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ABSTRACT 

A particle/radiative transport theory widely used in nuclear engineering was 

applied to investigate photon transport in layers of land surfaces which consist of 

vegetation and soil for application to optical remote sensing. A numerical simulation 

code has been developed for three dimensional vegetation canopies to compute reflected 

radiation by the canopy-soil systems. The code solves a discretized form of the linear 

Boltzmaim transport equation using an Adaptive Weighted Diamond-Differencing and 

source iteration method. Sample problems demonstrate variations of reflectance spectra 

of vegetation canopies as a function of soil brightness and leaf area index, and also 

indicate a pattern of spectral variations induced by the soil brightness changes. 

Special attention has been paid to the variation patterns of canopy reflectances, 

known as vegetation isolines. Mathematical expressions of vegetation isolines, called 

vegetation isoline equations, are derived in terms of canopy optical properties and two 

parameters that characterize soil optical properties called soil line parameters. Behavior 

of vegetation isolines is analyzed using the derived equations as a function of leaf area 

index and fractional area covered by green-vegetation. The analyses show certain trends 

of the behavior of vegetation isolines. The vegetation isoline equations are then applied to 

investigate the performance of two-band vegetation indices and to estimate the effects of 

the soil line parameters. It is concluded that the vegetation isoline equations are useful for 

investigating patterns of canopy reflectance variations and the effects of these patterns on 

vegetation indices. 
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CHAPTER 1. 

INTRODUCTION 

1.1. Applications of Nuclear Engineering Methods 

Nuclear engineering has been intensively developed and explored for more than 

half a century and its research area encompasses many branches of other engineering and 

scientific disciplines. Since many areas of study are involved in the completion of certain 

tasks, for example building and operating a nuclear power plant, nuclear engineering is 

truly an interdisciplinary field. 

In recent decades, because of its interdisciplinary nature, advancements in nuclear 

engineering technology have affected not only its own industry and research community, 

but other areas of study as well. In fact, technologies originally developed for nuclear 

engineering applications are commonly applied to many fields, including medicine, space 

science, material science, and so on. Some major techniques of nuclear engineering 

applied to other areas are related to the concept of'source-object-detector,' which is the 

most common problem encountered in this field. 

One unique example of such nuclear engineering technologies (applied to the 

'source-object-detector' type problem) may be the application of computational methods 

to the detection of land mines. With the use of a shape restoration technique based on the 

Compton backscatter imaging technique (Watanabe et al., 1996), buried land mines can 

be located. The basic idea of using the Compton backscatter imaging technique is to 

measure the photons scattered backward firom the buried land mines to a probe which is 

equipped with an X-ray beam source. Photon transport in soil layers, with or without a 

plastic land mine buried at a certain depth, is simulated to estimate enhancement of 

backscatter photons when a plastic land mine exists. A simplified radiative transfer model 
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is then used to establish the shape restoration technique (which is categorized as an 

inversion problem of radiative transfer). A Monte Carlo particle/radiative transport code, 

MCNP (Briesmeiseter, 1993), is used to model the photon transport in soil with a buried 

land mine in order to validate the technique. 

This dissertation focuses on a relatively new area of application, specifically in 

the optical remote sensing of land surfaces. One may notice the analogy of the source-

object-detector situation in this application, where the sun is deemed a source, 

atmosphere-vegetation-soil layers are objects, and an on-board sensor is the detector. 

Similar to the previous example, the ultimate goal of satellite remote sensing is to 

identify physical and physiological parameters of objects on a target surface. 

Achievement of this goal should enable us to better understand, predict and assess global 

environmental changes and their consequences for ecological systems. It may lead us to 

prevent potential natural disasters that can produce irreversible damage to the Earth's 

ecosystems. 

Application of transport theory to remote sensing is not new. The first notable 

effort in this application was the work done by Ross in 1975 (translated into English in 

1980) entitled The Radiation Regime and Architecture of Plant Canopies. Ross attempts 

to formulate radiative transfer in plant canopies as a one-dimensional problem in 

mathematical physics. Since then, numerous works have been done to solve the adapted 

radiative transport equation both analytically and numerically. Some of these attempts 

make use of widely accepted solution techniques developed for nuclear engineering 

applications. One such numerical technique is the discrete ordinates method, first applied 

by Shultis and Myneni to solve the adapted radiative transport equation. Shultis and 

Myneni (1988) successfully applied the method to obtain detailed information of photon 

transport in vegetation canopies. Ganapol (1990) and Ganapol and Myneni (1992) 
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applied an analytical solution method, known as the FN method, to accurately estimate 

the reflected and transmitted radiation intensities from a canopy-soil system of layers. 

Ganapol et al. also applied the method to estimate leaf optical properties by inverting the 

radiative transfer model from measured reflectance and transmittance data (Ganapol et 

al., 1998). In one of the most recent works, Knyazikhin et al. (1998a and 1998b) applied 

nuclear reactor theory to derive relationships between spectral leaf albedo and canopy 

absorptance (also transmittance and reflectance) effectively for purposes of retrieving leaf 

area index (LAI) and fraction of absorbed photosynthetically active radiation (fAPAR) 

from remotely sensed reflectance data. The Myneni's 3D canopy model (Myneni et al., 

1992a) was used to invert the data. These works indicate the potential of applying some 

nuclear engineering techniques to explore optical remote sensing in various ways. 

1.2. Radiative Transfer Models for Vegetation Canopies 

For the optical remote sensing of land surfaces, models are used in many ways. 

They can provide detailed information of observed physical phenomena and may be able 

to provide explanations of these observations. Models provide information that might be 

impossible to obtain from experiments. Also models are used to predict a system's 

behavior as a function of various parameters so that one can avoid trial and error 

experiments by simulating expected system conditions prior to an actual measurement or 

observation. It may be useful to reduce costs and risks associated with experiments and to 

design new measurement instruments to achieve certain goals. In nuclear engineering, it 

is often a prerequisite to mock-up experiments with simulation codes to ensure both the 

safety of procedures and the validity of the experiments especially when a nuclear reactor 

and/or strong radioactive materials are involved. One should estimate the following 

before any actions can be taken: the critical mass of nuclear fuel and control rod positions 
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to reach its criticality under certain conditions, the effects of instruments inserted into or 

near a nuclear reactor core for experiments on criticality, the amount of exposure (and 

shielding) from radiation sources, and the transient behavior of the reactor resulting from 

perturbations during the experiment. The necessity of the development of simulation 

codes is related to more fundamental needs. In order to estimate system parameters from 

observations, one must solve inversion problems. In most of the cases, the solution to the 

direct (forward) problem is a prerequisite to an inversion of the measured reflectance 

data. 

Much research has been performed to develop radiative transfer models in 

coupled systems of atmosphere-canopy-soil layers. There are four categories of models 

(Goel, 1988): 1) geometrical models, 2) turbid medium models, 3) hybrid of geometrical 

and turbid models, and 4) stochastic models (using the Monte Carlo method). Some 

models are used not only to study the details of photon interactions within the systems, 

but also for inversion of a given set of measured reflectance data. 

Geometrical models consider geometrical objects or protrusions of prescribed 

shapes and dimensions such as cones and cylinders on a ground surface. The optical 

properties of these objects, such as transmittance, reflectance and absorptance, are 

assimied to be known. In order to determine the reflectance from these objects, both 

illuminated and shadowed areas are analyzed. The multiple scattering of the photons is 

often neglected; these models are not entirely adequate for a dense canopy. 

In turbid medium models, the canopy is assumed to be a bulk of small 

scattering/absorbing centers homogeneously distributed within a volume. These 

scattering centers have known optical properties. Also the leaf distributions and 

orientations are assumed to be specified as certain functions. In these models, the 

equations governing the radiative transfer in vegetation canopies are solved either 
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numerically or analytically. The use of deterministic solution techniques distinguishes 

this method from the stochastic model mentioned below. These methods generally 

neglect leaf size, leaf thickness and distance between individual leaves. Both one-

dimensional and three-dimensional canopy radiative transfer models have been 

developed which are more successful in simulating dense canopies. One of the objectives 

of this research is to develop a three-dimensional model in this category. 

Hybrid models assume geometrical objects, while taking into account multiple 

scattering so that this metliod is more suitable for the canopies which are neither dense 

nor sparse. One important difference firom the turbid medium models is that the hybrid 

models do not attempt to find solutions that satisfy the transport equation for the whole 

system, but use the solutions of transport equations that satisfy only parts of the system. 

Stochastic models use the Monte Carlo technique to trace the transport of each 

photon one by one within the canopy until it is absorbed or leaks out from the system. 

These models basically can account for precise conditions of the systems, such as 

location, direction, size of each vegetation element and so on. Although these models are 

computationally demanding, parallel computation renders these models more affordable. 

The Monte Carlo method, however, is virtually impossible to use for inversion. 

One of the purposes of this research is to develop a three-dimensional turbid 

medium canopy model based on the transport theory modified by Shultis and Myneni 

(1988) for vegetation canopies. The same class of code has been developed by Shultis 

and Myneni (1988) for one-dimensional problems, and later modified by Myneni et al. 

(1992a) for three-dimensional problems. The development of another code is still 

valuable for several reasons. As indicated by Hatton (1997),"... realizing that the 

problem (of coding errors) exists is an important first step." Having several different 

codes, which treat the same problems, can improve the accuracy as a whole by simply 
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comparing results. There is often more than one code that treats similar types of problems 

in the nuclear engineering area including three-dimensional deterministic transport codes, 

such as TORT developed by Oak Ridge National Laboratory (Rhoades and Azmy, 1995) 

and THREEDANT from Los Alamos National Laboratory (Alcouffe et al., 1995). These 

codes are used against each other for benchmarking to ensure the code quality and 

capability. Other three-dimensional neutral particle transport codes exist: ATILA 

(Wareing et al., 1997), DANTE (Morel et al., 1997), PENTRAN (Sjoden, 1996), 

TRITAC (Yamamoto and Takeda, 1997), NSHEX (Sugino and Takeda, 1996), EVENT 

(de Oliveira and Goddard, 1997), and so on. In addition, there are many stochastic codes, 

such as MCNP from Los Alamos National Laboratory and ITS from Sandia National 

Laboratory. Although the purposes and methods of these codes may be similar, every 

code has unique features and options. 

For three-dimensional canopy modeling, although some three-dimensional codes 

exist, only the one developed by Myneni solves the full radiative transfer equation with 

an appropriate scattering phase fimction deterministically. The other three-dimensional 

models are DART (Gastellu-Etchegorry et al., 1996) as a turbid medium model, BIGAR 

(Norman and Welles, 1983), TRIM (Goel and Grier, 1987), and Grier, Kimes-Kirchner 

model (Kimes and Kirchner, 1982) as hybrid models, Li-Strahler model (Li, 1981) as a 

geometrical model, and Ross-Marshak model (Ross and Marshak, 1987) as a stochastic 

model. 

1.3. Vegetation Index and Vegetation Isoline 

Much effort has been devoted to estimating physical and physiological parameters 

of vegetation from remotely sensed data. This effort has contributed mainly two types of 

inversion methods: one is a direct inversion of the radiative transfer code (in most cases 
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numerically), and tfie other is extraction of vegetation signals by transformations of 

spectral data. The former method uses radiative transfer (RT) models to invert a given set 

of measured data. This approach is straightforward and can provide more complete 

information. However, the method is computationally too demanding for routine use. In 

contrast, the use of transformations of spectral data (known as vegetation indices) is 

much simpler from an operational point of view but provides less detailed information. 

The main problems in this approach are the difficulties associated with the separation of 

canopy reflectance signals from other signals and the interpretation of the values obtained 

in the transformations. An inherent difficulty is that the contribution of signals other than 

from the vegetation canopies is often as large as those from canopies. For the purpose of 

estimating vegetation parameters, background soil and atmosphere are the source of 

undesired signals (noises). We must remove these contributions in order to properly 

retrieve vegetation parameters. It is an extremely difficult task without prior knowledge 

of their optical properties. 

In recent years, researchers have discovered that important information can be 

obtained from measured data such as the relationship between red and near infrared 

(NIR) reflectance of the mixture of vegetation and soil reflectances, known as the 

vegetation isoline or the greenness lines (Huete et al., 1985; Huete, 1989). A vegetation 

isoline is defined as a set of reflectance points representing the same optical properties of 

the canopy (constant canopy) with different background brightness conditions (e.g., 

bright or dark soil). One of the main objectives of this dissertation is to investigate the 

vegetation isolines from a radiative transfer point of view. 
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1.4. Objectives 

This dissertation has two main objectives. The first is to develop a three-

dimensional turbid medium radiative transfer code to simulate photon transport in a 

vegetation canopy. A numerical solution method developed and intensively used in 

nuclear engineering is applied to solve the radiative transfer equation based on the theory 

by Ross (1981) for a vegetation canopy which was later modified by Shultis and Myneni 

(1988) for use with the discrete ordinates method. In the past we have developed a similar 

code for a different purpose, the simulation of coupled electron-photon transport. The 

techniques implemented in this code are applicable to canopy modeling. Thus, the overall 

objective is to adapt the electron-photon transport code to the canopy model. As is true in 

most of the current production and research codes, the development of this code is 

expected to be a long term project because of so many potential features and options that 

can be implemented in the future. However, there are two fimdamental portions of the 

code: the portion strongly related to the generic transport theory that the code is based on, 

and the one which characterizes the generic numerical nature of transport codes (e.g., 

discrete ordinates methods). Thus these portions are rarely changed for future 

applications unless one wants to replace the numerical method with another. The 

establishment of transport fundamentals should always be done first. The following four 

sub-objectives are placed under this objective; 1) to siunmarize the transport theory the 

code is based on, 2) to explain the algorithms and techniques utilized by the code, 3) to 

establish the fundamental procedures for preparation of cross sections and sources, and 4) 

to implement the algorithm for the numerical solution of the transport equation in 

vegetation canopies. 

