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Synergistic algorithm for estimating vegetation canopy leaf
area index and fraction of absorbed photosynthetically active
radiation from MODIS and MISR data

Y. Knyazikhin} J.V. Martonchilé R.B. Myneni® D.J. Dine? and S. W. Runnirg

Abstract. A synergistic algorithm for producing global leaf area index and fraction of
absorbed photosynthetically active radiation fields from canopy reflectance data measured by
MODIS (moderate resolution imaging spectroradiometer) and MISR (multiangle imaging
spectroradiometer) instruments aboard the EOS-AM 1 platform is described here. The
proposed algorithm is based on a three-dimensional formulation of the radiative transfer
process in vegetation canopies. It allows the use of information provided by MODIS (single
angle and up to 7 shortwave spectral bands) and MISR (nine angles and four shortwave
spectral bands) instruments within one algorithm. By accounting features specific to the
problem of radiative transfer in plant canopies, powerful techniques developed in reactor
theory and atmospheric physics are adapted to split a complicated three-dimensional radiative
transfer problem into two independent, simpler subproblems, the solutions of which are
stored in the form of a look-up table. The theoretical background required for the design of
the synergistic algorithm is discussed.

1. Introduction parameters must be collected often for a long period of time

Lo . and should represent every region of the Earth’'s lands.

Large-scale ecosystem modeling is used to simulate a. .. . .
- . . Satellite remote sensing serves as the most effective means for
range of ecological responses to changes in climate an

. . . . collecting global data on a regularly basis. The launch of
chemical composition of the atmosphere, including changes . . . .

PR ) . S-AM 1 with MODIS (moderate resolution imaging
the distribution of terrestrial plant communities across the

. . . spectroradiometer and MISR multiangle  imagin
globe in response to climate changes. Leaf area index (LAI) gectrorad ) . S ( 19 ging.
. L sg ctroradiometer) instruments onboard begins a new era in
a state parameter in all models describing the exchange

fluxes of energy, mass (e.g., water and;C@nd momentum remote sensing the Earth system. In contrast to previous
9y, 9. 2 single-angle and single-channel instruments, MODIS and

between the surface and the planetary boundary IayﬁISR together allow for rich spectral and angular sampling of

Analyses of global carbon budget indicate a large terrestr%%Ie radiation field reflected by vegetation canopies. This sets

middle- to high-latitude sink, without which the accumulation . . .
new demands on the retrieval techniques for geophysical

of carbon in the atmosphere would be higher than the pres%ntrameters in order to take full advantages of these

rate. The problem of rately evaluating the exchange : . - .
ate e problem of accurately evaluating the exchange Astruments. Our objective is to derive a synergistic algorithm

carbon between the atmosphere and the terrestrial vegeta#gpthe extraction of LAl and FPAR from MODIS- and MISR-

therefore requires special attention. In this context the fraction

of photosynthetically active radiation (FPAR) absorbed bggasszr:f: aclzz(r)ifgrr:ei:eﬁﬂtgn[ggiar:g ’ xgh'\;r:géliﬂzhit\?veﬁf €

global vegetation is a key state variable in most eCOSySt?mhough a prototyping of the algorithm with data was also a

productivity models and in global models of CIIrnate1‘ocus of our activity, these results are not discussed in this

gg;o]lO?’Hez?(?;oigggees\tziagg i fﬁgoiﬂi; e\;[e aétatiaﬁide' Plate 1 demonstrates an example of the prototype of
' 9etalPt MODIS LAIFPAR data product.

an structure and its energy absorption acity ar o .
canopy structure d its ergy absorption capacity are Solar radiation scattered from a vegetation canopy and

required by many of the EOS Interdisciplinary PrOjea?neasured by satellite sensors results from interaction of
[Myneni et al. 1997a). In order to quantitatively and y

. hotons traversing through the foliage medium, bounded at

accurately model global dynamics of these processes, S L
. . e bottom by a radiatively participating surface. Therefore to
differentiate short-term from long-term trends, as well as to .. . . .
estimate the canopy radiation regime, three important features

distinguish regional from global phenomena, these twr%ust be carefully formulated. They are (1) the architecture of

THepartment of Geography, Boston University, Massachusetts. ndividual plant and the entire canopy; (2) optical properties
%Jet Propulsion Laboratory, California Institute of Technology. Of vegetation elements (leaves, stems) and soil; the former

*The School of Forestry, University of Montana, Missoula. depends on physiological conditions (water status, pigment
concentration); and (3) atmospheric conditions which
determine the incident radiation field. Photon transport theory
Paper number 98JD02462. aims at deriving the solar radiation regime, both within the
0148-0227/98/98JD-02462$09.00 vegetation canopy and the radiant exitance, using the above
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Plate 1. (a) Global LAl and (b) FPAR in September-October 1997 derived from SeaWiFs (sea-viewing wide
field-of-view sensor) data. This data set includes daily atmosphere-corrected surface reflectances at eight
shortwave spectral bands. Surface reflectances at red (670 nm) and near-infrared (865 nm) at 8 km resolution
were used. The algorithm was applied to daily surface reflectance data for all days from September 18 to
October 12, 1997. For each pixel, LAl and FPAR values corresponding to the maximum NDVI during this
period are shown in these pannels. The look-up table for biome 1 (grasses and cereal crops, Table 1) was used

to produce global LAl and FPAR for all biome types.
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mentioned attributes as input data. This theory underliphoton transport theorfMyneni et al. 1997]. It distinguishes
numerous canopy radiation models (see, for example, reviesig biome types, each representing a pattern of the architecture
by Myneni et al [1989] andRoss et al [1992]). Usually of an individual tree (leaf normal orientation, stem-trunk-
retrieval techniques rely on a model, which providéranch area fractions, leaf and crown size) and the entire
relationships between measured data and biophysi@@nopy (trunk distribution, topography), as well as patterns of
parameters. It allows for the design of fast retrievapectral reflectance and transmittance of vegetation elements.
algorithms. However, such algorithms can retrieve only tho3te soil and/or understory type are also characteristics of the
variables that are explicitly represented in the canomiome, which can vary continuously within given biome-de-
radiation models. They exclude the use of a rather wide fampgndent ranges. The distribution of leaves is described by the
of three-dimensional models in which desired variables mégaf area density distribution function which also depends on
not be in the model parameter list direclRofs and Marshak some continuous parameters. A detailed description of biome
1984; Mynenj 1991; Borel et al, 1991; Kimes 1991; types is presented in section 2.
Knyazikhin et al 1996]. They are also based on some The canopy structure is the most important variable
assumptions which may not be fulfiled. For exampledetermining the three-dimensional radiation field in
numerous canopy radiation models presuppose that thegetation canopies. Therefore section 3 starts with a precise
canopy angular reflectance measurements can be performeathematical definition of this variable and how various
about the plane of the solar vertical which providesanopy radiation models treat this variable. This allows us to
information on the hot spot effedfflusk 1985;Simmer and specify some common properties of the present canopy
Gerstl 1985;Marshak 1989;Verstraete et a] 1990;Myneni  radiation models. The basic physical principle underlying the
et al, 1991]. This suggestion may be appropriate foproposed LAI/FPAR retrieval algorithm is the law of energy
multiangle instruments such as MISR or POLDERonservation. However, a rather wide family of canopy
(Polarization and Directionality of the Earth’s Reflectancedadiation models (described in the Appendix) conflict with
[Deschamps et al 1994]. For the single-angle andthis law. Therefore the three-dimensional transport equation
multichannel MODIS instrument, this suggestion is noatvhich includes a nonphysical internal source is taken as the
fulfilled. There is yet another problem encountered when orstarting point for the derivation of the algorithm. In section 4,
incorporates a particular model in the inverse mode. A rath@rtechnique developed in atmospheric optics is utilized to
wide family of canopy radiation models designed to accouparameterize the radiative field in terms of reflectance
for the hot spot effect conflict with the law of energyproperties of the canopy and ground, as well as to split the
conservation (Appendix); that is, they are not “physicallyadiative transfer problem into two independent subproblems,
based” models. each of which is expressed in terms of three basic components
In designing the synergistic algorithm, we cast aside tlef the energy conservation law: canopy transmittance,
idea of trying to relate a retrieval technique with a particulaeflectance, and absorptance. These components are elements
canopy radiation model. Our approach incorporates tlué the look-up table (LUT), and the algorithm interacts only
following tenets: (1) a retrieval algorithm can use any fieldwith the elements of the LUT. This provides the required
tested canopy radiation model; that is, the retrieval algorithindependence of the retrieval algorithm to a particular canopy
is model independent; (2) the more measured information riadiation model. The next important step in achieving
available and the more accurate this information is, the mgueoperty (3) is to specify the dependence of canopy
reliable and accurate the algorithm output would be, i.e., comansmittance, reflectance, and absorptance on wavelength. It
vergence of the algorithm; (3) the algorithm must be as simpkeprecisely derived in section 5; this dependence is described
as the one linked to a particular canopy radiation model; (By a simple function which depends on the unique positive
spectral and angular information are synergistically used @igenvalue of the transport equation. The eigenvalue relates
the extraction of LAl and FPAR. Because three-dimensionaptical properties of individual leaves to canopy structure.
models include all diversity of one- and two-dimensionarhis result not only allows a significant reduction in the size
models as special cases, property (1) of the algorithm candfethe LUT but also relates canopy spectral reflectance with
achieved, if one formulates the inverse problem for three-dipectral properties of individual leaves, which is a rather
mensional vegetation canopies: given mean spectral, andstable characteristic of green leaves.
the case of MISR data, angular signatures of canopy-leaving In spite of the essential reduction of possible canopy
radiance averaged over the three-dimensional canompresentatives by introducing a vegetation cover
radiation field, find LAl and FPAR. It is clear that the giverclassification, the inverse problem still allows for multiple
information is not enough to solve the inverse problem. Faplutions. A technique allowing the reduction of nonphysical
example, the three-dimensional canopy structure can vaglutions is described in section 6. A definition of the LUT is
considerably with LAl essentially unchanged. Therefore orgiven in this section as well. A method to estimate the most
needs to limit the range of variation of the variables deteprobable LAl and FPAR, accounting for specific features of
mining the three-dimensional radiative regime in plarthe MODIS and MISR instruments, and providing
canopies. It can be achieved by using a vegetation cowenvergence of the algorithm is discussed in sections 7 and 8.
classification parameterized in terms of variables used Byie maximum positive eigenvalue and the unique positive
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eigenvector corresponding to this eigenvalue, detailed 8trahler, 1985;Verstraete et aJ 1990].

