1 — a)p()\)]. Thus
AV /AN = Ap/AX and in the limit (AX — 0)

aVw _ dp
dx T dx”

The related Perpendicular Vegetation Index is defined as
c(pn — apr — b), where a, b and ¢ are constants [14]. Let
VP(A+AX) = c[Vig(A+AN)—b] and Vp(A) = c[Viw (A) =]
Thus AVp/AX = cAp/AX and in the limit (AX — 0)

Ve _ dp
P Nt

A recent index in this category is the Transformed Soil

Adjusted Vegetation Index (TSAVI) defined as [15]

(A1)

(A2)

TSAVI = a(py — apr — b)

apN +pr—c 3
Let
~ alViv (A + AX) — b]
A AN = T AN + e T (1 ap) —e
(Ad)
and

a[Viw (A) — b]
aZo(0] + (1 = a)p() — ¢
Therefore AVr/AX = k Ap/AX and in the limit (AX — 0)
Wi _d,
dx  dx
where k = a/[ (1+a) \rho(X) — c] (2).

Vr(X) =

(A5)

(A6)

VII. APPENDIX B
The Global Environment Monitoring Index is a quadratic
in n where

y = 2(pk — PR) + 1.5pn +0.5pp
PN +pr+0.5

Let 7, =4 p(A)/ [2 p(1)+0.5] and AV = (7= 1o). In the
limit (AX — 0) (4) results with k = 2 / [2 o(A)+ 0.5].

(B1)

dv < [day : N
o Z i [K[GXP(“C%)(% = 2) + 2a:Eq ()] — @ exp(—ai)J = Z oi¥(ai)
=1 i=1

(F4)
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VIII. ApPPENDIX C

The coefficients A; can be estimated from wet soil (p*),
dry soil (p?) and green vegetation (p9) reflectance spectra
following a procedure outlined in [17]. When those identities
are introduced into the definition of Greenness, Z:.'zl A;pi,
the continuous form dV/dX results in the limit (AX — 0)

v _ dpip] dpip;
ax kl; dX; ka — " d);

dp;p}’

dpip?
dX; ka Z dX;

+ ko Cn

i

Here p* is soil reflectance, k; = 1/G and k; = D/BG [B,
D and G are defined in [17].

IX. APPENDIX D

Let pg = p(A), pr = p(A + AX), py = p(A + 2A)) and
4 = 1 [18]. Then

dp dp
PN = pRB) = AX|— -
( ol RB) dx A+AX dA A]
+ O[(AN? (D1)
2 A+2AX dp
+ =|-= dX p(N) + AN =
(on + pr.5) [M o, o)+ a3
+ 0[(AN?.
(D2)

Let ARVI = A%V and in the limit (AX — 0) (6) results.

X. APPENDIX E

The second order spectral derivative

Cp  d[OF 0Q dus OF OP de] .o
dX2 T dX\|0ps Ows dr dwr Ok di
can be simplified to
d?p d’ws d’k
a2 < e tae E2)

because |d*ws/dA%| and |d?k/d\?| are several orders of mag-
nitude greater than the absolute values of dps/d), dws/d),
dwy /d), dr/d), (dws/dA)?, (dr/d))* and all the first and
second order partial derivatives of F, ), and P with respect
to ps, ws, wg, and k.

XI. APPENDIX F
Consider the case of an optically dense canopy of Lamber-
tian, horizontal leaves. The spectral derivative is (7)

dp _ OF 9P dr

N = Bw; on (FD
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Canopy reflectance in this case is also lambertian. The
canopy reflection function F' can be expressed analytically [26]
and the partial derivative 9F/dw,, can therefore be evaluated

oF 1 A,
s =L [E &7 (ps, X) -5 T(LV)
oF
=L — F2
L{BUJL} ( )
oW
@i(a:, y) = —aE(W:cel + %eg +yer)
1 09 foxp () — exp(Fp)] F3)
L dwy, Xplxp P{FP

where e; = exp(p) — exp(—p), e2 = exp(p) + exp(—p),
p = WL, pg is soil hemispherical reflectance and L is leaf
area index [W, X and V are defined in [26]. The derivative
dk/dX is (10), (see (F4), shown at the bottom of the previous
page) where o; = p;d;. Inserting (F2) and (F4) in (F1) results
in (11).

XII. APPENDIX G

The apparent reflectance of a vegetated surface 5 measured
at the top of a cloudless atmosphere is related to surface
reflectance p as: p(A) = T[ra(A),wa(A), g2 (), p(A)]. The
anisotropy parameter g, is a weak function of wavelength
and can be assumed constant. The aerosol optical depth 7,
and single scattering albedo w, vary near-linearly between
0.4 — 2.2pum [27]. The function T describes radiative transfer
in an aerosol atmosphere. Its partial derivatives are therefore
exponential and smaller in magnitude than |d?p/d)?|. Thus

d2— 2

N
dA? dA?

that is, the apparent surface reflectance, absent of gaseous

and molecular interactions, is proportional to the true surface
reflectance.

(GD)
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