The second objective is to investigate the vegetation isoline, which is key to 

optical remote sensing of land surfaces. Despite many indications of its usefulness for 
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inversion purposes, few investigations have been undertaken. V/e approach this problem 

by applying a representation of the adding method. The sub-objectives are to derive, 

analyze and apply the vegetation isoline equations. Among the many possibilities of 

applications, we focus on the vegetation index since this is one of the operational 

inversion techniques used in satellite remote sensing. The radiative transfer model used 

for these purposes is a one-dimensional canopy model widely used in the area of optical 

remote sensing. The reason for choosing this code rather than a current three dimensional 

code is to eliminate possible problems caused by the RT model itself rather than the 

methods and techniques introduced and tested in these chapters. 

1.5. Organization 

In chapter 2, a three-dimensional radiative transfer code is developed. Starting 

from the linear Boltzmann transport equation, we explain the cross sections assumed in 

the model, discretization of the transport equation, the implemented numerical 

techniques, and the computational flow. 

Chapter 3 is devoted to the derivation and demonstration of the vegetation isoline 

equation. A technique to derive and numerically obtain vegetation isoline equations in 

red-near infrared (NIR) reflectance space for homogeneous canopies is proposed. A 

canopy radiative transfer model, using an expression of the adding method to represent 

canopy reflectance, is utilized with truncation of the higher order interaction terms 

between the canopy and soil layers. This technique consists of two simulations: one with 

a perfect absorber as canopy background and the other with an arbitrary background in 

order to estimate the canopy optical properties necessary for the determination of the 

isoline parameters. These cases are independent of the soil optical properties at any 

specific site; hence, the results can be used to construct the vegetation isolines for any 



21 

type of soil. A set of simulations is performed using a widely used canopy model, SAIL 

(Verhoef, 1984), to demonstrate the derived vegetation isoline by the proposed technique. 

We choose the SAIL model rather than the developed three-dimensional model in order 

to verify the derivation and technique. 

The vegetation isoline is analyzed as a function of leaf area index and percent 

green cover. The characteristic behavior of the vegetation isoline is analyzed by focusing 

on its three properties: slope, NIR-intercept and intersection between the isoline and the 

soil line. These properties are the key factors for understanding variations of vegetation 

index with change of background brightness. The analyses are conducted based on the 

derived vegetation isoline equation. The isoline parameters, slopes and NIR-intercepts of 

vegetation isolines are also obtained numerically. Some of the known characteristics of 

the vegetation isoline are simulated and analyzed in detail. 

In chapter 4 the derived vegetation isoline equation is applied to investigate 

inherent variations of the two-band vegetation indices. The vegetation indices reveal their 

own variation pattern against changes of background soil brightness. Those inherent 

variations of two-band vegetation indices against the soil brightness are derived and 

analyzed using the vegetation isoline equation for eight different indices. The derivation 

includes three forms of their variations: 1) representation of the indices as functions of 

only the red reflectance for fixed vegetation optical properties, 2) partial derivative of the 

indices with the red reflectance as a measure of the rate of change against the variation of 

soil brightness, and 3) logarithmic derivative of the indices for comparison of their 

inherent variations among the indices. Numerical demonstrations are provided and 

analyzed systematically for a number of model cases. 

In chapter 5 we conclude this dissertation with a discussion of implications for 

future work. 
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CHAPTER 2. 

DEVELOPMENT OF A THREE-DIMENTIONAL DISCRETE-ORDINATES 

RADIATIVE TRANSFER CODE FOR VEGETATION CANOPIES 

2.1. Overview 

This chapter focuses on the development of a three-dimensional discrete-ordinates 

radiative transfer code to model radiative transfer ui the system of canopy-soil layers. The 

simulation of radiative transfer in a canopy can give a large amount of information such 

as reflectance and transmittance of a canopy as a function wavelength, radiation intensity 

at any point of the medium, and absorption rate by the vegetation canopy. Various kinds 

of parameter studies are also possible by simply changing input parameters of the model. 

It is also quite useful to model certain situations within a range of target parameters prior 

to performing research, for example, to predict expected responses of instruments. 

The discrete ordinates method (DOM) has been widely used in the nuclear 

engineering to model neutral particles transport which are mainly neutrons and photons, 

and charged particles including electrons and heavy particles. Many codes using this 

method have been produced for both research and production purposes, and hence widely 

accepted. Unlike problems in the nuclear engineering, photon transport in the vegetation 

canopy is characterized by rotationally variant scattering functions, which prevent using 

differential scattering cross sections expanded in the Legendre polynomials. This 

scattering feature results in photon scattering of diffuse and specular reflection for each 

leaf, the distribution of whose surface normal follows certain prescribed functions. 

Realistic scattering transfer functions were proposed by Shultis and Myneni (1988), and 

implemented with rotationally variant scattering cross sections into a one-dimensional 

(for spatial variable) two-angle discrete-ordinates code. In a three-dimensional context, 

two codes have been reported by Myneni et al. (1992a) and Gastellu-Etchegorry, et al. 
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(1996) using DOM. The main difference between these two codes is the treatment of flux 

distribution within the computational cells. The former code uses the diamond-difference 

approximation (DD), which approximates a cell center flux as an average of cell edge 

fluxes, meaning linearly decreasing (or increasing) fluxes within a cell. It has been shown 

that this approach has second order accuracy in the spatial variables (Lewis and Milller, 

1993), It especially gives accurate results when a cell width is much smaller than the 

mean free path of the photon within the material. Latter codes use response functions 

(scattering and transfer functions within a target cell) to approximate the outgoing flux 

from the target cell to the adjacent cells. Both codes successfully produce promising 

results for complex three-dimensional canopies. We follow the former approach, using 

the discretization of the spatial variables x, y and z to reduce the transport equation to the 

system of linear equations to be numerically solved. 

The organization of this chapter is as follows. First, the theory of radiative 

transfer is explained by following the previously developed theories (Ross, 1981; Shultis 

and Myneni, 1988; Goel, 1988; Myneni, 1988; 1989; 1992a; 1992b), including photon 

interaction cross sections (coefficients) which represent canopy optical properties. To 

cast the theory into the discrete ordinates method, the discretization of angular variables 

and positional variables are described. A numerical technique, called adaptive weighted 

diamond differencing scheme (AWDD), is then detailed. Separation of photon fluxes into 

uncollided and collided fluxes is helpful to increase computational efSciency and to 

avoid unphysical flux oscillations known as ray effects. The first collision source method 

(FCS) is then derived for this purpose. Code implementations are then discussed, 

including the source inner iteration scheme, transport sweep, the computational flow of 

the code, memory requirements and management strategy. At the end of this chapter, we 
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demonstrated some results for comparisons with the results reported by Myneni et al. 

(1992a). 

2.2. The Linear-Boltzmann Equation for Vegetation Canopies 

Photon transport in vegetation canopies is governed by the (gray) linear-

Boltzmann transport equation, where the steady state radiance distribution function 

(|»( r ,Q,X) at any given wavelength in the absence of polarization and inelastic scattering, 

within a heterogeneous medium is written as 

[Q • V + a, (r, Q, X)](j)(r, Q, ?t) = |^ a, (F, Q' -> Q, X)^ir, Q', A.)i/Q' + ̂ (r, Q, X), (2.2.1) 

where 

(t»(f,Q,X) = the radiance distribution function (Wm"^st*'mn'') which represents the 

amount of energy transferred per unit area at position f per sec per steradian (st) per unit 

wavelength at a wavelength of A,. 

cr,(r,Q,X) = the total interaction cross section (m*') or simply the total cross section, 

representing the number of interactions per unit distance of travel of a photon moving in 

direction Q at wavelength X at position r per second. 

CT,(r,Q'-> Q,A,) = the differential scattering cross section (m"'sf'), representing the 

number of scattering events per unit distance of travel of a photon changing direction of 

motion from Q' to Q per solid angle at wavelength X at position r . 

q ( f ,Q ,X)  =  the intemal source of radiance (Wm*^st*'rmi''), emitted with its direction Q 

per unit wavelength at wavelength A. at position f. 

CT, (r,Q, A.) can also be written as a sxim of the absorption cross section and the 

integrated scattering cross section (the total scattering cross section). 
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a, (r, Q, X.) = (r, Q, X.) + CT, (f, Q, X.), (2.2.2) 

where 

CT,(r,Q,X) = the total number of scattering interactions per unit distance of travel of a 

photon moving in Q at wavelength X at position f, which is obtained by integrating the 

differential scattering cross section over the entire solid angle, 

CT,(f,Q,X) s |_^CT,(r,Q Q','K)dSl', (2.2.3) 

and 

CT^(r,Q,X) = the number of absorption interactions per unit distance of travel of a photon 

moving in direction Q at wavelength X at position r . 

Eq. (2.2.1) is solved with incoming radiation from the surface as its boundary conditions 

of the form 

(|.(r„aX.) = /o(r„>.)6(n-Qo) + //n.aX), (2.2.4) 

where f, belongs to the surface at the top of canopy. Is represents the intensity of mono-

directional radiance from the direct sunlight at the top of the canopy, and Id represents the 

diffuse component of radiance at the top surface. Since the soil surface attached to the 

canopy bottom is assumed as a Lambertian surface, the boundary condition at the bottom 

of the canopy (r^) is written as, 

(j»(^,n,?i) = — f p,(^) I I <j)(^,f2', A,)c/iQ' (for Q in the upper hemisphere), (2.2.5) 
71 •«®-

where Q„ is the surface normal, ^ belongs to the bottom surface of the canopy layer and 

p,(X) is the soil reflectance (0 < pj(X.)^ 1.0). Eq. (2.2.1) is to be solved with boundary 

condition given by Eqs. (2.2.4) and (2.2.5) and a given set of cross sections used in Eq. 

(2.2.1). There are maiiJy three physical quantities that characterize the radiative transfer 
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in a canopy (Goel, 1988). One is the set of cross sections which represents optical 

properties of a canopy and the geometrical distribution of these cross sections which 

represents the structural properties of a canopy. Canopy optical properties are functions 

of leaf optical properties (e.g. leaf transmittance and reflectance) and leaf architecture 

(e.g. distribution of leaf normals). The second is the boundary conditions representing 

incoming solar radiation into the system. Not only the strength but also the ratio of direct 

to dififuse component radiation affects the results of the transport equation. Finally, the 

third quantity is the geometrical configuration of a canopy on canopy architecture. This 

includes plant size, shape, distribution within a target area and so on. In the next three 

sections, we focus on the cross sections that characterize the radiative transfer in a 

canopy. 

The variables we are interested in are the hemispherical-directional reflectance 

factor and the bi-hemispherical reflectance defined as the followings (Nicodemus et al., 

1977; Knyazikhin et al., 1998a). The hemispherical-directional reflectance factor 

(HDRF), p(/; ,Qo ^ , is the ratio of the radiance exiting the top of the canopy to the 

radiance reflected from an ideal Lambertian target under the identical viewing direction 

and illumination condition 

p(r,,aA.) = -^ ^ (2.2.6) 
-f |Q'-QJ(j)(f„n',A.)t/fi' 
71 

where is the unit vector normal to the surface. l/7t factor in the denominator 

corresponds to the radiance of the ideal Lambertian surface caused by the unit magnitude 

of in-coming radiant source. Note that the total amount of the exiting radiance (exiting 

current) by the Lambertian surface for the unit input then becomes unity by integrating 

over the upper hemisphere 
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f = (2.2.7) 
*"+71 

The bi-hemispherical reflectance (BHR), , is defined as the ratio of the radiance 

exiting (total exiting current) to the incident radiance (Knyazikhin et al., 1998a) is then 

f |Q'.nj(|)(f„n')f/n' 
RiKA) = -^ . (2.2.8) 

jn-n, 

In addition, we define two more variables which will be used in the later chapters. 

Similar to the HDRF and BHR, the hemispherical-directional transmittance factor 

(HDTF) and the bi-hemispherical transmittance (BHT) are defined as 

nr, .n) = , (£2 € 2it-), (2.2.9) 
i f  
n 

f |Q'-C2J(t)(r„Q')c/Q' 
• (2.2.10) 

I |n'-nj(|)(r„Q')JQ' 

2.3. Scattering Phase Functions and Interaction Cross Sections 

This section describes the total cross section, differential and total scattering cross 

sections and absorption cross section for a vegetation canopy. The basic concept of the 

formulation is to find a weighted average of an interaction of a single leaf by using a 

given set of distribution fimctions of the leaf orientation. There are a few key fiinctions 

and variables to be prepared prior to the determination of these cross sections. We first 

define these fimctions and variables. 