section 5, express the law of energy conservation in a compact The leaf area index LAl is defined as

form. The results of this section allow us to relate the 1

Normalized Difference Vegetation Index (NDVI) to this LAl = u (r)dr, 1)
fundamental physical principle. Relationships between FPAR S D{S(/[

and NDVI are also used in our algorithm as a backup to the ) o . .
LUT approach, and so we discuss these in section 9. whereV is the domain in which a plant canopy is locateg;
Ys are horizontal dimensions of. If the vegetation canopy

consists of\. individual trees, LAl can be expressed as

2. Canopy Structural Types of Global
Vegetation

Nc 1 Nc
- _ LAI:Zpk—juL(r)dr:ZpkMk,

Solar radiation scattered from a vegetation canopy and 4 Skv 4
measured by satellite sensors results from interaction of «
photons traversing through the foliage medium, bounded &hereS, is the foliage envelope projection (e.g., crown) of the
the bottom by a radiatively participating surface. Therefore tgh plant or tree onto the grounui=S/(XslYs) and LAk is the
estimate the canopy radiation regime, three important featuleaf area index of an individual plant or tree. Thus LAl is
must be carefully formulatedRpss 1981]. They are (1) the

architecture of individual plants or trees and the entire LAl = gllAl, ,
canopy; (2) optical properties of vegetation elements (leaves, Nc

stems) and ground; the former depends on physiologicshere g = p, is the ground cover and
conditions (water status, pigment concentration); and (3) =

atmospheric conditions which determine the incident radiation Nc

1
field. Photon transport theory aims at deriving the solar LAl g =—Z px [LAI ¢
radiation regime, both within the vegetation canopy and 9
radiant exitance, using the above mentioned attributes as inpsut

: . o . the mean LAl of a single plant or tree. The spatial
data. This underlies a land cover classificatidyrieni et al. ge p P

S . . . ; . istributi f plant t in the stand i h teristic of
1997] which is compatible with the basic physical principle o?'s ribuifion of prants or frees In the stand 1 a charactenstic o
e biome type and is assumed known. For each biome type,

. ta
transport theory, the_ _Iaw_of energy cons_ervatlon. Global_ la e leaf area density distribution function is parameterized in
covers can be classified into six types (biomes), depending on

. ) terms of ground cover and mean leaf area index of an
their canopy structure (Table 1). The structural attributes o(—‘f g

. . : ||"|dividual plant or tree, each varying within given biome
these land covers can be parameterized in terms of vanabS%%CiﬁC intervals Giminy Omad and Lmin Lmad, respectively
that transport theory admits as follows. i Sma i e ’

d . '[)hus the vegetation canopy is represented as a dovhain
The heterogeneity of the plant canopy can be described Nhsisti . . : .
) . A . cansisting of identical plants or trees in order to numerically
the three-dimensional leaf area distribution functign lts

alues at spatial points depend on trunk distrib t_or?valuate the transport equation.
;/ u h P tl tp ! kb F;1 fu i ! If L:_' ' To parameterize the contribution of the surface underneath
opography, - stem-frunk-branc area  fraction, - Tollagg, o canopy (soil and/or understory) to the canopy radiation

dispersion, leaf and crown size, and leaf clumpidgreni . . o
regime, an effective ground reflectance is introduced, namely,
and Asrar 1991; Oker-Blom et al. 1991]. The three- g g y

dimensional distribution of leaves determines various models
to account for shadowing effectKyusk 1985; Li and

Table 1. Canopy Structural Attributes of Global Land Covers From the Viewpoint of Radiative Transfer Modeling
Grasses and

Cereal Crops Shrubs Broadleaf Crops Savannas Broadleaf Forests Needle Forests

Horizontal heterogeneity no yes variable yes yes yes
Ground cover 100% 20-60% 10-100% 20-40% > 70% > 70%
Vertical heterogeneity

(leaf optics and LAD) no no no yes yes yes
Stems/trunks no no green stems yes yes yes
Understory no no no grasses yes yes
Foliage dispersion minimal random regular minimal clumped severe

clumping clumping clumping

Crown shadowing no not mutual no no yes mutual yes mutual
Brightness of canopy

ground medium bright dark medium dark dark
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Ry (2, Q)|HH'|L,\ (ry, Q')dQdQ’ Table 2. MODIS and MISR Spectral Bands
Center of Spectral
Pyei (A) = S gt - (2 Bands Band, nm Instrument
"JQ(Q')W“-/\ (rp, Q)dQ’ 1 648 MODIS
- 2 858 MODIS
Herel, is radiance at a poimt of the canopy botton®,, is i g;g mgg:i
the bidirectional reflectance factor of the canopy bottom. The 5 1240 MODIS
functionq is a wavelength-indepgndent configural?le fun.ction 6 1640 MODIS
useq to b.etFer account f(?r specm.c- features of various biomes, 7 2130 MODIS
and it satisfies the following condition: 1 446 MISR
2 558 MISR
IQ(Q')dQ' =1. ©) 3 672 MISR
2 4 866 MISR

Note that the effective ground reflectance depends on the

radiation regime in the vegetation canopy. It follows from thﬁorizontally homogeneous; that is, they do not depend on the
definition that the variation op,« satisfies the following spatial point r,, The pattern of the effective ground
inequality: reflectances dy, Pz, ..., P11), P=Pger(A), at the MODIS and
MISR spectral bands (Table 2), is taken as a parameter

J.Rb"‘ @ ’Q)|I”l|dQ characterizing hemispherically integrated reflectance of the

min 2t - < Pgeff (ThsA) canopy ground (soil and/or understory) and can vary
Qten- mq(Q) continuously within the interval defined by equation (4). The
RbA(Q"Q)|”|dQ lower and upper bounds of equation (4) depend on biome

type. The set of various patterns of effective ground
reflectances is a static table of the algorithm, i.e., element of
the look-up table. The present version of the look-up table
that is, the range of variations depends on the integratedntains 25 patterns of effective ground reflectances evaluated
bidirectional factor of the ground surface only. Thdrom the soil reflectance model dacquemoud et a[1992],
bidirectional reflectance factor of the ground surfRggand using model inputs presented Bgret et al [1993]. Figure 1

the effective ground reflectance are assumed to lkiemonstrates spectral ground reflectanogs for biome 1

< max 2 , (%)
QU2n- mg(Q’)
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Figure 1. Spectral effective ground reflectance for 25 different soils. It includes three soil types described as
mixtures of clay, sand, and peat. Each soil type is characterized by three moisture levels (wet, median, dry)
and from two to three soil roughnesses (rough, median, smooth, or rough and smooth). These effective
ground reflectances were evaluated from the soil reflectance modktgqfemoud et a[1992] using mode

inputs presented tFaret et al [1993].
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(grasses and cereal crops). Q) =R, (Q)/pis - (8)
To account for the anisotropy of the ground surface, an
effective ground anisotrop, is used, The effective soil reflection and soil anisotropy then have the
form
Ry, (Q',Q)|u'|lL ,Q"dQ’
f[ @O D) Paet )= Pin £ (), §(@) =22 g
= - , = P1a P2, 320), T o’
Sq(rb!Q)_ (/\) , , , , 1 (5) qeﬁ L q 7Tp2’A (Qo)
Pa.eff nf[q(Q |Ls (1, Q1)dQ
- where
r, 0oV, Qen, <0, . 1 Nl
b HOVp b Pi :;JRM Q)u'jdQ’,
where n is the outward normal at poimt. The effective -
ground anisotropyg, depends on the canopy structure as well 1
as the incoming radiation field. We note the following P35 (Qo) :EJRZ”‘ (Q,Qp)|H[dQ.
property: g
S, (r Q)| |dQ =1 The functionsq and §, are assumed wavelength independent
q\'b: u ’ . . . . .
2‘7[+ and serve as parameter of this biome. This biome is

characterized by intermediate vegetation ground cover. The
that is, the integral depends neither on spatial nor on spectige of the above model for the bidirectional soil reflectance
variables. For each biome type, the effective groundctor means that only the incoming direct beam of solar
anisotropy is assumed wavelength independent. The six covadiation which reaches the soil can influence the anisotropy
types presented in Table 1 can now be expressed in termsbthe radiation field in the plant canopy.
the above introduced variables.

2.3. Biome 3, Broadleaf Crops

2.1. Biome 1, Grasses and Cereal Crops Canopies exhibit lateral heterogeneity, large variations in

Canopies exhibit vertical and lateral homogeneityegetation ground cover from crop planting to maturity
vegetation ground cover of about 1.0n(Oma=1), plant (gmi=0.1, 0ma=1.0), regular leaf spatial dispersion,
height generally about a meter or less, erect leaf inclinatiophotosynthetically active, i.e., green, stems, and dark soil
no woody material, minimal leaf clumping, and soils obackgrounds. The regular dispersion of leaves (i.e., the
intermediate  brightness. The one-dimensional radiatiysitive binomial model) leads to a clumping factor that is
transfer model is invoked in this situation. Leaf clumping igenerally greater than unity. The green stems are modeled as
implemented by modifying the projection areas with &rect reflecting protrusions with zero transmittance. The three-
clumping factor generally less than 1. The soil reflection gimensional radiative transfer model is invoked in this
assumed Lambertian; that R, ,=Ram,. We also seti=1. The sijtuation. The soil reflection is assumed Lambertian, i.e.,
effective soil reflection and anisotropy then have thR,,=R,,,. The functiong=1. The effective soil reflection and
simplified form anisotropy are expressed by equation (6).

PaefMN=Ramr»  S(reQ)=1/m. ®) 2.4, Biome 4, Savanna

i Canopies with two distinct vertical layers, understory of

2.2. Biome 2, Shrubs grass, low ground cover of overstory treeg..€0.2,

Canopies exhibit lateral heterogeneity, log{0.2) to  g,.,=0.4), canopy optics, and structure are therefore vertically
intermediate ¢;=0.6) vegetation ground cover, small leavesheterogeneous. The full 3-D method is required. The interac-
woody material, and bright backgrounds. The full threeton coefficients have a strong vertical dependency. Savannas
dimensional (3-D) model is invoked. Hot spot, i.e., enhanced the tropical and subtropical regions are characterized as
brightness about the retrosolar direction due to absence miktures of warm grasses and broadleaf trees. In the cooler
shadows Privette et al, 1994], is modeled by shadows castegimes of the higher latitudes, they are described as mixtures
on the ground (no mutual shadowing because ground covebiscool grass and needle trees. The effective soil reflection
low). This land cover is typical of semiarid regions withand soil anisotropy then are simulated by equation (9).
extreme hot (brush) or cold (tundra/taiga) temperature regimes
and poor soils. For this biome we represent the bidirectionaid. Biome 5: Broadleaf Forests

soil reflectance factd®,, as Vertical and lateral heterogeneity, high ground cover

Ry, (Q,Q) = Ry, (Q) Ry, (Q,Qp) @) (9min=0.8, gma=1.0), green understory, mutual shadowing of
' ' ' crowns, foliage clumping, trunks, and branches are included,

whereQ, is the direction of the direct solar radiance. We set S0 the canopy structure and optical properties differ spatially.
Mutual shadowing of crowns is handled by modifying the hot
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spot formulation. Therefore stand density and crown sizense.” This integration technique provides the convergence
define this gap parameter. The branches are randonpisocesay - x/m(V) whene- 0 [Knyazikhin et al 1998], and
oriented, but tree trunks are modeled as erect structures. Bethequation (10) can be taken as an approximation of the
trunk and branch reflectance are specified fromtructure of the vegetation canopy. The accuracy of this
measurements. For this biome the three-dimensional transpepproximation depends on sizeof the fine cellg. To our
equation is utilized to evaluate the effective soil reflection arkhowledge, all existing canopy radiation models are based on
anisotropy as a function of LAl and Sun position. These atke approximation of (10) by a piece-wise continuous
intermediate calculations and are used to precomputenction, e.g., describing both the spatial distribution of

parameters stored in the LUT. various geometrical objects like cones, ellipsoids, etc., and the
. variation of leaf area within a geometrical figurRogs and
2.6. Biome 6: Needle Forests Nilson, 1968; Nilson, 1977; Ross1981; Norman and Wells

These are canopies with needles, needle clumping A83; Li et al, 1995]. Therefore we proceed with the
shoots, severe shoot clumping in whorls, dark vertical trunkg/ggestion thati is the random value whose distribution
sparse green understory, and crown mutual shadowing. Thigusction is described by a piece-wise continuous function. For
the most complex case, invoking the full 3-D method with afach realization, the radiation field in such a medium can be
its options. A typical shoot is modeled to handle needexpressed as
cIumping_on the shoots. The shoots are the_n assumed to_&e 0L, (r, Q) + G(r, Qu, ()L, (r, Q)
clumped in the crown space. Mutual shadowing by crowns is
handled by modifying the hot spot formulation. The branches _ u, (r)
are randomly oriented but the dark tree trunks are modeled as —
erect structures. Both trunk and branch reflectance are
specified from measurements. The effective soil reflection and

anisotropy are evaluated the same way as for biome 5. HereQ«Ois th.e der!vatlve atalpng thle dlrect.|0t§22 L, is the
monochromatic radiance at pomand in the directio,

JF,\ (r,Q" - Q)L, (r,Q"dQ". 1D

3. Radiative Transfer Problem for Vegetation 1
Media G(r,Q) :ZZJ'QL(LQL)K)' Q|dQ, ,
r[+

The domairV in which a vegetation canopy is located, is a
parallelepiped of horizontal dimensiong, Ys, and biome- is the mean projection of leaf normals ratonto a plane
dependent heighs. The topdV,, bottomdV,, and lateraldVv, perpendicular to the directid; g, is the probability density
surfaces of the parallelepiped form the canopy boundaoyleaf normal distribution over the upper hemisphetg 2
V=90V+dVy+ V. The structure of the vegetation canopy is
defined by an indicator functiog(r) whose value is 1, if there =T, (r,Q" - Q)
is a phytoelement at the spatial pointand zero otherwise.

Here the position vectar denotes the Cartesian triplety(,2 1 , ,
with (0<x<Xg), (0<y<Ys), and 0<z<Zs), with its origin =5 JOL QU QU (@, Q- Q)day
0=(0,0,0) at the top of the canopy. The indicator function is 2

treated as a random variable. Its distribution function, in the e area-scattering phase functi®o$s 1981], andy , is
general case, depends on both macroscale (e.9., ranq@mljeaf-scattering phase function. Unit vectors are expressed
dimension of the trees and their spatial distribution) ang| spherical coordinates with respect ) axis. It follows
microscale (e.g., structural organization of an individual tregl,m, the above definitions that the solution of the transport
properties of the vegetation canopy and includes all three é’(ﬁuation is also a random variable. For each biome type, the
its components, absolutely continuous, discrete, and singulgfojar distribution of radiance leaving the top surface of the
[Knyazikhin et al 1998]. In order to approximate this\eqgetation canopy is defined to be the mean valugs,s, of
function, a fine spatial mesh is introduced by dividing the oyer different realizations of the given biome type. The

domainV into N, nonoverlapping fine cell®, i=1,2, ... \N.  following definitions of biome-specific reflectances are used
of size Ax=Ay=Az. Each realizationx(r) of the canopy i, this paper.

structure is replaced by its mean over the fineeels The hemispherical-directional reflectance factor (HDRF)

1 for nonisotropic incident radiation is the ratio of the mean
u(r) =We,)IX(r)m(dr)’ rie . (10) radiance leaving the top of the plant canopl;(&.Q)>yo,

& Qen>0, to radiance reflected from an ideal Lambertian target
ci)rgto the same beam geometry and illuminated under identical

Here m is a measure suitable to perform the integration Yimospheric conditioniiner et al, 1998a]; that s,

equation (10). The functioru. is the leaf area density
distribution function. In the general case, (10) is the Lebesgue
integral and it may not coincide with an integral in the “true
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<L, (1, Q) >yio

[ (Q,Qp) = . Qen, >0 However, they are not conservative (Appendix 1). The

s , problem of obtaining a correct closed equation for the mean

EZJ’LA (. Q)[Q" < nydO monochromatic radiance was formulated and solved by
= Vainikko [1973], where the equations for the mean radiance