The magnitude of the cross sections strongly relates to the number of leaves 

within a unit volume of material, which is represented by the leaf area density 

distribution, u/,( r ), defined as the amount of the one-sided leaf area per unit volume. The 
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cross sections are functions of photon direction since leaves have a certain pattern of 

inclination. The leaf inclination pattern is represented by a leaf angle distribution function 

(LAD) defined as 

g, (f,Q,) = leaf angle distribution function or leaf normal distribution function 

which is normalized to a unity over the upper hemisphere under the assumption that there 

are no leaves which are oriented downward, 

-5-f g,ir,Q,)dn,_=l. (2.3.1) 
2TC 

When a photon moving in direction Q enters the canopy, it interacts with leaves of 

different orientation defined by the above defined LAD function. The magnitude of the 

interaction of these photons relates to the total leaf area seen fi-om the direction Q which 

varies with the direction, and the LAD. This quantity is defined as the intercept function 

G(r,Q) = fraction of the total leaf one-sided area per unit volume perpendicular to Q, 

G(r,Q) = ̂ £ g,(^Q,)|Q, ,  (2.3.2) 

where the integration is taken over the upper hemisphere. The dot product, | • Q [, is 

needed because G( f ,Q) can be thought of as an averaged leaf area projected onto the 

surface perpendicular to Q. Using the total leaf area perpendicular to Q and the leaf area 

density distribution flmction, the total interaction cross sections can be defined as, 

CT,(r,j:2,X.) = w^(r)G(r,n), (2.3.3) 

which can also be understood as the total number of leaves that a photon moving in Q at 

position r at wavelength X encounters per unit distance of travel. 

The differential scattering cross section is a little more complex than the total 

cross section, since the re-distributions of an incoming photon by a scattering event are 
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different for the leaves facing different directions. Therefore, we need to account for the 

effects of all the directional scattering by all the leaves at certain positions, facing all 

du-ections in the upper hemisphere. The basic concept, however, is analogous to the 

construction of the total cross sections; an overall scattering is a weighted average of the 

scattering effects of all the leaf orientations using the LAD flmction as a weight. In order 

to determine the differential scattering cross section, we thus need a leaf scattering 

distribution function in addition to the LAD and the leaf density distribution function. 

The single leaf scattering cross section is defined as 

/(f, Q' n, , X)dQ. = probability distribution for a photon entering a single leaf 

whose normal is Qz., from direction of Q', and scattered into a solid angle dQ. about Q at 

wavelength of X. The differential scattering cross section for leaves of all orientations is 

then defined by 

a,(r,Q'^Q,?i) = ̂ £ g,(r,Q,)|r2, .  (2.3.4) 

We further define an area scattering transfer function or a phase function as 

-riF,n'-^Q,X) = ^[ •n\fiF,Cl'^Q,a„X)dn, , (2.3.5) 
71 2n *"* 

which is equivalent to the scattering cross section per unit leaf area density. Using the 

above definition, Eq. (2.3.4) is then rewritten as 

a, (r, Q' Q, A.) = r(r, Q' Q, >•) • (2.3.6) 
n 

Eq. (2.3.6) is useful because the magnitude of the probability of the scattering interaction 

(represented by the leaf density distribution function) is distinct from the phase flmction 

which describes the re-distribution of the incoming photon. Thus, we only need to change 

the leaf density distribution function, ui{r\ to compute the cross sections of leaves with 
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the same leaf angle distribution function by simply changing the ul{ r). For example, it is 

useful to simulate a canopy which has the same leaf angle distribution and a leaf 

scattering cross section, but a different leaf area density which is often a function of the 

distance from the ground. 

The total scattering cross section is defined by integrating the differential 

scattering cross section over the destination on the unit sphere, 

= [ r(r,Q->n',X)f/Q'. (2.3.7) 
7t 

From Eqs. (2.2.2), (2.3.3) and (2.3.7), the absorption cross section becomes 

(r, Q, >.) = a, (r, Q, A.) - a, (r, Q, X), (2.3.8) 

a<,(r,Q,A.) = M,(r)|^G(r,n) ^ • (2-3.9) 

Similar to the area scattering cross section, we can also define an area absorption and an 

area total scattering coefficients by normalizing Eqs. (2.3.7) and (2.3.8) with the leaf area 

density distribution function, 

= f r(^n->n',A.)f/Q', (2.3.10) 
u^{r) % 

c,(r,aA.) = -^2i^l^ = G(r,n)-i f r(r,Q^Q',?.)f/Q'. (2.3.11) 
M (̂/-) 71 

We then obtain the following normalization condition, 

c„ (r, n, X) + c, (r, Q, ?l) = G(r, Q). (2.3.12) 

The probability of a single photon absorbed by a single collision event then becomes, 

»..(r,n,X) = ̂ ^^^^and (2.3.13) 
G(r,n) 

(2.3.14) 
G(r,Q) 
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which also satisfy the following normalization 

H'^(r,n,X,) + M',(^i^A) = l- (2.3.15) 

Using these definitions, the absorption cross section and the total scattering cross 

section are represented by 

( F ,  Q, X) = u, (r)c^ (r, Q, X), (2.3.16) 

a, (r, n, A.) = Mi (f )c, (r, Q, X ) .  (2.3.17) 

These two equations and definitions of Ca and Cj lead to the original definition of the total 

cross section as, 

C T ,  ( r ,  Q ,  I )  =  c y j r ,  Q ,  X )  +  CT,  ( f ,  Q ,  X )  ^  ̂  ^  

=^u,(F)[c^ir,n,X) + c,{r,i2,X)] = Ut^(r)G(F,Q)' 

In summary, the cross sections in Eq. (2.2.1) are constructed by using only three 

functions, «£( r), g, {r,Q, ) and /(r,Q'-> Q,Q, ,A.) (Fig. 2.1). We first compute four 

useful functions: the total projected leaf area G( r ,Q) by Eq. (2.3.2), the area scattering 

phase function—r(r,Q'-^ Q,>,) defined by Eq. (2.3.5), the area total scattering 
7t 

coefficient Cs(F,Q,X) defined by Eq. (2.3.10) and the area absorption coefficient 

Ca(F,Q,X) defined by Eq. (2.3.11). Finally, the cross sections are obtained from Eqs. 

(2.3.3), (2.3.6), (2,3.16) and (2.3.17). The normalization of these coefficients can be 

performed by Eq. (2.3.12). 

In the next section, we explain details of leaf scattering distribution function 

/(r,Q'-> Q,Qi,X) that represents leaf optical properties, followed by the introduction 

o f  t h e  k n o w n  f o r m  o f  l e a f  a n g l e  d i s t r i b u t i o n  f u n c t i o n  g j ,  ( F ,  Q j , ) .  
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fir ,0:^0,0. u^(r) 

(2.3.2) 

(2.3.3) 

t • 

(2.3.5) 

G(r,n) r(r,n'^Q,;i) 

(2.3.6) 

c A r A X )  c ( r , Q . , X )  

(2.3.16) 

• t • • 

(2.3.17) 

t • 

cr,(r,Q,Z) a^ir,Q'^n,A) a^(F,Q,A) o-^(r,Q,A) 

Fig. 2.1. Schematic Diagram of the cross section constructions. 
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2.4. Leaf Scattering Distribution Function 

The photon scattering events by a single leaf form two categories; one is the 

diffuse scattering resulting from the photon penetration into the leaf, and the other is the 

specular scattering by the wax layer at the leaf surface. The single leaf scattering fUnction 

is then written as a sum of these two scattering contributions, 

= + (2.4.1) 

Below, we explain these two scattering contributions separately. 

The diffuse scattering by a single leaf is modeled by the bi-Lambertian reflectance 

and transmittance, in which the reflectance and transmittance are assumed to be isotropic 

for the upper and lower hemispheres, respectively. The upper hemisphere is defined as 

the hemisphere from where the leaf upper surface (the side with the wax layer) can be 

seen. Defining constants to represent magnitudes of reflectance {KLD) and transmittance 

(ILD) by the bi-Lambertian surface, the single leaf scattering cross section is written as 

(r,n'-^n,Q„X) = -r^lQ• Q,L for (Q'Q,)(Q • Q,) < 0, (2.4.2) 

/^(f,Q'->Q,n„?c) = -r,o|«-^^/t for (Q'-n,)(n-Q,)>0. (2.4.3) 
71 

The leaf albedo is then defined by integrating the single leaf scattering cross 

section over the entire solid angle, 

^LD (r, Q', Qi, A.) = fuj (r, Q' -> Q, , X)ciQ = + //^ • (2.4.5) 

Therefore, the sum of the two constants ruj and I ld should be less than unity. These 

constants depend on the plant species and wavelength. For example, rio and tto for the 

NIR band are nearly 0.5; on the other hand, for the red band, they are typically about 

0.05, which results in higher reflectance for the NIR band and lower reflectance for the 

red band. 



34 

The contribution of the specular reflection is modeled by multiplication of three 

factors: K which accounts for smoothness of the surface, Fr which denotes the Fresnel 

reflectance and 82 which is the surface delta fimction (Vanderbilt and Grant, 1985). The 

portion of the specular reflection is represented as 

/„(r,Q'-> Q,Q,,X.) = /:[K,a(Q'Q,)]F,[«,a(Q'n,)]8,(Q, Q;.), (2.4.6) 

where Q) satisfies 

= 

V2(i-Q n') '  

.  -1^'^) sin <t>'-V(l -  ̂") sin <t> 
tanq), = 

(2.4.7) 

(2.4.8) 
yjil-H''  ) COS(|) '—^(1-|I*) COS(j) 

K defines the portion of specular reflection of the single collision event, which is between 

zero and one. a is the angle between the leaf normal and the opposite direction of the 

incoming radiation, defined by 

cosa = . (2.4.9) 

K is then 

^[k, a(Q'-Qj,)] = exp[-K tan | a |]. (2.4.10) 

The Fresnel reflectance is defined as 

(«'«)= I sin*(a-0J tan^(a-9^) 

sin*(a + 0,) tan^(a + 0,) 
(2.4.11) 

where 

0. =sin' sma 

\ n J 

The surface delta function is defined as 

52(^2-^2') = 0, when Q vt Q', and 

(2.4.12) 

(2.4.13) 
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^(0)5, (Q • Q')i/Q = hiCl'), (2.4.14) 

for a suitably smooth function of h(Q). 

The portion of the single leaf albedo for specular reflection is then written as 

W/(r, Q*, ,  X,) = fis ir, -> Q, ,  X)i/fi 

=  ̂ ( K ,  a ( n ' ,  n ,  ) ) F ,  i n ,  a ( n ' ,  Q , ) )  

Then, the total single leaf albedo is obtained as a sum of the two contributions 

w, (r,  Q, k )  =  w , j j  (r,  Q, X )  +  (r, A.), (2.4.16) 

where 

W f j j (r,Q,X) =  f g i ( r , S l ^ , k ) W u y (r,Q,Q ^ , X ) \ Q , C 1 ,  \  d Q f  , (2.4.17) 
271 £it* 

H',,.(r,Q,>.) = :^ f g,(^fii,A,)H'^.(r,Q,Q^,X.)l^2,nj</Q/ . (2.4.18) 
271 

Finally, the area scattering transfer function becomes 

- r(r, Q' -> Q, X) = - (r, Q' Q, X) + - (r, n* ̂  Q, >.), (2.4.19) 
7t 71 71 

where 

r^(r,n'^ = g,(r,Q„X)/^(r,Q'^ Cl,n„X) j Q'-Q, | dQ,. (2.4.20) 
271 

Substituting Eqs. (2.4.2) and (2.4.3), we have 

r^,(r,n'-»n,X)=f g,(r,n„}.)t^(r,kKn a,xa;a,)dnL 
^ . (2.4.21) 

where Q+ and Q. represent the upper and the lower hemisphere for which 

± (Q. Qi ) > 0. (2.4.22) 
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Note that the negative sign of the second term in the RHS of Eq. (2.4.21) is to have a 

positive value for reflection [where Eq. (2.4.22) becomes negative]. The specular portion 

of the area scattering transfer function becomes 

r,^, (r, Q- -> a A) = f gu (r, , Wis ^ Q, Q,, X) | Q' Q, | dQ, . (2.4.23) 
271 

Using Eq. (2.4.6), we obtain 

r^, (r, Q- a X) = i KiK, a )F,(«, a* )g, (r, fi*,, X). (2.4.24a) 
O 

with 

cosa =\Q:-C1',\. (2.4.24b) 

2.5. Leaf Angle Distribution 

The leaf angle distribution (LAD), which is represented by the function gi, 

follows the model proposed by Goel and Strebel (1984). The model assumes thatg^ is 

azimuthally symmetric, thus is only a function of the zenith angle (0/.). The distribution is 

characterized by a two parameter (|a and v) beta distribution: 

^ 0,Y'Y0/.T"' 
^ 9oJ Uo; 

(2.5.1) 
2 r(^)r(v) 

where F is the gamma flmction. The two parameters are related to the average leaf 

inclination angle (ALA) and its second moment by 

90v 
AL4 = — , (2.5.2) 

|I +V 

< 02 >= 90-v(v + l) 2.5.3) 
(ti + v)(M + v + l) 



37 

Additional six common LAD's and corresponding pair of these two parameters 

from (Goel and Strebel, 1984) are as follows. 

Planophile: g(0^) = —[l + cos(20^)], with(fi,v)=(2.770,1.172). (2.5.4) 
71 

Erectophile: g(0j,) = —[I-cos(20,)], with (|i,v)=(l.172,2.770). (2.5.5) 
n 

Plagiophiie: g(0^) = —[l-cos(40j,)], with(^,v)=(3.326,3.326). (2.5.6) 
71 

Extremophile: g(0,.) = — [1 + cos(40^)], with (|i,v)=(0.433,0.433). (2.5.7) 
7C 

Uniform: g(0,) = —, with (^,v)=( 1.0,1.0). (2.5.8) 
7t 

Spherical: g(0^) = sin(0j,), with (^,v)=( 1.101,1.930). (2.5.9) 
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2.6. Angular Discretization 

We next discretize the angular variable into a finite number of directions. The 

order of discretization is represented by N of Sn which is the number of discrete 

directions for a certain directional coordinate. The total number of directional bins over 

the unit sphere is represented as N x (N + 2). For example, Sg results in a total of 80 

angular bins over the entire unit sphere. The integration of the scattering term is 

approximated as follows. The integration of the function for Q over 4n is approximated 

by the sum of all the functions of the discretized angles multiplied by the associated 

weights for the directions. Below, we omit an argument X for simplicity. The transport 

equation for one of the directional bins, Q"", becomes, 

[Q" . V + ar(r)]<()'"(r) = f] w„.af'"(r)(|)'" (r) + ^"(r), (2.6.1) 
/n'»l 

where the Wm is the weight associated with the direction of Q"*, 

r(0 = «|) (2.6.2) 

ar(f) = a,(r,Q"'), (2.6.3) 

af" (r) = a,(f,Q"' -• Q"), (2.6.4) 

q'"(r) = q (F,an, (2-6.5) 

with the discretized boundary condition of 

= (2.6.6) 

In the above equations, the integration about angle is now approximated by the 

weighted sum of discretized variables over the directional bins. This integration is often 

done by using the spherical harmonics coefificients because of accuracy and necessity of 

reduced storage when the scattering is collisionally invariant. However, for the canopy 
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radiative transfer, the scattering is not collisionaily invariant, meaning that the scattering 

distribution function depends on both incoming and outgoing directions. Thus, the entire 

scattering matrix is stored directly for all the directional bins; consequently, the matrix 

size becomes much larger than the former case. 

The spatial discretization is performed by representing the spatial variable f, orx, 

y and z in three-dimensional cartesian geometry by a finite number of spatial cells. The 

spatial grid is denoted by /, j, and k for x, y and z axis, respectively. The cell edge values 

are represented by i±l/2,j±l/2, and k±l/2 for x,>' and z directions, respectively. In order 

to obtain the discretized form of the equation, we integrate Eq. (2.6.1) over the 

computational grid whose center is x\,yj, and z*, then dividing, we obtain the following: 

2.7. Spatial Discretization 

-«-,/2)+or 
Ax, Ay^ 

Z... J.'"' 1 

,(2.7.1) 

where 

j J ]if"'{x„yj,z,)dxdydz. (2.7.2) 

(2.7.3) 

for j, and k. 

(2.7.4) 
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•1**11/2 ~'t'/.7±l/2j(: — J •> (2-7.5) 

and 

<2.7.6) 
' •^•' * •'i-i/j >'y-i/j -»-i/j 

Finally, we introduce the new notation for spatial variable, a, b, and c, such that 

a = -^^^ ~ ^ ~ ^)' wherc sg represents the signum function 

which has a value ± 1 according to the sign of its argument. By using these definitions, 

Eq. (2.7.1) can be written as 

Ax, Av, Az. 
^ * . (2.7.7) 

A/ 

Z,.. —'"''"X'w' I V^mf^v.r9r + 9r 
m'al 

In the above equation, regardless of the direction of angular flux, incoming fluxes for the 

cell are always represented as ^k-c' outgoing fluxes are <{)"„, , 

and 

2.8. Spatial Difference Approximation 

We are going to solve Eq. (2.7.7) by using an iteration method with the given 

incoming boundary fluxes and the volume source. The iteration method we use is called 

the source iteration (SI) scheme. In this method, the discretized equation is successively 

solved by using the known boundary flux for each cell and the previous iterative results 

for the left hand side source term in Eq. (2.7.7). The method is detailed later. There are 

four unknowns which are the three outgoing spatial edge fluxes, and the cell center flux. 
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Since we have only one equation, three auxiliary equations are needed to eliminate these 

unknowns. These equations provide a relation between the cell edge flux and the cell 

centered flux by assuming a flux distribution within the computational grid. We 

employed the adaptive weighted diamond-differencing method (AWDD) for this purpose. 

In this section, we show the elimination of unknown spatial edge fluxes. 

We first define a new variable representing both the scattering sources from the 

previous iteration and the external source term as 

(2.8.1) 
m'=l 

Using the above definition, the discretized transport equation is then written as 

^  w,. - c..)+or=a' • 
Ar, Ay, az, 

(2.8.2) 

To eliminate the three unknown fluxes at the spatial cell edge, we introduce the 

weighted diamond difference approximation. In this method, the cell edge fluxes are 

related to the cell centered flux by the following equations; 

(1 + r )<l>r = <1)1 + rC. with P; of (0 < < 1.0), (2.8.3) 

(1 + PI' )(t); = + PI'ial.k with P," of (0 < < 1.0), (2.8.4) 

and 

(1 + P," )<|>: = (l>r« + with of (0 < P," < 1.0). (2.8.5) 

pm _ pm _ pm _ j q gorresponds to the diamond-differencing scheme. 

pm _ pm _ pm _ q q approximation. Solving the above three equations 

for the unknown cell edge fluxes, and substituting into Eq. (2.8.2), we obtain the cell 

centered flux. After some arrangements, the equation becomes 
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A"* 
<l>r 

m 
^k- C  

(2.8.6) 

In the next section we explain how the weights of P", P", and P" are determined. 

Some of the problems (such as negative fluxes and unphysical oscillations) in 

multidimensional Sn calculations are attributed to the spatial differencing scheme 

employed in the codes. Among many, the diamond difference (DD) approximation is the 

simplest and has a property of the second order accuracy for a small spatial cell size 

relative to the mean free path; therefore, it is the most popular method. Since the method 

suffers from negative fluxes and flux oscillations caused by higher dimensionality, the 

DD scheme is usually used with some kind of fix-up technique, e.g. the technique to set 

the outgoing flux to zero when it becomes negative during the computation (known as the 

set-to-zero fix-up). We employ the AWDD method (Bass et al., 1986), which is later 

adapted to the x-y-z geometry by Alcouffe (1993). In Alcouffe's work the method was 

implemented into the THREEDANT code and showed promising improvement in the 

accuracy of neutron/photon shielding calculations which are characterized as deep 

penetration problems. The ultimate purposes of the method are to have positive cell 

exiting flux (therefore positive mid-point flux) while preserving the monotonicity. In 

order to achieve these objectives, we adjust the weights, P", P", and P" introduced in 

the auxiliary equations of Eqs. (2.8.3), (2.8.4), and (2.8.5). The most important and 

difficult task is to find the appropriate value for these weights. If we set these values to 

zero, the method is reduced to the step approximation (Lewis and Miller, 1993), while 

2.9. Adaptive Weighted Diamond Differencing Scheme 
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always guarantying positive results, but loses accuracy. In contrast, if we set the weights 

to unity, the method is reduced to the DD approximation. It may then induce negative 

fluxes and flux oscillations which violate monotonicity. We need to find the values for 

these weights between zero and one that give both positivity and monotonicity. 

Below we follow Alcouffe (1993) to describe the AWDD method. The 

description of the method starts from the discretized form of the Boltzmann equation, Eq. 

(2.8.2), with the weighted DD relations of Eqs. (2.8.3) to (2.8.5). Below we follow the 

method using the x direction as a representative for all directions. Solving Eqs. (2.8.4) 

and (2.8.5) for out-going cell edge fluxes, and substituting in Eq. (2.8.2), we have 

=s,"A)t,, (2.9.1) 

with the new definitions of the total cross section a" and the source 5," as 

Ax.o,- +.^|,,.|(i + />;) + .^|4.|(H.^,-), (2.9.2) 
Ay/ ' Az/ ' 

^,sr = Ar,s; + + p; Ml". + -^14.1(1 + C • (2-9-3) 
Ay/ ' ' 

Eq. (2.9.1) is further manipulated as follows. We divide the equation by liamj and then 

substitute the effective optical thickness of the cell defined as, 

(2.9.4), 

Eq. (2.9.1) then becomes 

(2.9.5) 

We now have two equations, Eq. (2.9.5) and (2.8.3), to deal with. From these two 

equations, we can derive the relations between and and(j)"„ and as follows: 
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A" = [£" ̂  + (1 + P" )(|>r J, (2.9.6), 
'  1+ +e7 CTr 

and 

c. = , J  •fe'-^reD^-Ki+r-rcw'r-j- a.9.7). 
l + P, +£, CT, 

iS"* 
We can see that is the weighting sum of and <ji"^ with the weights normalized to 

af 

unity. We can also see that (j)"^ is the weighting sum of —and ((>"„ with the weights 

also normalized to unity. Since e" and Pj are both positive, (j)" will never be negative if 

—^ and a aie both positive. On the other hand, <|)"„ could be negative even though 

S'" 
both and are positive if s" is very large. If we choose the spatial cell size small 

enough to have 

1  +  ^ ' " > 0 '  ( 2 - 9 . 8 )  

(j)"„ will be always positive. 

The above inequality induces the following properties. For the flux decreasing 

case characterized by the inequality of 

(2-9-9) 

we have an inequality of 

om 
<l>r-a>C><l>L>^- (2.9.10) 

For the flux increasing case characterized by 
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we have the inequality of 

(2.9.\2). 
a. 

Since, for the increasing case, any large number 8/ does not violate positivity and 

monotonicity, we continue to use the DD approximation with all the weights set to unity 

instead of using the AWDD scheme. Below we focus our discussion on the decreasing 

case, which may induce negative fluxes and oscillations. 

From Eq. (2,9.7), we notice that if Eq. (2.9.8) holds, we have both positive and 

monotonic results. Monotonicity can also be seen clearly by subtracting —^ from Eq. 
o. 

(2.9.7) to give 

^ / n  f  ,  n t n  
d)"" = ll-^((l)'" --^). (2.9.13) Ti+o „  \  ,  N M  ,  ^Ti+u ^  '  a, l + r, +s, a. 

iS"" 
From this equation, we can see that if Eq. (2.9.8) holds, (<|)" _ —'-) has the same sign as 

o. 

( K - a  — •  T h i s  g u a r a n t e e s  t h e  m o n o t o n i c i t y  o f  t h e  f l u x  v a r i a t i o n  w i t h i n  t h e  s p a t i a l  c e l l .  
a" 

Although Eq. (2.9.8) suggests the choice of weights, it is hard to estimate those by 

using this equation, because it includes s" which is a function of the weights of the other 

directions. Instead, we use the logarithmic derivative denoted by U" as the estimator, 

where U" is defined by 

U<n = (2.9.14) 
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The U" comes from the equation obtained from the discretized equation Eq. (2.9.5) 

using the DD approximation which is obtained by setting P"' to unity in Eq. (2.9.1). 

2C/;=sr(I—^). (2.9.15). ' ' —"A.'" 

From the above equation, we also have the expression for e" as 

e" =2f/, '"+er-^. (2.9.16) 
or 

Using this in Eq. (2.9.7), and after some manipulations, we can rewrite the equation as 

follows: 

1 S"' 
c. =7-Ti-^[(i+r-2rt/:)C„+(i-rc/:)8:-iri- (2-9.i7) 

1 + r; + £, a, 

From the above equation, we find the following statements: 

If C/; < 1.0, and = 1.0, then ^ 0. (2.9.18) 

\iUr> 1.0,and r  =^^y^,then C.  ̂ 0. (2.9.19) 

These statements correspond to Eq. (2.9.8), and which guarantees positivity. 

For monotonicity, we subtract —^ from Eq. (2.9.17) to give 

-  ̂ =—i—[(1+pr )(<i>r„ -—) - {nif'" + e" ̂ )]. (2.9.20) 

For the decreasing case, both (J)" and (j>" aregreater than—^ (Eq. (2.9.10) which can 

be understood from Eqs. (2.9.7) and (2.9.9)). However, from Eq. (2.9.20), for large U", 
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Y M  S" 
(j)"^ could be smaller than —^. We will adjust the value of to be a smaller value 

in that case. This adjustment is an alternative to the adjustment of P" to make Eq. (2.9.8) 

true as implied by Eq. (2.9.13). 

On considering both Eqs. (2.9.19) and (2.9.20), Alcouffe suggested the following 

procedure. By defining two parameters C/o, and the weights are determined as follows. 

For <Uo,setP;=\; (2.9.21) 

For 6,£/; > U., set P = , (2.9.22) 
° ' 6,c/; 

where bi and Uo are defined by the user. The values of 6/ and UQ  are decided empirically. 

Thus, it makes this method harder to use. Alcouffe (1993) also suggested some values of 

bi and Uo in his paper. 

2.10. First Collision Source Method 

Consider the transport equation with a monodirectional source, 

[Q • V + a, (f, n, XmF, Q, X) = f a, (r, Q' Q, Q', X)dn' + /„ (r,,  ; .)5(Q -  Qq ) • 
An 

(2.10.1) 

The First Collision Source method (FCS) is to treat uncollided ((jto) and collided (((>0) 

portions of the flux separately. The total flux is then written as the sum of these two 

components, 

(j)(f,Q,>.) = (l)o(^a>^) + <|>.(^a?^). (2.10.2) 

The uncollided flux satisfies the transport equation in the absence of a scattering source 

[Q • V + a, (r, Q, (r, fi, k) = J, (r,, ?i)8(n - ). (2.10.3) 

The solution to the above equation becomes 
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(|)o (r, Q, A.) = /q (^,' exp[- f CT, (r, + 5Q0, Qq . A.)ifa]8[r - (r, +1 r - r, | Qq )]5(Q - Qq ) • 

(2.10.4) 

where 5 is a dummy variable representing the distance between the source and the 

location, f. 