Here n is the outward normal at point§1dV,; <y, denotes Were derived through spatial averaging of the stochastic

the averaging over the ensemble of biome realizationsQgnd fransport equation (11) in a model of broken clouds. This

is the direction of the monodirectional solar radiation incider@PProach was studied in detail Biyov [1990]. Anisimov and

on the top of the canopy boundary. Menzulin [1981] utilized similar ideas to describe the
The bihemispherical reflectance (BHR) for nonisotropiéadiation regime in plant canopies. The stochastic models

incident radiation is the ratio of the mean radiant exitance fgcorporate the best features of the above mentioned
the incident radiantJiner et al, 1998a], i.e., approaches. The aim of this paper is to derive some general

properties of radiation transfer which do not depend on a
<Ly (r, Q) >pio |Q. nt|dQ particular model and which can be taken as the basis of our
LAI/FPAR retrieval algorithm. Equation (11) express the law
of energy conservation in the most general form. Therefore
our aim can be achieved, if this equation is taken as a starting
point for deriving the desired properties. In order to include
In order to quantify a proportion between direct and diffuseanopy reflectance models with hot spot effect into
component of incoming radiation, the rafig(Q,) of direct consideration, a transport equation of the form
_rad_iant ipcidgnt on the top of the plant canopy to the totgh, 0L, (r, Q) + G(r, Q)u, (1)L, (r,Q)
incident irradiance is used. fif,=1, HDRF and BHR become
the bidirectional reflectance factor (BRF), and the directional _ uy (r)
hemispherical reflectance (DHR). Here,(Q,Q,) and -
Aren(Qq) denote, depending on the situatifp=1 orfy#1),

HDRF and BHR or BRF and DHR. will also be considered in this paper. Hétgis a function

In spite of the diversity of canopy reflectance models, thayhich accounts for the hot spot effect (Appendix).

can be classified with respect to how the averaging over the Equation (13) alone does not provide a full description of
ensemble of canopy realizations is performed. In terms efndom realizations of the radiative field. It is necessary to
equation (11), this is equivalent to how the averaging @&fpecify the incident radiance at the canopy boundsrye.,

u (r)Lx(r,Q) is performed. In the turbid medium models, th&pecification of the boundary conditions. Because the canopy
vegetation canopy is treated as a gas with nondimensioigladjacent to the atmosphere, and neighboring canopies, and
planar scattering centersR¢ss 1981]. Such models the soil or understory, all which have different reflection
presuppose that properties, the following boundary conditions will be used to

<U|_ (ML, (r’Q)>bio :<U|_ (r)>bio<LA (r’Q)>bio 12 describe the incoming radiatioR¢ss et aJ 1992]:

As a result, equation (10) is reduced to the classical transport
equation Ross 1981] whose solution is the mean radiance r, 0OV,, Qen, <0,
<L,(r,Q)>,,. This technique allows the design of conservative

radiation transfer models, i.e., models in which the law of er]_-H (1,Q) _1 J.RI L (@Q.Q)L, (1,2))Q" + ny|de’
ergy conservation holds true for any elementary volume. Suc m '

an approach cannot account for the hot spot phenomena be-
cause it ignores shadowing effects. This motivated the devel- + L35 (n,Q,Q0) + L&, (1)3(Q - Qp), 19
opment of a family of radiative transfer models based on the
following fact: the two events that a point inside a leaf canopy

can be viewed from two pointg andr, are not independent L, (1, Q)
[Kuusk 1985]. The mean af_ (r)L,(r,Q) is presented as AL

Al*™(Qq) = ZJ;
2J’LA (r, Q") [Q"* n,|dQ’
T

JI’A (r,Q' - Q)L (r,QNQ"+F, (r,Q) (13

Ly (1, Q) = Ligh (1, Q,Q0) + Li¥, (r)8(Q - Qp) . (14)

m,A

Q'en;>0
I'||:|6V|, Q'n|<0,

1
=— J‘Rb’A (Q',Q)L/\ (I’b,Q')|Q'° nb|dQ', (16)
m

<U|_ (r)L/\ (r’Q)>bi0 = p(r,Q,Q') [4UL (r)>bi0<L’\ (r’Q)>bi0 ’ Qe 50

wherep is the bidirectional gap probabilitkiusk 1985;Li
and Strahley 1985;Verstraete et a] 1990;0ker-Blom et al
1991]. Such models account accurately for once scatteigfere L', and L', are the diffuse and monodirectional
radiance, takingGp<u > as the extinction coefficient. For components of solar radiation incident on the top surface of
evaluation of the multiply scattered radiance, assumption (1 canopy boundardVi; Qo[{(o,@) is the direction of the

is usually usedNlarshak 1989;Myneni et al. 1995b]. These monodirectional solar componend;is the Dirac delta func-
types of canopy-radiation models can well simulate BRFs.
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lat

tion; L™, is the intensity of the monodirectional solar radiathe canopy and can vary continuously within a biome-depend-
tion arriving at a point,JdV, alongQ, without experiencing ent interval (section 2). The biome-dependent func8pis

an interaction with the neighboring canopib@‘m is the dif- assumed to be wavelength independent and known (section
fuse radiation penetrating through the lateral sur¢eR, 2). We replaceT,, in (20) by its mean value over the ground
andR,, (in sf') are the bidirectional reflectance factors of theurface. This implies that the variabllg, is independent on
lateral and the bottom surfaces, respectively; and,rand the space point, (this is automatically fulfilled if a one-

are the outward normals at poimsldV,, [0V, andr,(0dV,, dimensional radiative transfer model is used to evaluate the
respectively. A solution of the boundary value problem, exadiative field in plant canopies). Taking into account
pressed by equations (13)-(16), describes a random realizagguation (20), we then can rewrite the solution of the
of the radiation field in a vegetation canopy. transport problem, equation (17), as

4. Mathematical Basis of the Algorithm 0(12) =Luna(r. )+ Poek Tl a1, 2) (22)

) ) o _ __whereLq,(r,QQ) satisfies equation (13) witk,=0, boundary
The aim of this section is to parameterize the contributiqtygition expressed by equation (18), and

of soil/lunderstory reflectances to the exitant radiation field.

We closely follow ideas used in atmospheric physics Loa(r,Q) =0, 0oV, Qen <0, (23)
[Kondratyey 1969;Liou, 1980]. It follows from the linearity

of equation (13) that its solution can be represented as the  Laa(Q) =S Q), vy, Qen,<0.  (24)

sum Thus Lqa(r,Q) describes the radiation regime in a plant

La(rQ) = Lpsx(r,Q) + Lesa(r,Q) - (17) canopy generated by anisotropic and heterogeneous sources
Sy, Q) located at the canopy bottom. We term the problem of

Here Ly, is the solution of the “black-soil problem” which finding Lq,(r,Q) an “S problem.” Substituting (22) in (21), we
satisfies equation (13) with boundary conditions expressed 8¥t

equations (14), (15), and
—T4d
Losa(re) =0,  r,0dVy, Qeny<O0. T (M) =Tpsa (o) + Pgert A)TgaTqn (M) (25)

The functionL,.s, also satisfies equation (13) wih=0 and where
boundary conditions expressed as

Lresta(ruQ) =0, rddoV,, Qen <0,
Lrest/\ (rl ’ Q)

Tosa (o) = 2J’Q(Q')l—bw\ (rp, Q)|p'|dQ",
T

Mg (rp) = J.Q(Q') Lq,,\ (rb,Q')|/J'|dQ' .

1 T r I T

= IRl,A (Q, Q) Lyesta (17, Q)Q" * ny|dQ’, 19 -
@+n>0 We then average equation (25) over the ground surface. This
naov,, Qen, <0, allows us to expressy, via Thsy, qa andpger. Substituting
the averaged,, into equation (22), we get
Lrest}\ (rbv Q) L/\ (r,Q)

1

=— RbA(Q',Q)L)\ (I’b,Q')|Q'° nb|dQ', (19) 0
, eff (A)
”Q'.Lo = Lpga (1, Q) + ——° TotrLaa (,Q).  (26)

1= pgeft (Arga

r, DoV, , Qen, <O0.
b=""b b Here T2, andr,,, are averages over the canopy bottom. Note

Note thatL.s, depends on the solution of the “completdhat we can replace the approximate equality in equation (26)
transport problem.” The boundary condition (19) can bBY an exact equality if a one-dimensional canopy radiation

rewritten as model is used to evaluate the radiative regime. It follows from
equation (26) that the BHRA™™, HDRF,r,, and the fraction
Lresta(rn: Q) = 0g,e(A) S Q) Tg -, (20)  of radiation absorbed by the vegetatia™, at wavelengti
where p,er, and S, are defined by (2) and (5), respectivelycan be expressed as
Ty () = [a(Q)L,) (ry, Q)|p'|dQ". (21) A
g (b 2 (M Pyeft (A)
QJ,:. =rfei(Qo) +t - thea (Qo), (2D

" 1= pget A)rga
The functionq is defined by (3). The coefficien« iS as-

sumed to be independent of the paintlt is taken as the pa-

rameter describing the reflectance of the surface underneath
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r(Q,Qq) problem” depends on Sun-view geometry, canopy architec-
ture, and spectral properties of the leaves. Th@rbblem”
=1ps) (.Q0) +Tga (Q)Mtngq (Qo),(28) depends on spectral properties of the leaves and canopy
1= pgeft (A)rga structure only. At this stage, these properties allow a signifi-
aHem(Qo) cant reduction in the size of the LUT because there is no need
to store the dependence of the exiting radiation field on
ground reflection properties. Since the solution of the “black-
soil problem” and S problem” determine the size of the LUT,
we focus on the solution of these problems, using equation
wherer"",, 8™, andry, are the BHR, HDRF, and the (26) as the basis of the algorithm. The next step is to specify

fraction of radiation absorbed by the vegetation, respectivelhe wavelength dependence of the basic algorithm equation.
when the canopy ground reflectance is zero. Here

pq,Eff (/\) themq

=alen(Qg) +ag) — (Qo), (29
Y 1- pget Mrga ™

bsA

T 5. Spectral Variation of Canopy Absorptance,
ten(Qo) = bsA Transmittance, and Reflectance for
ZI|;1'|L,\ (r,Q")dQ’ Conservative Models
™ Let us consider equation (11) with boundary conditions
is the weighted canopy transmittance, expressed by equations (14)-(16). This boundary value prob-
lem can be reduced to the solution of the “black-soil problem”
tga :{ry'|qu,\(rt,Q')dQ’ and ‘S problem.” In the LAI/FPAR retrieval algorithm the
. boundary conditions (15) for the lateral surface of donain

are replaced by vacuum condition, i.k,(r,,Q)=0 if r,0ddV,
andQen;<0 [Diner et al, 1998b;Knyazikhinet al., this issue].
The boundary condition of theS*problem” expressed by
Tqr(Q) =Lg (1.Q) equations (18), (23), and (24) are wavelength independent in
this case. The incoming radiation (14) can be parameterized in
is the radiance generated By which leaves the top of the terms of two scalar valuef; , and total fluxF, , of incoming
plant canopy, andy, is the radiance generated By and radiation. It allows representing the “black-soil problem” as a
absorbed by the vegetation. The radiation reflectedum of two radiation fields. The first is generated by the
transmitted, and absorbed by the vegetation must be relatednodirectional component of solar radiation incident on the
via the energy conservation law, top surface of the canopy boundary and, the second, by the
diffuse component. Dividing the transport equations and
boundary conditions which define these problemdgbyFo
tBeTqEI(Qo) ar_ld (L4 A)Fo o_ne can reduce them to tran_s_port problems
Kg.a (Q0) ::em—, with wavele_ngth-mdependel_wt _bou_ndar_y condltlo_ns. Thus Fhe
thea Qo) spectral variation of the radiative field in vegetation canopies
can be described, when the spectral variation of the solution
(31) of the transport equation with wavelength-independent

Note that all the variables in equations (27) and (28) are mefbaoundary conditions is known. Therefore we consider the

values averaged over the top surface of the canopy. oﬂowmg boundary value problem for the transport equation
It follows from equation (27) that Qe+ 0¢,(r,Q) +a(r,Q)¢,(r,Q)
AR (Qo) 1 LE1(Q0) T - @ 9

is the transmittance resulting from the anisotropic soce
located at the canopy bottom, and

h
rem + kg a (Qo)tpey? +afem =1, (30)

g +tq'A +ag ) =1.

Py.eff (A) {hema ¢, (r, Q) =B(r,Q), rOdvV, n,+Q<0. (34)

— Qo). (32
i 1- Pqeff (A)rq,}\ bs/

HereB is a wavelength-independent function defined on the

Thus the contribution of the ground to the canopy-leavingfnNopy boundargV, and nis the outward normal at the point

radiance is proportional to the square of canopy transmittari¢édV. Differentiating equations (33) and (34) with respect to

and that the factor of proportionality dependsmug. If the wavelengthd, we get

right-_han_d side is_su_fficiently small, we can neglegt thi%_z, Ou, (r, Q) +a(r, Qu, (1, Q)

contribution by assigning a value of zero to the effective soil q

reflectance. =_JUS”\(r’Q’ - Q)g, (r,QNdQ", (39
Thus we have parameterized the solution of the transport dA o

problem in terms ofp,er and solutions of the “black-soil

problem” and S problem.” The solution of the “black-soil
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where functional spacelrein, 1972]. Its solutior$ can be expanded
in eigenvectors,
uA(r,Q)=—d¢(§r};Q). )
¢, (r.Q)=ag(A)go(A,r,Q) + Z a (Mg (A.r.Q), (39)
The following results from eigenvector theory are required to =]

derive a relationship between spectral leaf albedo and canopy . .
absorptance, transmittance, and reflectance where coefficientsa, do not depend on spatial or angular

An eigenvalue of the transport equation is a numbervariables. Here we separate the positive eigenvefgonto
such that there exists a functigrwhich satisfies the first summand. As described above, only this summand,

a0, takes on positive values for arfyV andQ. Substituting

v[Qe 0p(r, Q) +0(r, Q)9 (r, Q)] (39) into equation (35), we get
=J'as,,\ r,Q - Q)p(r,Q)dQ’, @)
b Z[Q-Duk(A,r,Q)+U(r,Q)uk(A,r,Q)]
=0

with boundary conditions = 4
HEQ=0. 1O NN, Q<0 = ZJJO’S’/\ r,Q - Qad, (A,r,Q)dQ’, (40)
=0 e

The functiong(r,Q) is termed an eigenvector corresponding o .

to the given eigenvalug where gk:d(ak¢k)/dA. Substituting (37) into (40), further
The set of eigenvalueg, k=0,1,2, ... and eigenvectors "€Sults in

o(r,Q), k=0,1,2,... of the transport equation is a discrete setew

[Vladimirov, 1963]. The eigenvectors are mutuallyZ)[Qo 0 +a(r,Q)]

orthogonal; that is, =

dy,(A)O
[ [t mcamncama=s, @ ><ﬁl—yku)]uk(mr,ﬂ)—ak(A)¢k(A,r,Q)ydk—A“g=o.
V 4

h is the K K bol. The t N tion h Here y(A) is the eigenvalue corresponding to the eigenvector
whereg,, is the Kroneker symbol. The transport equation a(]?k. It follows from this equation, as well as from the

a unique positive eigenvalue which corresponds to a uniq ﬂhogonality of eigenvectors, that
positive (normalized in the sense of equation (38)§ '

eigenvector Germogenoval986]. This eigenvalue is greater dy, (A)
than the absolute magnitudes of the remaining eigenvalues. dfa, ()¢, (A.1. Q)] _ [, M (A1, Q)]
This means that only one eigenvector, shy takes on dA ) e
positive values for anydV and Q. This positive couplet of
eigenvector and eigenvalue plays an important role Polving this ordinary differential equation results in
transport theory, for instance, in neutron transport theory. This 1~y (Ag)
positive eigenvalue alone determines if the fissile assembly 8 (A)@x(A.r,Q) =m[3k (Ao)k (Ao.T. Q). (41)
will function as a reactor, or as an explosive, or will melt. Its Vi
value successfully relates the reactor geometry to tMwus if we know thekth summand of the expansion in
absorption capacity of the active zone. Because the reactoedfiation (39) at a wavelength,, we can easily find this
controlled by changing the absorption capacity of the actiseimmand for any other wavelength.
zone (by inserting or removing absorbents), this value is We introduce e, the monochromatic radiation at
critical to its functioning. The similarity to the problem atwavelength intercepted by the vegetation canopy,
hand is that we need to relate canopy architecture (“similar” to
reactor geometry) with leaf optical properties (“similar” to the e(A) =J'erran(r,Q)¢,\ (r,Q), (42)
absorption capacity of the active zone). The expansion of the VA
solution of the transport equation in eigenvectors has mainly a
theoretical value because the problem of finding these vect@}%deo as
is much more complicated than finding the solution of the _
transport equation. However, this approach can be useful if € (*) _I J’a(r,Q)q&,\(r,Q) Do, Qyrd2.— (43)
we want to estimate some integrals of the solution. Therefore voan
we apply this technique to derive a relationship between Given e, we can evaluate the fractiom of radiation
spectral leaf albedo and canopy absorptance, transmittargiesorbed by the vegetation at the waveledgis
and reflectance.