By substituting Eq. (2.10.2) into the original transport equation, and noting the 

above two equations, we obtain the transport equation for the collided portion of the flux 

as 

[Q• V + (T,(r,Q,{ r ,n, k ) = [  a,(r,Q'^ Q,^)(j),(f,Q',X)ciQ' + (r,Q,A.). (2.10.5) 

where the first collision source is defined as 

Q o { f , Q , X )  =  a , ( r , Q Q  -• n,X)/o(r„>.) 
r-roi • (2.10.6) 

X exp[-1 CT, (f, + 5^0' ̂ 0' ̂ )ife]5[r - (r, +1 r - f, I Qq )] 

The collided portion of the flux is then computed by using the first collision source, Eq. 

(2.10.6). The discretization of the collided portion of the flux is straightforward. 

However, the uncollided flux should be treated carefully because of the integration term 

in the exponent, which represents the total optical length from the source position to the 

position r. Since we have computational cells which are defined prior to the calculation, 

and because each cell can have its own material (spatial heterogeneity), the total optical 

length is the sum of all the segments of the ray-passing cells (Fig. 2.11.1). By defining 

the segments of the ray-passing cell, As„' (n' is iSrom 1 to n), along the original beam 

direction, the total optical length is then written as 

r CT, (r, + jQo, Qo, = Z or,,., )^n-' (2-10.7) 

where the subscript r„ for the total cross section denotes the cell including the segment 

Ay„. Then the discretized form of the first collision source (PCS) is written as 
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e«",. =a„.(n, -•n- )/.,,, exp[-j;o,,.,(n.)As,). (2.10.8) 
rt'al 

Finally, the basic steps of the computational flow for the FCS part are as follows: 

1) Prepare the scattering cross sections from the beam direction to standard angular bins, 

2) Find each segment by ray tracing, As„ 

3) Compute the uncollided flux within the cell, 

n 

/o.r„eXp[-X<y,.v(^^o)^n] 
n'»l 

4) Obtain the FCS which distributes the collided flux to all the angular bins, 

a, (Qo Q"' )/o,,, exp[-^a, (Qq )AS „ .  ] .  
n'-l 

Intersection between the beam 
path and a cell edge Photon beam path 

Fig. 2.2. Illustrations of ray passing ceils and path segments. 
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2.11. Source Inner Iteration Scheme and Transport Sweep 

The solution technique used in the code is the source iteration (SI) scheme which 

is widely used with the discrete ordinates method (Fig. 2.3). Starting from the initial 

guess for the flux denoted by (0) in the superscript, we form the initial source term which 

is the sum of both the scattering and the external sources as 

M 

Using this initial source, the angular flux at the next step is computed from the edge of 

the material boundary, which is the known boundary of the 'incoming' fluxes denoted by 

the subscripts of i-aj-b and k-c, along with one material surface, sweeping the entire 

surface of the material edge 

e r +  ( 1  +  P J  K - a  +  ( 1  +  / ' v  )  +  ( 1  +  
' Ay, Az. 

<t>r = '—^^ — r-r^ • (2-11 -2) 

<,+(1+/»,) +(1+/>_,) +(1+p,,) 
Ax, Ayj '• Az^ 

Then the outgoing flux for the same cell is computed by using the weighted 

approximation equations as 

= (1 + )<l>r" - PA:.'a with P, of (0 < />, < 1.0) , (2.1 1.3) 

= (I + P y ^ T  ~  ̂ ^S'with P y  of ( 0 < P ^ <  1.0), (2.11.4) 

and 

<l>r!c = 0 + -P.̂ T-c withP,of i 0 < p <  I.O). (2.11.5) 

These outgoing cell edge fluxes are then used as incoming fluxes for the next surface 

which is one cell size inside from the surface. Then this 'sweeping' procedure, called the 

transport sweep, is continued until it reaches the other side of the surface, covering the 
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entire computational grid. This process is then repeated with the new fluxes starting from 

the source calculations. 

The iteration is stopped when the flux does not vary significantly from the 

previous iteration results. At the end of every transport sweep, the new (n) and old (n-1) 

fluxes are compared to see if the maximum relative difference (in absolute) satisfies the 

convergence criteria defined by 85/. 

L m(n) _ j^m(n-l) 
max m(n) 

<e SI (2.11.6) 

If the above inequality holds, the iteration is considered to have reached the convergence; 

hence, the iteration process is stopped. The value of est is one of the input data that is user 

defined. 
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Convergence check 

No 
<E, max 

Yes 

Up-date scattering sources 

Up-date cell-centered fluxes 

."(I) ,/| , p \ h"! Awd: . m ( l )  

Up-date cell-exiting fluxes 

End Source Iteration 

Fig. 2.3. Flow chart of the source iteration and the transport sweep. 
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2.12. Computational Flow 

The entire computational flow of the code written in FORTRAN?? is shown in 

Fig. 2.4. Starting from reading the input data, computation arrays are prepared. The 

necessary size of these arrays depends on a problem, defined by user input. Soon after the 

array size needed for the problem is specified, the code compares it with the pre-defined 

array size (maximum array size). If the necessary array size is larger than the maximum 

array size allowed, this information is printed out and the process is terminated. The user 

has to increase the array size defined in the code, or reduce the problem size until it fits 

into the maximum array size. Memory issues are discussed in the next section. After the 

array setup, the code then sets the angular bins and the associated weights, spatial grids, 

and other miscellaneous parameters to be used in the following processes. The next step 

is to compute the cross sections explained earlier. This process involves many subroutine 

calls and functions, to compute the differential scattering cross sections and the total 

interaction coefficients for all the materials used in the problem. The cross sections are 

normalized to ensure mass conservation. The cross sections, computational grid 

information and angular bins and weights are then used to prepare the coefficients for the 

transport sweep associated with the source iteration of the next step. The source iteration 

involves the transport sweep to update the angular fiux and the scattering source. The 

AWDD method is used to find the coefficients of the spatial differencing approximations. 

Convergence of the iteration procedure is then checked at the end of each iteration. If the 

iteration reaches convergence, then the mass balance is computed to check the results. If 

the mass balance is violated, the results are not reliable. The main reasons for mass 

violation would be inappropriate input data or the convergence is not reached within the 

maximum number of iterations allowed. Inappropriate input data may be associated with 

the convergence criteria, the cross sections and so on. The maximiun iterations allowed 
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by the code can also be defined in the input data. The transmitted and reflected radiation 

intensities firom the top and bottom of the canopy surfaces are then calculated. Finally the 

results are printed out into the output files before the process is terminated. 
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Input: 
optical properties 
geometry 
code options 

Reading input 

Setup angles, 
wei^ts, 
spatial grids 

Setup arrays 

Check if memory 
requirements are 
within array size 

Print out 
^/ necessary 

array size 

Stop 

Check mas >s balance 

Compute reflectance 

E»rint out n ;sults 

Stop 

Compute cross 
sections 

Prepare 
coefficients for 
transport sweep 

Compute First 
Collision Source 

Source Itei 'ation 

Fig. 2.4. Computation flow chart. 
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2.13. Memory Reouirements and Management 

One of the purposes of this section is to make the code structure understood so it 

can easily be modified by skilled users as well as other developers. Hence, memory 

management is not particularly efficient but for ease of reading by users and for fliture 

modifications by both users and developers. For this purpose, two large global arrays are 

constructed, which are r and ir for real and Integer values respectively, covering all the 

necessary storage including working arrays. When a subroutine is called some parts of 

these arrays are assigned in the call statements to be used locally in the subroutine. The 

size of all these small arrays are computed at each run and the total amount of storage 

needed is obtained by summing up all of the local array sizes. The code then compares 

the defined size of r and necessary size for the desined problem. If the necessary size is 

larger than the defined size, the code gives the amount of the array size of r (or ir) 

needed. The user then should compile the code only for the modules, including the 

parameter statements. 

Since the r array is occupied by all of the arrays used locally in each subroutine, 

the size of r should be greater than the sum of all these individual small arrays. If one 

adjusts the size of r to as large as the storage requirement for a particular problem 

beforehand (by conducting a test run with the same input), one can repeat the same size 

of problems with the minimum storage. This adjustment can be done by simply changing 

the value of the parameter defined as 'maxr' which represents the maximum size of the r 

array. This parameter appears in six places as 'maxr= X', and a user can change the 

integer represented as X to any larger number than its requirement. 

For any reason, if one of the small arrays exceeds the array bounds in a module, it 

affects the other array since most of the arrays are packed into the large global array with 
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no empty space except at the end of the array. Future modifications of the code should 

take this into account. 

The largest array is for the angular flux. Since the code stores all the angular 

fluxes for each directional bin, not as moments of spherical harmonics function, the 

storage requirement becomes larger than for conventional RT codes. The total memory 

requirement is roughly proportional to the storage size for the angular flux, which is the 

multiplication of the number of the angular bins and the spatial cells, 

(size of the angular flux array) = (# of angular bins) x (# of spatial cells), 

where 

(# of angular bins)= N x (N + 2), where N is the SN order, and 

(# of spatial cells) = (# of x-meshes) x (# of;/-meshes) x (# of z-meshes). 

For example, a problem simulated by SI2, 30x30x30 for x, y and z-meshes, (size of the 

angular flux) becomes 12 x (12+2) x 30 x 30 x 30 = 4,536,000 (words). For the current 

version of the code, the total numbers of words needed for the real array, r, and the 

integer array, ir, become 19,467,684 and 56465 (words), respectively. 
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2.14. Numerical Results 

2.14.1. Comparison of Canopy Reflectances with Other Discrete-Ordinates Codes. 

In this section, we conduct benchmark simulations against existing codes. We 

first compare the canopy reflectance with the results reported by Myneni et al. (1992a), a 

monodirectional beam impinging perpendicularly to the canopy surface. In Myneni et 

al.'s paper, the reflectance values were obtained for five different leaf angle distributions 

(LAD) for a horizontally homogeneous and infinitely stretched canopy for a full green 

cover case. The five LADs are planophile, erectophile, plagiophile, extremophile and 

uniform (Fig. 2.5). The leaf area index value of 1.0, the nadir view angle and the zero 

degree sun angle were assumed. The simulations were conducted for the red and the NIR 

bands by assuming different leaf optical properties for each band; the reflectance and the 

transmittance of the red band are 0.07 and 0.03, respectively, and those of the NIR band 

are 0.45 and 0.45, respectively. From the photon transport point of view, the red 

waveband simulation is characterized as a problem of a highly absorbing medium. For 

the simulation of this band, one may encounter a rapid decrease of the photon flux from 

the top boundary of the canopy. In contrast, the NIR band simulation is characterized by 

highly scattering photon cross sections. Thus, the photons may reach relatively more 

deeply into the canopy than the red band photons. The hot spot effect (Hapke et al., 1995) 

has not been implemented; it was not considered for the simulations. In the work by 

Myneni et al. (1992a), the simulations were conducted with two types of codes: a one-

dimensional and a three-dimensional discrete ordinates code. Since the problem is 

actually a one-dimensional problem, the former code can treat the problem with no 

discretization errors in the horizontal direction. The quadrature set used by Myneni et al., 

(1992a) is the equal weight qudarature set (EQn) (Carlson, 1961; 1965). The Sn order 

used for their simulation is S6 which results in 48 discrete angles to represent the entire 
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unit sphere. The simulations by the current three-dimensional code were done by using 

various Sn orders from S4 to Sie. The current code uses the fully symmetric quadrature 

set (Carlson, 1970). Five spatial meshes for the vertical direction and a single mesh for 

both horizontal directions were used for the current code. The spatial mesh configuration 

is not reported for Myneni et al.'s simulation. The results of the simulations by the one-

dimensional and their three-dimensional codes, and the current three-dimensional code 

are provided in Tables 2.1 through 2.5. 

These results showed some apparent trends toward an agreement among these 

codes. One clear trend is that the higher Sn order gives results closer to the one-

dimensional simulations. The higher Sn order means a larger number of discrete angles; 

thus, the results were supposed to be better than those by the lower Sn order. 

Considering the agreement between two of the three-dimensional codes, the best 

agreement can be seen when the Se quadrature was chosen for the cunent code. This is 

q u i t e  r e a s o n a b l e ,  s i n c e  M y n e n i  e t  a l . ' s  s i m u l a t i o n s  w e r e  a l s o  c o n d u c t e d  u s i n g  t h e  S f ,  

approximation. When the current code used Se, both codes were supposed to yield 

approximately the same accuracy, which resulted in closer values between these two 

results. This trend is true for all the test cases except one (Table 2.2b). 

Overall, we saw good agreement between the results of the current code and the 

one- and three-dimensional codes. The differences between the current code and the one-

dimensional code are within a couple of percentage points for the Se cases and within 1 

(%) for the Si6 cases. 

2.14.2. Comparison of Canopy Reflectance with the SAIL Model. 

In this subsection we compare canopy reflectances by the current code and the 

SAIL model (Verhoef, 1984; 1985). One-dimensional canopies of the planophile leaf 
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angle distribution are assumed. The LAI value is varied from 0.5 to 3.0. These canopy-

soil systems of layers are illuminated by the sun from a certain direction (sun angle). We 

compared the reflectances of two cases with different sun angles (0 and 30 degrees), 

which are defined as the angles between the sun and its zenith. Tables 2.6a-9b show the 

reflectances into two viewing directions of (22.15°,135.0°) and (74.54°, 135.0°), where 

the two numbers in the parentheses denote view-zenith and sun-view azimuth angles in 

degrees. The former view angle is closer to the nadir direction than the latter. The 

simulations were conducted by the $6 quadrature set. Tables 2.6a through 2.7b are the 

zero degree sun angle cases for the red (2.6a and 6b) and the NIR (2.7a and 7b) bands. 