Equation (35) with boundary conditions (36) is a linear a(A) = [1-wA)e(4) , (44)
homogeneous differential equation with respectAton a where
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Figure 2. Spectral variation of fraction of absorbed radiation by vegetation for uniform (left) and planophile
(right) leaves evaluated with canopy radiation model (points) and from equation (46).
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Figure 3. Spectral variation canopy transmittance for uniform leaves evaluated with canopy radiatibn mode
(points) and from equation (47) for LAI=1.1 (left) and 4.1 (right).
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Uniform leaves

J N(r.Q - Q)d el ¢

1 035

w(A) ==L 45 A

(4) - Gr.Q) (45) /
03 J‘/

is the leaf albedo. Below an estimation ef will be //

performed. This value is close t@ We skip a precise 025

mathematical proof of this fact here. An intuitive explanation . a . 7~
is as follows: Putting (39) in (42) and integrating the seriesé 02 / e
results in only the positive term containiagp,. As a result, 2 ’ &
e(A)/e(Ag)=en(A)/en(Ag). Let us derive the dependenceeobn ;g 015 . ¢ //
wavelength. Substituting equation (39) into equation (43) andz R
taking into account equation (41) as well as the orthogonalitys o ey '
of eigenvectors, equation (38), we obtain 7
1—y (/\ ) 0.05 i t& =
— o\'o .~
eo(A) 1= yo() eo(Ao) . L /

0 0.1 0.2 03 0.4 0.5 0.6 0.1 0.8
Leafalbedo

where y, is the positive eigenvalue corresponding to the o )
positive eigenvectog,. Taking into account equation (44), we Figure 4. Sp_ectral varlatlon.of. the DHR for u_nlform leaves
can also derive the following estimation for evaluated with canopy radiation model (points) and from

equation (48) for LAI=1.1 and 4.1.

_1_VO(AO) 1—(,0(A) Uniform leaves
A =0 ). S N

Absorbtion —

Thus given canopy absorptance at wavelengithwe can o

evaluate this variable at any other wavelength. Figure 2 shows s
spectral variation of the fraction of energy absorbed by the
vegetation canopg for uniform and planophile leaves. Equa-
tion (46) can also be used to specify the accuracy of a canopy ,
radiation model to simulate the radiative field in the canopy.

On can see (Figure 2, right) that our radiation model is erronez !
ous in the case of planophile leaves when LAI>5 and the leafs
albedow>0.5. At a given wavelengtly is a function of can-

opy structure and Sun position in the case of “black-soil prob- s
lem,” and a function of canopy structure only in the case of
the “S problem.” We store at a fixed wavelengtid, in the

14

LUT. 02
A somewhat more complicated technique is realized to
derive an approximation for canopy transmittance, T
Leaf area index
r - r - .
teh, 24 o= 1=V, (AO)t 0—2 0 (47) Figure 5. CoefficientK as a function of LAl for cangp
w(A) 1-vy, (A) w(A) absorptance.

whererp,, is the spectral reflectance of the leaf element. The The canopy reflectanaeis related to the absorptance and
ratio rp,/a(A) is assumed to be constant with respect tansmittance via the energy conservation principle
wavele.ngth for each biome. Thus given t.he canopy r(A) = 1-t() - a(A) . (48)
transmittance at wavelengt, we can evaluate this variable

for wavelengthA. Figure 3 shows spectral variation of canopyhus given canopy transmittance and absorptance at a fixed
transmittance for uniform leaves evaluated with our canopyavelength, we can obtain the canopy reflectance for any
radiation model and with equation (47). At a fixedgvavelength. Figure 4 demonstrates an example of equation
wavelength,t is a function of canopy structure and Surf48).

position in the case of the “black-soil problem,” and a The unique positive eigenvalug, corresponding to the
function of canopy structure in the case of tiseptoblem.” Uunique positive eigenvector, can be estimatedkaydzikhin

We storet at a fixed wavelength, in the LUT. and Marshak1991]
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¥6(A) = WA)[1 - exp(K)] , (49) 11(Q,Q0)

where K is a coefficient which may depend on canopy
structure (i.e., biome type, LAI, ground cover, etc.) and Sun
position but not on wavelength or soil type. Its specification
depends on the parameter (absorptance or transmittance) and (52)
type of transport problem (“black-soil problem” orS* and from (30) and (31), the canopy reflectancgs andr,,
problem”). The coefficienK, however, does not depend oncan be written as

the transport problem and sun position, when it refers to

pq,ef‘f (A) t hemq

_ hem q
= MWpsalpsa (Qo) * W)t g ) ——————— (Qo)
M ML= e Mrga

— h =1
canopy absorptance. Figure 5 shows the coeffidiefar the rgsej\“ _1_tb§Tq -aE§T , (53)
“S problem” and canopy absorptance as a function of LAl
This coefficient is an element of the LUT. Note that the Far =1=tgr —aga - (54)

eigenvaluey, depends on values of spectral leaf albedo (45)

which, in turn, depends on wavelength. It allows us tdhus (52) is sensitive to both factors determining the
parameterize canopy absorptance, transmittance, aticectional reflectance distribution of plant canopies (the
reflectance in terms of canopy structure, Sun position and leafight ws,s;) and to the within-canopy radiation regime

albedo. [tene=,akn, tqr aga]. Equations (52)-(54) also allow the
formulation of a test for the “eligibility” of a canopy radiation
6. Constraints on Look-Up Table Entries model to generate the LUT. First the weightg, are

. ] . evaluated as a function of Sun-view geometry, wavelength,

In spite of t.he dlyer3|t¥ of canopy r.efl.ectanccle model$yng LAl by using a field-tested canopy reflectance model.
their direct use in an inversion algorithm is ineffective. In th@nan with the same modeﬂhembs,\ and ro, are evaluated
case of forests, for exqmple, the interaction of photon§ Withom (53) and (54), and inserted into (52)’. A canopy radiation
the rough and rather thin surface of tree crowns and with theygel is “eligible” to generate the LUT file if (50) and (51)
ground in between the crowns are the most important facty{s; satisfied to within a given accuracy for any Sun-view
causing the observed variation in the directional reflectanggmpination wavelength, and LAI. We do not know of a
distribution. These phenomena are rarely captured by ma@y,opy reflectance model which can pass the above test. That
canopy reflef:'Fance model§. Asa result, thege modgls are qgllﬁecause there is no published model thus far which satisfies
sllghtly sepsﬂwe to the within-canopy radiation regime. Th'ﬁ\e energy conservation law. Although a conservative
assertion is. bgsed on the fact that.a rather Wlde.famlly fPanport equation for a vegetation canopy has not yet been
canopy radiation models are solutions to (13), includingmyated, solutions of this equation satisfy properties
models with a nonphysical internal soureg (Appendix). gerived in a previous section. These properties can be used to
Within such a model the sum of radiation absorbedyrect existing canopy radiation models for the “eligibility”
trarllsr.nltte.d, ?‘”d reflected by the canopy are not equal 10 e generate the LUT. An algorithm to correct a canopy
radiation incident on the canopy. The functiepis chosen agiation model is presented Byyazikhin et al[this issue]

such that the model simulates the reflected radiation fiefghich was used to generate the LUT for the MISR LAI/FPAR
correctly, i.e., these models account for photon interactiopsyjeyal algorithm.

within arathgr §mal| dor.na.in of the vegef[at.ion canopy. On the It follows from (32) and (52) that the HDRF can be
other hand, it is the within-canopy radiation regime that iRpresented as

very sensitive to the canopy structure and therefore to LAI.

The within-canopy radiation regime also determines the;, (Q,Q) = TWips IS (Qo) + W[ AIM(Qg) — 1 fEM(Qo)].-
amount of solar energy absorbed by the vegetation. Ignoring (55)

this phenomenology in canopy radiation models leads to a

large number of nonphysical solutions when one invertsF®r each pixel the MISR instrument provides the spectral
canopy reflectance model. Therefore (27) and (28) must B&R and DHR. Therefore this expression is used to evaluate
transformed before they can be used in a retrieval algorithmthe HDRF and BRF in the case of MISR data, setting retrieved

Let us introduce the required weights A in (55). Equation (28) is used to evaluate the BRF in the
., 0.0 case of MODIS data.
oo (0,04) = m rI:,SA( Qo) ’ IWW (Q,Q0)|ud0 =1, Thus the BHR described by (27) and the HDRF described
Thsa (Q0) . by (55) can be expressed in terms of optical properties of a
leaf and the energy conservation law, as well as in terms of
(589lutions of the “black-soil problem” ands“problem” at a
Tq2 () reference leaf albedo value ofuA;). This facilitates
g :L q = 0,
Wi (Q) t ' IWA (Q)|“|dQ 1 (51) comparison of spectral values of the BHR or HDRF with
' 2’ spectral properties of individual leaves, which is a rather
With this notation, (28) can be rewritten as stable characteristic of a green leaf. It also can be interpreted

as “inclusion of additional information” into the algorithm,
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thus allowing a significant reduction in the number oévaluated from equation (52) for MODIS and equations (55)

retrieved solutions. Canopy transmittances and absorptanasd (27) for MISR instruments) andry, (Q,Q, , )

and coefficientp=1-exp(K) whereK is defined by (49) for T, (Q,Q,), A™™(Q), T T (Qo), and A™NQ,) to denote

the “black-soil problem” andS problem” at a reference leaf observations of these variables.

albedo value ofw as well as the weights (50) and (51) are To establish relationships between measured surface re-

precomputed and stored in the LUT. It allows the use of thHkectances and canopy structure, we introduce the space of

same LUT for MODIS and MISR instruments. A detaileccanopy realizationP. This space is represented by canopy

description of such a LUT is presented bByner et al. structural types of global vegetation (biome), each represent-

[1998b]. ing patterns of the architecture of an individual tree and the
entire canopy, and spectral leaf albedo (45) at MODIS and

7. LAl Retrieval From MODIS and MISR Data MISR bands. Each biome is characterized by ground agpver
mean LAl of an individual treé¢, and pattern of effective

For each pixel the MODIS instrument can provide atmo@'round reflectancesp(, ps, ..., p2) in the MODIS and MISR
phere-corrected BRF in one view direction and at seven bangs, 4 (section 2). The elemanbf this space is the vector
in the solar spectrum every dayegrmote et al 1995]. The p=(bio, & W, .. , Wi Pr, Por - + P, L, G). Herebio can
MISR instrument covers the whole globe within 8 days. FQhke six values only; one patterm, (@, ... o) of the spec-
each pixel, it provides the HDRF, BHR, BRF, and DHR iR |eaf albedo per biome. Ground cover, the LAI of
nine view directions and at four spectral bands of solar sp&ggividual vegetation, and effective ground reflectance can
trum [Diner et al, 1998a;Martonchik et al, 1998]. Thus 4y within given biome-dependent ranges (section 2). Thus
every 8 days, one has the set of pixel reflectances correspoggs space of canopy realization is supposed to represent

ing to 16 different Sun positions, 15 view angles, and at Ihyerns of existing vegetation canopies. ThePsistthe sum
spectral bands. These canopy reflectances and Sun-view gesiy biome-dependent subsets; that is

ometry are input for the algorithm. Note that this is the maxi-

mum amount of information which may be available. In 6
reality, however, it may be less, e.g., because of cloud cover P= Upbio
and performance of preprocessing algorithms.rpgQ’',Q’)
be the BRF retrieved from MODIS data andQ,Qo) and The element oPy, is the vectorg, ps...., Pus, L, 0).

Arm(Qo) be the BRF and BHR retrieved from MISR data. For each biome type, the modeled reflectandgs
HereQ' andQ are the view MODIS and MISR direction8,,  r(Q,), and A™"Q,) are functions ofp. In order to
andQ, are the direction of direct solar radiation during timegharacterize the closeness between modeled and retrieved

of MODIS and MISR observations, afiA denote the center refiectances, the following merit functions are introduced
of the MODIS and MISR spectral bands, respectively. These

bio=1

retrieved reflectances are the input for the algorithm which we LA g (Q,9Q0,) T3 (Q'j,Q'O’j)D2
express in the vector-matrix form as ZVO(LJ)D | O
9 Mt = S L s
HO,Br(Q;I.:Q'O‘l) ro,g, (Q2,Q0,2) - rO,ﬁ7(Q'81Q’0,8)H oto-fol= 78 ’
_ [0, (Q1,Q01) Top,(Q2,Q02) - Top, (s, Q08)0 Z vo(l, i)
=D : : : o A
Hop, (Q1.901) Top, (Q2.Q02) ~ Top @620 H 4, [F(Qq).F@0)
r(Qo) : i” 0.5y @120 "1 (©@;.20)F
_; 4o o (1) §
Er/\l(leQO) 2(Q1,Q0) M3(Q1,Q0) r/\4(leQo)H - 4 9 _ ’
:g/\l(QZQO) 2(Q2,Q0) 13(Q2,Q0) rA4(Qz,Qo)% Z ZVF(LJ)
: : : : =T =
@hl(ngQo) M2(Q9,Q0) M3(Qg, Qo) r/\4(ngQo)§ AA%hem(QO),Ahem(QO)E
‘Ahem
A (QO) 4 DAhem(Q )_;\hem(Q )D2
A
0 oal) 0
=[Am @) Al@0) AET@) AlT@0)] a5 o : -
n .
Here B, k=1, 2,... ,7 andA,, m=1,2,3,4 are centers of the ZVA(l)
MODIS and MISR spectral bands listed in Table 2. We will =

use roa(Q.Qq), ri(Q,Qq), ArF™Qqy), T, T(Qg), and i . .

= ’ . The first and second functions characterize the closeness be-

A™MQ,) to denot deled €,
Qo) to denote modeled canopy reflectances (i et\’/veen modeled BRFs and those obtained from MODIS and
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MISR data. The third function compares modeled and re- Limax@rmax
trieved BHRs. Hereyy(l,j) andv(l,j) take on the value 1 if the Lpio = J'I dFyio (1)
BRF at wavelength3 and A, in Sun-sensor directions Lo G

(Q'},,Q';) and €;,Q), exists, and zero otherwise;(l)=1 if

the BHR at wavelength, exists, and 0 otherwisep, g;, and is taken as solutions @(p)<h and the value

ox are uncertainties in the BRFs and BHR retrievals. Thus the Lo

me.rlt fupctlons are deflneq and normalized such that a model d2, = I('—bio _ |)2 dFy (1) (58)

which differs from the retrieved canopy reflectance values by

an amount equivalent or less than the retrieval uncertainty will

result in values ofly, 4, and4, of the order of unity. In terms js taken as the characteristic of the solution accuracy. Biome

of these notations we formulate the inverse problem @gebio is expected to be derived from the MODIS land cover

follows: given biome typepio, and atmosphere correctedproduct. Therefore the synergistic LAI/FPAR algorithm must

canopy reflectances o, T (Qo), and A"™(Qy) find all pCPyo  have interfaces with MODIS/MISR reflectances product and

for which A(p)<h whereh is a configurable threshold valuethe MODIS land cover product. If the inverse problem has no

and solutions (i.e.Fi,=0), we assign a default value to (58) and a
_ _ = backup algorithm is triggered to estimate LAl using

A(p) :AO[FOvFO]"'Ar [V_(Qo).F(Qo)]+AA%hem(Qo),A(QO)E vegetation indices Myneni et al. 1997b]. Plate 1

demonstrates an example of prototyping of the LAI/FPAR

Any p[Py;, for which A(p)<h must be considered a candidatealgorithm with atmospherically corrected SeaWiFS (sea-

for a truep. Let us introduce a set of candidates for theiewing wide field-of-view sensor) data. The functionsand

solution as VA Were set to zero.

Given T o, T o(Qo), and A(Qo), it may be the case that
LAI algorithm admits a number of solutions, covering a wide
This set is subset d®,, and contains such from Py, for fange of LAI values. When this happens, the retrieved reflec-
which the leaf area index LAI=LAE is less than a given tances are said to belong to the saturation donkaipgzikhin
valueL from the interval [LyinGmin LiaGma] @and A(p)<h. The et. al, this issue], being insensitive to the various parameter
5t Q(LmadOmax. Poio) CONtains allp[J Py, for which a canopy values ofPy,. Under this condition, the function (57), which
radiation model generates output comparable with measuf@@gcribes the number of times a solution has a particular LAI
data. value, will appear flat over the range of LAI, illustrating that

In order to quantify acceptable candidates for the solutiof!® solutions all have equal probability of occurrence. Here
we introduce measures (distribution functions) defined on tée Skip a description of this situation and how this situation

setPy;, as follows Knyazikhin et. al this issue]. The subset c&n .be quantified.. qu detgils .of thesg results as well as a
Py is represented as a sum of nonintersected subsets precise mathematical investigation of this approach and some
numerical examples illustrating its various aspects, the reader

is referred toKnyazikhin et. al.this issue].

I-mln @mln

Q(L; Pyio) ={p0PRyo : LAlg g <Land A(p)<h}.

N
Phio :U Poiok:  Poiok M Fhio,j =L, K# |
k=1

8. Description of Synergistic FPAR Retrieval
Let N(L;Pyio) be numbers of subsel,, « containing at least
one element from the s€{L;P,,). As measures dD(L;Pyi),
we introduce biome specific functidh,(L) as

It follows from (29) and (32) that the fractional amount of
incident photosynthetically active radiation (PAR) absorbed
by the vegetation canopy (FPAR) can be evaluated as

Fbio(l-) = lim N(L; PbiO) . (57) 700nm
N - N(Lmax [max: Phio) FPAR(bio, p) = OLaHem(Qo)e(A) da
400nm

The subsePy.,x specifies a set of canopy realizations whose ) .
range of variation is “sufficiently small.N(LmaGmaxPsio) iS = Qps(bio, LAI,Qg) + Qua(bio, p,Qq),  (59)
total number of solutions df(p)<h; N(L;Py,) is the number

of these solutions when the leaf area indexg[dAs less then where
a given valueL in the interval [in@min Lmaxd@mad. The 700nm
function (57) is the LAI conditional distribution function Qps(bio, LAI, Q) = dLaBE,T(Qo)e(/\)d/\, (60)
provided p[Py, and A(p)<h. Note that the function (57) 400nm
depends orL, A™™(Qq), To T (Qo), and A™MQy). The Qa (bio, p, Qo)
value
o Paet ()