Tables 2.8a through 2.14.9b are 30 degree sun angle cases. The tables show the results of 

reflectances by the current code (denoted as a 3-D model) and the SAIL model along 

with the percent relative difference of the results between the two codes. For the cases of 

the zero degree sun angle, the agreement of these two resuhs are within one percent of 

the relative difference for most of the cases. We can see some discrepancies for the 

higher sun angle cases (the sun angle of 30 degrees); the relative differences of the results 

between these codes are as high as 6.5 percent. The discrepancy is even larger for the 

lower LAI cases. These discrepancies may be induced by the difference of the angular 

discretization between the two codes. The SAIL model uses only two discretized angles 

to approximate directional variables (for upward and downward directions). In contrast, 

the 3D model uses the total of 48 angular bins (for Se); thus, the angular variables should 

be better approximated by the 3D model. These differences must be more prominent 

when and where the flux becomes more anisotropic. When the sun angle is higher, the 

flux at the surface (or the top surface of the canopy) is expected to be more anisotropic. 

Thus, we expect relatively larger differences than in cases of lower sun angle. The 

smaller LAI value results in higher anisotropy near the top surface of the canopy than the 
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larger LAI value. Analogous to the sun angle differences, this may be the reason that we 

see the differences in the results between the two codes for smaller LAI values. 

2.14.3. Reflectances of Canopy-Soil Systems and Vegetation Isolines. 

We now simulate the soil effects by assuming the Lambertian surface at the 

bottom of the canopy layer of the previous subsections. The soil layer is approximated by 

the Lambertian surface of various reflectance values from 0.0 to 0.4 (nine discrete values 

at 0.05 interval). It is also assumed that the soil reflectances of the red and NIR bands are 

equal throughout this chapter. The relationship between the red and the NIR soil 

reflectances is often assumed to be linear with its slope and NIR-intercept as the two 

parameters (often denoted by a for the slope and b for the intercept), and the relationship 

is called soil line (Bart et al., 1993). These two parameters can be obtained by fitting the 

measured soil reflectance data with different moisture contents (from dry to wet soil 

conditions) over various types of soils. Some researchers attempted to obtain their 

general values, called the general soil line, from the measured data of numerous soil 

samples (Galvoa and Vitorello, 1998). Although the parameters a and b vary within a 

certain range (Huete et al., 1984; Baret et al., 1989), most types of the soil have the slope, 

a, closer to 1.0 (e.g., 1.04) and the NIR-intercept closer to the origin of the red-NIR 

reflectance space (e.g., 0.03). The soil line parameters of the soil assumed in this section 

correspond to a soil line of a=l.O and 6=0.0. In the following chapters, we assume some 

different values for a and b for investigations of patterns of canopy-soil reflectance 

changes. The zero-degree sun-angle is assumed in this section. The reflectances by the 

current code are plotted in the red-NIR reflectance space in Fig. 2.6 (viewing angles of 

(22.15°,135.0'')) and 2.7 (74.54°,135.0°). The reflectance points, which consist of red and 

NIR reflectances, are denoted by symbols and connected by solid and dotted lines. A 
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solid line connects reflectance values of the constant canopy, meaning the points on the 

same vegetation isoline (implying use of the same LAI values) with different soil 

reflectances (nine discrete values of the soil brightness firom 0.0 to 0.4). Since the solid 

lines connect constant-canopy reflectance points, these lines are called vegetation isolines 

or greenness lines (Huete et al., 1985; Huete, 1989). The dotted lines connect the 

reflectance points with the same soil (brightness) but for different canopies (the LAI 

values are different for the points on the same dotted line). These figures indicate some 

patterns of the canopy-soil reflectance changes, and are investigated more fully in the 

following chapters. One important thing to notice here is the usefulness of the vegetation 

isolines. For example, the vegetation isolines can be used to estimate LAI values of a 

target area firom remotely sensed reflectance data (e.g., by a satellite). If one can obtain 

the vegetation isolines for a target by using any canopy models, one can estimate the LAI 

values by simply plotting the reflectance points on the figure of the vegetation isolines. 

Since the measured reflectance point of the target area must fall on one of the vegetation 

isolines in the figure, the corresponding LAI value of the vegetation isoline is the 

estimated LAI value of the target area. In chapter 4, we show one application of 

vegetation isolines in the study of vegetation spectral indices. 

2.14.4. Comparison of Vegetation Isolines with the SAIL Model. 

The vegetation isolines are compared using the current 3D model and the SAIL 

canopy model by assuming the same canopy and soil layer of the previous section. The 

soil reflectance is varied firom 0.0 to 0.4 at 0.1 intervals. The LAI value is varied from 1.0 

to 3.5 at 0.5 intervals. Fig. 2.8 shows the plots of reflectance points by the two codes. The 

symbols represent the reflectance points of the current 3D code and the soil lines 

represent the results of the SAIL model. From the figure, we can see good agreement of 
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the results. Each vegetation isoline has its own slope and NIR-intercept. These two 

variables, slope and intercept, obtained by the two codes are shown in table 2.10. This 

also includes the percent relative differences and absolute differences of the slopes and 

intercepts between the codes. From the table, we can confirm the agreement of the results 

between the two codes. 

2.14.5. Spectra of Canopy-Soil Reflectances. 

In the previous sections, we only show the results of the red and NIR bands. In 

this section, we simulate finer spectral signatures of the canopy-soil reflectance. We use a 

set of simulated leaf reflectance and transmittance spectra and a set of measured soil 

reflectance spectra data as inputs for the simulation of the canopy-soil system. The 

PROSPECT leaf model (Jacquemoud and Baret, 1990) is used to simulate leaf 

reflectance and transmittance from a wavelength of 450 nm to 900 nm, covering visible 

and NIR regions. The model simulates a radiative transfer within a leeif by assuming the 

leaf as a plate. The model requires five input parameters: a spectral refractive index 

which characterizes the leaf mesophyll structure (N), leaf chlorophyll-a and -b content 

(Ca<-b) (pgcm'^), water content or leaf equivalent water thickness (Cw) (cm), leaf protein 

content (Cp) (|igcm'^), and leaf cellulose and lignin content (Cc) (|agcm*^). In this study, 

the reported values for green soybean (Jacquemound and Baret, 1990; Jacquemound et 

al., 1996) were chosen for these parameters (N=1.8320, Ca+b=34.24, Cw=0.0137, 

Cp=0.0003, and Cc=0.0004). The range of the above wavelength (450-900 nm) is then 

represented by 181 discrete values of wavelength at intervals of 2.5 nm. Thus, in order to 

obtain one reflectance spectrum, the transport equation is numerically solved 181 times. 

Four LAI values are assumed from 1.0 to 4.0. We used measured soil reflectance data 
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from the soil samples obtained from Maricopa Agricultural Center (University of 

Arizona). The reflectance measurements were conducted using both dry and wet soil 

conditions. In addition to these two soil spectra, we also assume a perfect absorber as a 

black soil. There are a total of three soil types: dry, wet and black soils. The leaf and soil 

reflectance spectra are shown in Fig. 2.9. We can clearly distinguish these lines by noting 

that the leaf absorbs radiation in the visible range due to the presence of Chlorophyll-a 

and b while it reflects radiation in the NIR range, which results in a sharp threshold at the 

end of the red region aroimd 670 nm known as the red-edge. The soil spectra of both the 

dry and wet conditions, on the other hand, do not show such a rapid change. This 

difference is the key to distinct vegetation signals from soil signals. Comparing the dry 

and wet soils, since the dry soil is brighter than the wet soil, the magnitude of the 

reflectance of the dry soil is higher than that of the wet soil for the entire range of 

wavelength. 

Figs. 2.10 through 12 show the plots of reflectance against wavelength for four 

LAI values with different soil conditions (in Fig. 2.10, black soil; in Fig. 2.11, wet soil; 

and in Fig. 2.12, dry soil). First of all, in Fig. 2.10 (black soil), the reflectance increases 

as the LAI value increases in entire wavelength. The difference among the results with 

different LAI values is greater over the NIR region (700-900 nm) than the visible region 

(450-700 nm). The reflectance value in the NIR region increases from about 0.2 

(LAI=1.0) to 0.4 (LAI=4.0). This larger difference is due to the canopy optical properties. 

The transmittance in the NIR region is relatively larger than in the red region because of 

the higher scattering ratio in the NIR region (the ratio of the scattering cross section to the 

total cross section is about 0.9 in the NIR region and 0.05 in the visible region). In the 

visible region, although the amount of increase in reflectance is much smaller compared 

to the NIR region, the reflectance values increase when the LAI value increases. Since no 
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photons are reflected by the black soil, the photons transmitted through the canopy layer 

will never contribute to the total reflectance in this case. Therefore, the amount of 

increase in reflectance is purely due to the canopy layer. 

With the existence of a soil layer other than the black soil underneath the canopy, 

the reflectance spectra show somewhat different trends. Fig. 2.11 shows the reflectance 

of the canopy with the wet soil. Contrary to the black soil case, the reflectance in the 

visible region decreases as the LAI increases. This can be shown more clearly in the red 

region (600-700 nm). Here, the reflectance value decreases from 0.06 (LAI=1.0) to 0.04 

(LAI=4.0) instead of increasing with the LAI value. On the other hand, the NIR 

reflectance shows the same trend we saw in the black soil case: the reflectance increases 

with the LAI value. However, the amount of increase from 0.3 (LAI=1.0) to 0.4 

(LAI=4.0) is much smaller than in the black soil case (from 0.2 to 0.4). These two trends 

are caused by the soil layer. Since the soil reflectance of the visible region is relatively 

larger than the canopy reflectance (Fig. 2.9), and because the soil contribution to the 

reflectance is relatively larger when the LAI value is smaller (larger canopy 

transmittance), the canopy-soil reflectance becomes larger with the smaller LAI value. 

For the NER. region, the soil reflectance is smaller than the canopy reflectance (Fig. 2.9) 

so that the canopy-soil reflectance becomes larger with the LAI. 

This soil reflectance contribution then becomes stronger with the dry soil which is 

brighter than the wet soil. In Fig. 2.12 (the dry soil case), the red reflectance decreases 

with the LAI from 0.07 (LAI=1.0) to 0.04 (LAI=4.0), and the difference of these two is 

larger than that of the wet-soil case. Although the NIR reflectance increases with the LAI, 

the difference among different LAI cases becomes smaller compared to the difference of 

the wet-soil cases. 
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In order to see the spectral variations with different soil conditions, we plot the 

spectra for the constant LAI values with different soil conditions. Fig. 2.13 shows the 

spectra of LAI=1.0 canopy with three soil-conditions (black, wet and dry). In this figtire 

the brighter soil results in higher reflectance. As the LAI value becomes larger (from 

LAI=1.0 to 4.0 as Figs.2.14 to 16), the difference in the spectra with different soil 

conditions becomes smaller due to less transmittance of the canopy layer with the larger 

LAI value (smaller soil influence). In LA1=4.0 case, the difference can be seen only in 

the NIR region. 

2.14.6. Reflectance of Horizontally Heterogeneous Canopy. 

The previous discussions are all based on the results of the horizontally 

homogeneous canopy. In this section, we show some results of horizontally 

heterogeneous canopies. The heterogenity is induced by removing the canopy from some 

portions of the target area. We choose the portion of area alternatively so that the nadir 

view of the canopy looks like a checkerboard (Myneni and Asrar, 1993). The fractional 

area with the canopy normalized by the total area is called a fraction of green cover 

(FGC), which is between 0 and 1.0. The LAI value computed only within the covered 

region is called a local LAI; the LAI value averaged over the entire region is called a total 

or global LAI. The total LAI value is obtained by multiplying the local LAI value and the 

FGC. In this section, the parameters are the local LAI, the FGC and the soil brightness. 

The same model was used in sections 2.14.3 and 2.14.4 (for the red and NIR band). Soil 

reflectance is varied from 0.0 to 0.4; the local LAI is varied from 1.0 to 4.0; and five FGC 

values are assumed: 0.0,0.25,0.5,0.75 and 1.0. The case of FGC=1.0 corresponds to 

results shown in sections 2.14.3 and 2.14.4. FGC=0.0 means no-vegetation or bare soil 

only. Figs. 2.17 through 2.20 are plots of the reflectances in the red-NIR reflectance 
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space for some constant values of local LAI. The reflectance points with constant values 

of both FGC and the local LAI are connected by a solid line, a vegetation isoline, which 

is a ftmction of both the local LAI and the FGC. The vegetation isolines are boimded by 

the value of the local LAI, so that the vegetation isolines are more clustered (and less 

steep) for the cases of lower local LAI values (Fig. 2.17). The effect of FGC becomes 

relatively larger for the larger local LAI cases (Figs. 2.19 and 2.20). Figs. 2.21 through 

2.24 present results of the same total LAI values but different combinations of the local 

LAI and FGC. From these figures the vegetation isolines are different even though the 

total LAI value is the same. The combination of these parameters needs to be considered 

for the determination of the vegetation isolines. The detailed analyses of this combination 

effect will be done in Chapter 3. 

2.14.7. Improvement of Flux Distribution by the AWDD Scheme. 

As the vegetation canopy becomes optically thicker, the DD approximation tends 

to fail by showing negative fluxes and unphysical flux oscillations (Lewis and Miller, 

1993). There are basically two ways to avoid these problems: one is to make a 

computational grid-size much smaller than a photon mean free path, and the other is to 

use an altemative differencing scheme which guarantees both positive and monotonic 

results. The former approach often becomes costly because the decrease of the grid size 

means the increase of both the total number of computational grids and computational 

time. The current code takes the latter approach by using the AWDD scheme explained in 

section 2.9. In this section we show some results to indicate the problems and to 

demonstrate the improvement in the flux distribution. The first test problem is a one-

dimensional problem which is the same as section 2.14.3 but the LAI value of 50.0 with 5 

(m) canopy thickness. The simulations are done by both the DD and the AWDD scheme 
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for each the red and NIR band (total of four cases). Fig. 2.25 shows the scalar flux 

distribution of the red band within the canopy as a function of distance from the top 

surface, and Fig. 2.26 is the scalar flux distribution of the NIR band. Fig. 2.25 clearly 

shows that the flux goes negative and shows oscillations with the DD scheme, and the 

result with the AWDD scheme becomes positive and monotonic. In Fig. 2.26, for the NIR 

band, the flux with the DD scheme becomes slightly negative and shows small 

oscillations. Again, the use of the AWDD scheme yields a positive and monotonic flux 

distribution. 

The numerical difficulties become more serious for the monodirectional pencil 

beam problem for higher dimensionality. Next we show two-dimensional results with a 

pencil beam source impinging perpendicularly to the canopy top surface. Fig. 2.27 

shows a contour plot of the scalar flux distribution for the NIR band with the DD scheme. 

As we see, the flux becomes negative and shows oscillations. On the contrary, the results 

with the AWDD scheme in Fig. 2.28 are positive and monotonic flux distribution. We 

can clearly see the improvement of the flux distribution with the AWDD scheme. 

2.15. Conclusions 

We have discussed the radiative transport theory and the numerical techniques 

used in the three-dimensional radiative transport code for vegetation canopies. The code 

is based on the theory developed by Ross (1981) and modified by Shultis and Myneni 

(1988), employing the discrete-ordinates method commonly used in nuclear engineering. 

Some of the numerical examples were provided to demonstrate the code capabilities and 

compatibility with similar codes. We have concluded that the developed code is capable 

of providing results with reasonable accuracy. However, the problems that the code can 

cover are still limited, so that further development is needed. 
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Table 2.1a. Comparison of canopy albedos with ID and 3D results by Myneni et al. 
(1992) for planophile leaf angle distribution for NIR band 

Planophile Reference results 
NIR band ID 3D 

0.25415 0.25602 
SN Current code Difference (%) Difference (%) 

number 
4 0.25294 -0.474 -1.201 
6 0.25623 0.820 0.083 
8 0.25504 0.349 -0.384 
12 0.25446 0.121 -0.611 
16 0.25415 0.002 -0.729 

Table 2.1b. Comparison of canopy albedos with ID and 3D results by Myneni et al. 
(1992) for planophile leaf angle distribution for red band 

Planophile Reference results 
red band ID 3D 

0.02644 0.02712 
SN Current code Difference (%) Difference (%) 

number 
4 0.02668 0.891 -1.639 
6 0.02716 2.738 0.162 
8 0.02690 1.728 -0.823 
12 0.02675 1.166 -1.371 
16 0.02665 0.790 -1.737 
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Table 2.2a. Comparison of canopy albedos with ID and 3D results by Myneni et al. 
(1992) for erectophile leaf angle distribution for NIR band 

Erectophile Reference results 
NIR band ID 3D 

0.14783 0.14908 
SN Current code Difference (%) Difference (%) 

number 
4 0.14919 0.918 0.072 
6 0.14894 0.751 -0.094 
8 0.14859 0.514 -0.329 
12 0.14816 0.222 -0.618 
16 0.14798 0.102 -0.738 

Table 2.2b. Comparison of canopy albedos vsath ID and 3D results by Myneni et al. 
(1992) for erectophile leaf angle distribution for red band 

Erectophile Reference results 
red band ID 3D 

0.01343 0.01391 
SN Current code Difference (%) Difference (%) 

number 
4 0.01389 3.454 -0.116 
6 0.01397 4.038 0.448 
8 0.01376 2.488 -1.049 
12 0.01360 1.288 -2.207 
16 0.01355 0.877 -2.604 
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Table 2.3a. Comparison of canopy albedos with ID and 3D results by Myneni et al. 
(1992) for plagiophile leaf angle distribution for NIR band 

Plagiophile Reference results 
NIRband ID 3D 

0.21540 0.21662 
SN Current code Difference (%) Difference (%) 

number 
4 0.21959 1.944 1.370 
6 0.21660 0.557 -0.010 
8 0.21613 0.338 -0.228 
12 0.21562 0.104 -0.459 
16 0.21559 0.086 -0.478 

Table 2.3b. Comparison of canopy albedos with ID and 3D results by Myneni et al. 
(1992) for plagiophile leaf angle distribution for red band 

Plagiophile Reference results 
red band ID 3D 

0.02097 0.02169 
SN Current code Difference (%) Difference (%) 

number 
4 0.02162 3.085 -0.337 
6 0.02173 3.601 0.162 
8 0.02145 2.282 -1.113 
12 0.02127 1.426 -1.941 
16 0.02116 0.925 -2.425 
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Table 2.4a. Comparison of canopy albedos with ID and 3D results by Myneni et al. 
(1992) for extremophile leaf angle distribution for NIR band 

Extremophile Reference results 
NIR band ID 3D 

0.19578 0.19747 
SN Current code Difference (%) Difference (%) 

number 
4 0.19196 -1.949 -2.788 
6 0.19768 0.971 0.107 
8 0.19718 0.717 -0.145 
12 0.19618 0.205 -0.653 
16 0.19592 0.070 -0.787 

Table 2.4b. Comparison of canopy albedos with ID and 3D results by Myneni et al. 
(1992) for extremophile leaf angle distribution for red band 

Extremophile Reference results 
red band ID 3D 

0.02025 0.02067 
SN Current code Difference (%) Difference (%) 

number 
4 0.02034 0.435 -1.606 
6 0.02072 2.314 0.235 
8 0.02054 1.438 -0.623 
12 0.02042 0.844 -1.205 
16 0.02036 0.547 -1.496 
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Table 2.5a. Comparison of canopy albedos with ID and 3D results by Myneni et al. 
(1992) for uniform leaf angle distribution for NIR band 

Uniform Reference results 
NIR band ID 3D 

0.16957 0.17045 
SN Current code Difference (%) Difference (%) 

number 
4 0.17077 0.709 0.189 
6 0.17058 0.593 0.073 
8 0.17040 0.488 -0.031 
12 0.16992 0.208 -0.309 
16 0.16972 0.091 -0.426 

Table 2.5b. Comparison of canopy albedos with ID and 3D results by Myneni et al. 
(1992) for uniform leaf angle distribution for red band 

Uniform Reference results 
red band ID 3D 

0.01605 0.01656 
SN Current code Difference (%) Difference (%) 

number 
4 0.01651 2.892 -0.277 
6 0.01662 3.559 0.369 
8 0.01642 2.279 -0.871 
12 0.01624 1.211 -1.906 
16 0.01618 0.831 -2.274 
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Table 2.6a. The NIR band reflectances of the 3D model and the SAIL model (sun 
angle =0°, and view angle =(22.15°, 135.0°) 

NIR band sun angle = 0° 
view angle = (22.15°, 135.0°) 

LAI 3D model SAIL model rel diff (%) 
1.0 0.2359 0.2354 0.19 
1.5 0.3028 0.3041 -0.42 
2.0 0.3512 0.3537 -0.71 
3.0 0.4115 0.4163 -1.16 

Table 2.6b. The red band reflectances of the 3D model and the SAIL model (sun 
angle =0°, and view angle =(22.15°, 135.0°) 

red band sun angle = 0° 
view angle = (22.15°, 135.0°) 

LAI 3D model SAIL model rel diff (%) 
1.0 0.0258 0.0258 -0.16 
1.5 0.0293 0.0292 0.31 
2.0 0.0307 0.0308 -0.27 
3.0 0.0314 0.0317 -0.91 

Table 2.7a. The NIR band reflectances of the 3D model and the SAIL model (sun 
angle =0°, and view angle =(74.54°, 135.0°) 

NIR band sun angle = 0° 
view angle = (74.54°, 135.0°) 

LAI 3D model SAIL model rel diff. (%) 
1.0 0.2846 0.2843 0.09 
1.5 0.3523 0.3526 -0.08 
2.0 0.3963 0.3982 -0.47 
3.0 0.4468 0.4514 -1.03 

Table 2.7b. The red band reflectances of the 3D model and the SAIL model (sun 
angle =0°, and view angle =(74.54°, 135.0°) 

red band sun angle = 0° 
view angle = (74.54°, 135.0°) 

LAI 3D model SAIL model rel diff. (%) 
1.0 0.0282 0.0281 0.32 
1.5 0.0308 0.0308 0.01 
2.0 0.0317 0.0317 -0.07 
3.0 0.0319 0.0322 -0.91 
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Table 2.8a. The NIR band reflectances of the 3D model and the SAIL model (sun 
angle =30°, and view angle =(22.15°, 135.0°) 

NIR band sun angle = 30° 
view angle = (22.15°, 135.0°) 

LAI 3D model SAIL model rel diff. (%) 
1.0 0.2165 0.2315 -6.50 
1.5 0.2845 0.2996 -5.05 
2.0 0.3354 0.3491 -3.93 
3.0 0.4004 0.4115 -2.69 

Table 2.8b. The red band reflectances of the 3D model and the SAIL model (sun 
angle =30°, and view angle =(22.15°, 135.0°) 

red band sim angle = 30° 
view angle = (22.15°, 135.0°) 

LAI 3D model SAIL model rel diff. (%) 
1.0 0.0237 0.0251 -5.57 
1.5 0.0275 0.0285 -3.65 
2.0 0.0292 0.0300 -2.51 
3.0 0.0304 0.0309 -1.72 

Table 2.9a. The NIR band reflectances of the 3D model and the SAIL model (sun 
angle =30°, and view angle =(74.54°, 135.0°) 

NIR band sun angle = 30° 
view angle = (74.54°, 135.0°) 

LAI 3D model SAIL model rel diff. (%) 
1.0 0.2564 0.2727 -5.97 
1.5 0.3258 0.3400 -4.19 
2.0 0.3726 0.3851 -3.25 
3.0 0.4276 0.4381 -2.39 

Table 2.9b. The red band reflectances of the 3D model and the SAIL model (sun 
angle =30°, and view angle =(74.54°, 135.0°) 

red band sun angle = 30° 
view angle = (74.54°, 135.0°) 

LAI 3D model SAIL model rel diff. (%) 
1.0 0.0241 0.0253 -4.87 
1.5 0.0269 0.0277 -2.79 
2.0 0.0281 0.0286 -1.91 
3.0 0.0285 0.0290 -1.57 
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Table 2.10. Comparison of vegetation iso lines between the current code and the 
SAIL model. The view angle is (22.15°, 135.0°) and the sun angle is 0.0°. The 
planophile LAD is assumed. 

slope intercept relative difTerence absolute difference 
{%) 

LAI SAIL current SAIL current slope intercept slope intercept 
0.5 1.483 1.456 0.1125 0.1130 -1.86 0.41 0.028 -0.0005 
l.O 2.283 2.210 0.1766 0.1775 -3.16 0.52 0.072 -0.0009 
1.5 3.599 3.460 0.1987 0.2003 -3.86 0.80 0.139 -0.0016 
2.0 5.756 5.561 0.1766 0.1778 -3.38 0.69 0.194 -0.0012 
2.5 9.441 9.099 0.0926 0.0966 -3.62 4.30 0.342 -0.0040 
3.0 15.776 15.255 -0.0852 -0.0776 -3.30 -8.93 0.521 -0.0076 
3.5 26.524 25.956 -0.4103 -0.4031 -2.14 -1.76 0.568 -0.0072 
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Fig. 2.6 Canopy-soil reflectance plot with various LAI values and 
soil brightness. LAI varies from 0.5 to 4.0 and soil reflectance varies 
from 0.0 to 0.4. Same mark denotes reflectances of same LAI values 
(but different soil brightness). Solid lines are vegetation isolines and 
dotted lines are lines of constant soU brighness. 
View angle is (22.15,135) and sim angle is (0.0,0.0). 
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Fig. 2.7 Canopy-soil reflectance plot with various LAI values 
and soil brightness. LAI varies from 0.5 to 4.0 and soil reflectance 
varies from 0.0 to 0.4. Same mark denotes reflectances of same 
LAI values (but different soil brightness). Solid lines are vegetation 
isolines and dotted lines are lines of constant soil brighness. 
View angle is (74.54,135) and sun angle is (0.0,0.0). 
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Fig. 2.8 Vegetation isolines with the SAIL and the current model. 
The marks denote reflectances by the current code and the solid lines 
are those by the SAIL model. 
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Fig. 2.9 Spectra of the leaf reflectance and transmittance, 
and spectra of the reflectances of two conditions of soil (wet and dry). 
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Fig. 2.10 Spectra of the canopy-soil reflectances with no soil (black soil) 
for different LAI values. 
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Fig. 2.11 Spectra of the canopy-soil reflectances with the wet soil 
for different LAI values. 
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Fig. 2.12 Spectra of the canopy-soil reflectances with the dry soil 
for different LAI values. 
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Fig. 2.13 Spectra of the canopy-soil reflectances for LAI = 1.0. 
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Fig. 2.14 Spectra of the canopy-soil reflectances for LAI = 2.0. 
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Fig. 2.15 Spectra of the canopy-soil reflectances for LAI = 3.0 
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Fig. 2.16 Spectra of the canopy-soil reflectances for LAI = 4.0. 
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Fig. 2.17 Vegetation isolines for the local LAI = 1.0. 
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Fig. 2.18 Vegetation isolines for the local LAI = 2.0. 
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Fig. 2.19 Vegetation isolines for the local LAI = 3.0. 
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Fig. 2.20 Vegetation isolines for the local LAI = 4.0. 