= ag, (Qo)——2 2 themdgiydy (6]
mLm W 1 et Mrga

32272



KNYAZIKHIN ET AL.: SYNERGISTIC MODIS-MISR LAI&FPAR ALGORITHM

700nm

9. Theoretical Basis of NDVI-FPAR Relations

The measured spectral reflectance data are usually
compressed into vegetation indexes. More than a dozen such
The Q,s term describes the absorption within the canopy foriadexes are reported in the literature and shown to correlate
black-soil condition, andQ® term describes the additionalwell with vegetation amountTucker,1979], the fraction of
absorption within the canopy due to the interaction betwe@tsorbed photosynthetically active radiatioksrar et al,
the ground (soil and/or understory) and the canopy. Het®84], unstressed vegetation conductance and photosynthetic
pOP,; eis the ratio of the monochromatic flux incident at th€apacity Bellers et a| 1992], and seasonal atmospheric
top surface of the canopy boundary to the total downwagdrbon dioxide variationsTucker et al 1986]. There are

aq,)\ (QO) ['E\;

40‘0[1m tq‘A (QO

*M(Qo) ~rien (Q)[e(A)dA . (62)

PAR flux which can be expressed as some theoretical investigations to explain these empirical
hem regularities Yygodskaya and Gorshkavi987;Myneni et al,
o) = Eopner (Qo) 1995a;Verstraete and Pinty1996]. Results from the previous
700nm ' section allow us to relate the vegetation indexes to the
Eoa€l™(Qq) dA fundamental physical principle, i.e., the law of energy
400nm conservation. Here we consider the normalized difference

. . . . vegetation index (NDVI) whose use is included in the
whereE,, is the solar irradiance spectrum that is known fOI[AI/FPAR retrieval algorithm

all wavelengths;ef*™ is the normalized incident irradiance

Let us consider NDVI defined as
defined as the ratio of the radiant incident on the surface to

Eo, [Diner et al, 1998a]. The mean over thog@Py;, which Ahem — AEem
passed the tedi(p)<h is taken as the estimate of FPAR, i.e., NDVI ZW’ (63)
B
Np
FPAR;, :iz FPAR(bio, p), where A™ is the BHR or DHR, andr and 3 are near-IR
Np =1 and red spectral wavebands, respectively. These variables are

hereNs is th b ¢ lizationiSP ) a function of Sun positiol2,, but this dependence has been
\t/r\:.e:e tP \I/?/h € ?# m gr 0 CaTOth re.a |zzi(|)opit§h bio :C)asi:g suppressed in the notation of this section. For the sake of

IS test. en there Is no solution .('B"“’_ ). .e aigori m simplicity, we consider the NDVI for the “black-soil” problem
defaults to a NDVI-FPAR regression analysis to obtain g s problem.” It follows from equations (48), (47), and

estimate of FPARI\ﬂyne.nl et 8."' 1997b]' 846) that equation (63) can be rewritten as
The normalized incident irradiance and the BHR are pro-

vided by the MISR instrument at three spectral bands within DV = k(a, B)a(B) - m(a, B)t(B) (64)
the PAR region. We assume a piece-wise linear variation in 2r(B) +k(a, B)a(B) - m(a, B)t(B)

these variables over regions [446, 558 nm], [558, 672 nm],

and a constant over regions [400, 446 nm], [672, 700 nn¥yhere

Substituting these piece-wise linear functions into_(59) and 1-¥0a(B) 1-w(@)
(62), one can express FPAR as a functioresh and A"™", k(a,B) =1~ r— . ;
[Diner et al, 1998a]. Note that the dependence of FPAR on Voa(@) “(F)
ground reflection properties is included ia™™ which is 1- o, (B)
provided by the MISR instrument; that is, expression (59) is a m(a, B) = m -

it

function of the biome type, Sun position, ground cover, mean
leaf area index of an individual plant, and retrieved BHR.  Here . andy, are defined by equation (49) wikeK, (for

. If only MODIS observations are.avallable for a givertanopy absorptance) arkEK; (for canopy transmittance),
pixel or the MODIS-only mode is executed)) is regpectively. Here the ratio between the leaf spectral

approximated by reflectance and the leaf albedo is assumed to be constant with
_ E, (5200°K) respect to wavelength, and so it is excluded from the
eA) =sgom argument list of. After simple transformations, one obtains
[ Ex(65200°K) NDVI =a(B8) B(s, 5.5 5 ).
400nm

where the functio® has the following form

k(a,B) - m(a, B) Ix

where E,(T) is the Planck functionKondratyey 1969, p.
230]. In this case, th@" term is a function of the biome type,

Sun position, ground cover, mean leaf area index of an indi- s ¥) = 2y +k(a,B)-m(a,B) X’
vidual plant, and pattern of the effective ground reflectance.

Expression (61) is used to evaluate this term. Qpeand Q" _t(B) _I(B)
terms are precomputed and stored in the look-up table. Pap)’ ap)
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Thus NDVI is proportional to the canopy absorptance at thexpress the angular and spectral signatures of vegetation cano-

red band. It follows from Eqgs. (46) and (64) that pies in terms of the energy conservation principle. It allows
104 (B) 1 w(A the design of an algorithm that returns values of LAl and
a(A) = 0a w(A) a(B) FPAR which provide the best agreement not only to measured
1-y0a(A) 1-w(B) data but which also conform to the energy conservation law.
_1-v0a(B) 1-w(A) NDVI Since the algorithm interacts only with the elements of the
_1‘Vo,a(/\) 1-w(B) B(St,ﬁvsr,ﬁ). LUT, its functioning does not depend on any particular

canopy radiation model. This flexible feature allows the use of
Let &(A) be the ratio of monochromatic radiant energy inciderihe best canopy radiation models for the generation of the
on the top surface of the canopy boundary to the total PART.
flux. Integratingel@ over the PAR region of solar spectrum,

we get Appendix
FPAR=kMDVI, A rather wide family of canopy radiation models include
where the following steps in their formulation:
1. The attenuation of direct and diffuse incident radiation
00 i isfi i
— 1 \ 1-Yoa(B) E( 1- w(A) o d/\g L, o is evaluated. It satisfies the equation
6lsp.5.5) 1-0(B) Hl 1-v0a(h) H Qe+ 0Ly, Q) +0(, ALy o(r Q=0 (A

fa_\nd boundary conditions (14)-(16). The solution of this
boundary value problem can be explicitly expressed in many
practical cases. Here is the total interaction cross section
gfined as

Thus if the canopy ground is ideally black, FPAR is propo
tional to NDVI. The factor of proportionality depends on the
ratioss g ands, s the coefficientK, andK;, and the leaf al-
bedo at the red and near-IR spectral bands. A relationship g
tween NDVI and FPAR which accounts for the soil contribu- o(r,Q) = G(r,Q)(u, (r))
tion can be derived from equation (27) in a similar manner.

Other types of vegetation indexes can be derived in an analo- 2. The upward once-scattered radiatign is evaluated. It
gous way. satisfies the equation

Qe 0Ly 1(r, Q)+ 0y (r,Q)L,1(r,Q)
<U|_ (r)>bio

T

o - (82

10. Concluding Remarks

This paper presents the theoretical basis of the algorithm =
designed for the retrieval of LAl and FPAR synergistically
from MODIS and MISR data. A three-dimensional formula- o ]
tion of the radiative transfer process is used to derive simgtgd the vacuum boundary condition; that s,
but correct relationships between spectral and angular biome- Lya(r,Q) =0, roov, Qen, <0,
specific signatures of vegetation canopies and the structural
and optical characteristics of the vegetation canopies. Howhere n is the outward normal at poimtJéV. The total
ever, these relationships are not directly used to obtain tiieraction cross-sectiom is defined as
best fit with measured spectral and angular canopy
reflectances. Accounting for features specific to the problem 01(r.Q) = p(r,Q,QO)G(r,Q)<uL (r))
gcﬁ(ij(lqitlevse t;aer:/seflii)e'r(; pliint :ngglres’regitoa:dogesglwezﬁv}erep is the bidirectional gap probability (section 2). This

. o . ; . . n val roblem allows for an explicit solution in
atmospheric physics in the retrieval algorithm. This technlqubeOu dary alue p ope afiows for-an expiicit solutio
any practical situations.

allow: t xplicitl rate the contribution of : . . .
ows us fo explctly —separaie  the - col .b on o 3. The multiply scattered radiance is evaluated by solving
soil/understory reflectance to the exitant radiation field, t )
. . . . ﬁle transport equation
relate hemispherically integrated reflectances to optica
properties of phytoelements and to split the complicate@ e« L, \; (r,Q) +o(r,Q)L, u (r,Q)
radiative transfer problem into several independent simpler
; ; <u|- (r)>bio
subproblems, the solutions of which are precomputed and=
stored in a form of look-up table, and then used to retrieve
LAl and FPAR. The solutions of the subproblems are
components of various forms of energy conservation principle. -
ompo 0 ousto 0 gy cons onp Piith the boundary conditions expressed by
(e.g., canopy transmittance and absorptance of a vegetation
canopy bounded by vacuum on all sides). They are determined Lym(r,Q)=0, Qen, <0,
from general properties of radiative transfer and are
independent of the models used to generate the LUT. Thus we
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