91 

0.5 

0.4 

lU u 
^ 0.3 
u 

2 
Qi 0.2 
Z 

(local LAI, FGC)=( 1.0,0.5) 
(2.0,0.25) 

0.1 

0.0 
0.2 0.3 0.4 0.5 0.0 O.I 

red reflectance 
Fig. 2.21 Vegetation isolines for the total LAI = 0.5. 
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Fig. 2.22 Vegetation isolines for the total LAI = 0.75. 
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Fig. 2.23 Vegetation isoiines for the total LAI = 1.0. 
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Fig. 2.24 Vegetation isoiines for the total LAI = 2.0. 
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Fig.2.25 The red band scalar flux distribution by monodirectional beam 
impinging perpendicularly to the canopy top surface. 



1.4 

— D D  
V AWDD 

0.8 

0.6 

0.4 

0.2 

0.0 

-0.2 

-0.4 

0 1 2 3 4 5 

Distance from the top of the canopy (m) 

Fig.2.26 The NIR band scalar flux distribution by monodirectional beam 
impinging perpendicularly to the canopy top surface. 
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Fig.2.27 Countour plot of scalar flux distribution by a monodirectional 
pencil beam source with the Diamond Differenceing scheme. 
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Fig.2.28 Countour plot of scalar flux distribution by a monodirectional 
pencil beam source with the Adaptive Weighted Diamond Differenceing scheme. 
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CHAPTER 3. 

DERIVATION AND ANALYSIS OF VEGETATION ISOLINE EQUATIONS 

3.1. Background 

Vegetation plays an important role in the study of earth system science and the 

importance of global vegetation mapping and monitoring are now well recognized 

(Justice et al., 1998). Satellite remote sensing shows much promise for the extraction of 

physical and physiological parameters of vegetation at regional scales (Asrar, 1989; Goel, 

1988; Myneni et al., 1995). In order to estimate and quantify some of these 

characteristics, Vegetation Indices (VI) have been used (Cihlar et at., 1991). Vis enhance 

the vegetation signal from measured spectral responses by combining two (or more) 

different wavebands, often in the red (0.6-0.7 ^m) and near-infrared (0.7-1.1 fim) 

wavelengths. 

The remotely-sensed spectral signatures, however, vary with both external and 

internal factors such as sensor calibration, atmosphere, sun- and view angles, and canopy 

background (Baret and Guyot, 1991; Huete, 1987; Huete, 1989; Kaufman, 1989). 

Because of these influences. Vis also show variations which result in inaccuracies in 

estimating vegetation biophysical parameters. With the advancement of atmosphere 

correction techniques, sensor calibration and bi-directional reflectance models, many of 

the external influences are being minimized. Internal effects associated with canopy 

background, soil, litter, snow, or water and non-photosynthetic vegetation are also 

important and more intimately coupled with the vegetation signal. Numerous studies have 

been conducted to investigate canopy background brightoess effects on vegetation 

indices, resulting in the development of improved vegetation indices which are relatively 
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insensitive to spatial and temporal changes in canopy background (Baret et al., 1989; 

Clevers, 1989; Huete, 1988; Liu and Huete, 1995; Major et al., 1990). 

The behavior of vegetation canopy spectra due to differences in background 

brightness is readily seen in red-NIR reflectance plots, in which the spectra of a constant 

canopy (e.g. any fixed leaf area index, LAI) with varying underlying backgrounds can be 

represented with a line connecting the various background-dependent spectra, with a 

slope and Y-intercept specific to that value of LAI (Baret and Guyot, 1991; Huete, 1988; 

Major et al. 1990; Qi et al., 1994). This line of constant vegetation is known as the 

vegetation isoline and includes the information needed to minimize or remove the 

background brightness effect from vegetation indices. 

The objective of this chapter is to derive and analyze vegetation isoline equations 

starting from an analytical representation of the canopy reflectance based on the Cooper-

Smith-Pitts model (Cooper et al., 1982; Cooper and Smith, 1985) (also known as the 

adding method (Van de Hulst, 1980). The derived isoline equations provide the key to a 

deeper understanding of the behavior of canopy reflectance with underlying background 

materials and enables one to de-couple background from vegetation related optical 

variations. 

The vegetation isoline consists of the canopy reflectance points (i.e. a pair of NIR 

and red reflectance) obtained by changing the optical properties of the background with a 

fixed LAI and leaf angle distribution (LAD) for constant external conditions (sun- and 

view angle, atmosphere and so on). The slope and NIR- (or Y-) intercept of these isolines 

are functions of LAI when LAI is the only variable other than canopy background 

brightness. In this case, the vegetation isoline indicates the relationship between NIR and 

red reflectance against the variation of the background brightness for a fixed LAI. 
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Additionally, vegetation indices have their own isoline, or 'index isoline,' which 

is obtained through plots of reflectance points with the same index values. In this study, 

we distinguish between these two types of isolines (vegetation isoline and index isoline), 

although 'vegetation isoline' has often been used for both meanings. The index isoline 

can be obtained mathematically and without knowledge of background brightness and 

LAI. These two types of isolines are typically different and usually do not coincide with 

each other (Baret and Guyot, 1991; Huete, 1988; Majoy et at., 1990; Qi et al., 1991). An 

example is shown in Fig. 3.1, where the vegetation isolines obtained from the SAIL 

model (Verhoef, 1984; 1985) and the normalized difference vegetation index (NDVI) 

isolines are shown. This figure shows that most of the NDVI isolines do not coincide 

with the SAIL-simuIated vegetation isolines. This causes the vegetation index value to 

vary with variations in the background brightness. In order to have a VI which is 

invariant to the background brightoess variation, it must have an index isoline coincident 

with the vegetation isoline. For this reason, it is very important to understand the 

characteristics of such vegetation isolines. 

Some studies have utilized knowledge of the vegetation isoline equation, derived 

from simple reflectance models, to produce vegetation indices which minimize soil 

background effects (Huete, 1988; Major et al., 1990). The soil-adjusted vegetation index 

(SAVI), proposed by Huete (1988), uses vegetation isoline equations derived by 

approximating canopy reflectances by a first-order photon interaction model between 

canopy and soil layers (Huete, 1987; 1988). It was also assumed that the soil line passed 

through the origin of red-NIR reflectance space with a slope of 1. 

Major et al. (1990) proposed a series of ratio-based vegetation indices, which 

effectively estimated the slope of the vegetation isoline derived with a simple reflectance 

model (Baret and Guyot, 1991; Baret et al., 1989). Although their reflectance model is 
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difTerent from the one used by Huete, two things were common in the derived vegetation 

isoline equations: (1) the derived isoline equations included LAI explicitly (to 

approximate the exponential behavior of transmittance or reflectance); and (2) both 

derivations related the slope of the vegetation isoline as a multiplication of the slope of 

the soil line and an exponential function of two factors, LAI and the difference in 

extinction coefficients between the NIR and red bands. The latter result also indicates 

another well-known characteristic of vegetation isolines, namely that the slope of the 

isoline increases (exponentially) as LAI increases. Major et al. (1990) also reported 

another unique characteristic of the vegetation isolines, which is that the NIR-intercept of 

the isoline initially increases with LAI, reaches a maximum, and then decreases as LAI 

increases. These characteristics of vegetation isolines are very important in understanding 

canopy background influences. 

The analytical representation of the canopy reflectance used for the derivation 

does not include the LAI explicitly. However, the parameter is implicitly included in the 

transmittance and reflectance of the canopy layer. All the other factors such as sun and 

view angles are also implicit (none of these data enter explicitly into the equations). The 

derivation of the vegetation isoline is then carried out by using only the canopy 

transmittance and reflectance. Although the transmittance and reflectance used in the 

representation have to be obtained numerically by a canopy radiative transfer (RT) 

model, the choice is very flexible. 

The analytical expression of the canopy reflectance for the derivation is similar to 

the one used in studies of atmospheric effects on vegetation indices (Kaufinan, 1989; 

Fraser and Kaufinan, 1985; Kaufinan and Tanre, 1996) to represent the reflectance at the 

top-of-atmosphere. It takes into account multiple interactions of photons between the 

canopy and background layers. Our derivation eventually truncates the higher order 
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interaction terms as Huete did in iiis derivation (Huete, 1987). The truncation error is 

discussed to see the validity of the derivation. We also demonstrate numerical 

simulations of the derived vegetation isoline using the SAIL model. 
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NDVI=const. 

-B—LA1=0.01 

-e— LA1=0.25 

-zer—LA1=0.5 

-e—LA1=1.0 

LAI=2.0 

H LA1=4.0 

Fig. 3.1. Plot of the vegetation points with the SAIL model (marks) for 
various LAI and soil reflectance and the NDVI isolines (dotted lines). 
The parameters used for the SAIL simulation are described in section VI. 
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3.2. Vegetation Isoline Eaxiation and Isoline Parameters 

3.2.1. Model Assumptions 

We assume that a portion of the target area is covered with a homogeneous 

vegetation canopy (Clevers, 1988). A parameter called fraction of green cover P is 

defmed as the fraction of soil obscured by vegetation at the particular combination of sun 

and view angles. We consider the vertical trajectory of the canopy to be identical to the 

fraction of soil obscured and shaded by plants, by assuming a short plant canopy so that 

the fractional shaded area seen directly from the sensor is very small. This model, thus, is 

similar to the grassland and shrub land covers. 

We also assume that the radiative transfer problem in both the covered and 

uncovered areas can be simulated independently by modeling a horizontally infinite 

homogeneous canopy and bare soil, respectively. Thus, the reflectance from the covered 

area can be simulated by a turbid medium canopy model such as the SAIL model. The 

reflectance contribution firom each fractional area is, therefore, obtained by the sum of the 

two independent problems: 1) the horizontally infinite homogeneous canopy layer with a 

soil background, and 2) the same soil background without the canopy (bare soil). The 

fraction of green cover is then used as their weights. The background soil layer was 

assumed to be a Lambertian surface. 

We distinguish two types of LAI, local and total LAI. Local LAI is defined as 

that only within the green-covered area. The total LAI is then defined as multiplication 

of the local LAI and the fraction of green cover, 

(Total LAI) = (Local LAI) x (Fraction of green cover). (3.2.1) 

We refer to the local LAI simply as LAI in this chapter. The derivation of the vegetation 

isoline equation is accomplished by using the local LAI and fraction of green cover as 
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parameters. Since we use the turbid medium canopy model, we allow the local LAI to be 

smaller than unity. The local LAI is implicitly included in canopy transmittance and 

reflectance, and thus it does not appear explicitly in isoline equations. On the other hand, 

the parameter of fraction of green cover is used explicitly. 

3.2.2. Canopy Reflectance Model 

A photon, which reaches to the earth's surface, goes into either the canopy layer 

or the background soil directory under the assumption made in the previous section. We 

represent the reflectance by the former portion of photons with the Cooper-Smith-Pitts 

model (1982). Since we assume the homogeneous canopy layer within the green-covered 

area, every photon, reflected by the background soil, goes back into the canopy layer 

upward. The other portion of photons, which reach the soil without seeing the canopy 

layer, is then reflected or absorbed by the Lambertian surface only. We assume that the 

photons reflected directly by the soil background do not see the canopy again. Under this 

assumption the hemispherical-directional reflectance factor of this system at the view 

angle, (0,(()), with the sun angle, 0o, at the wavelength, X, p;^(0,(|),0o), is then represented 

by. 

where r„;^(0,0o) is the logarithmic average of downward bi-hemispherical 

transmittance (0o) and upward hemispherical-directional transmittance factor 

(0) of the canopy layer defined by 

(6,4,, 8,) = PP (6, •.e,) + +(I -
1 

(3.2.2) 

(3.2.3) 
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Pvj,(0>'l>»0o) the canopy hemispherical-directional reflectance factor with free-

boundary condition as its bottom surface, is bi-hemispherical reflectance of the 

background soil surface, and is bi-hemispherical reflectance of the vegetation canopy 

for the photon entering from the bottom of the canopy layer and then scattering out from 

the surface downward (Fig. 3.2). P represents total fractional area covered by plant 

canopy. Note that both i?»x and are independent of directional parameters since these 

two are only defined with the source consisting of photons isotropically reflected by the 

Lambertian soil. 

The first two terms of the right hand side (RHS) in Eq. (3.2.2) are the contribution 

of the reflectance from the covered portion of the total target area. The first term 

represents the reflectance consisting of photons which never see the background surface. 

This term is decided only by the canopy optical properties regardless of its background, 

and thus includes pure canopy reflectance information. The second term represents the 

contribution of photons reflected by the soil layer at least once, and then reaching the top 

of the canopy surface. In this study we categorize the reflected photons by the number of 

times reflected by the soil layer. The photons which 'see' the soil once are included in the 

first order interaction term. The photons multiply reflected by the soil more than once are 

included in the higher order interaction term. The first term in RHS of the equation is, 

hence, included into the zero-th order interaction term. The last term represents the 

contribution of photons which only see the soil layer. This term basically has no 

information about the canopy optical properties except the factor of (1-P). For the perfect 

green cover case (P=1.0), this term vanishes. Below, we show the derivation of the 

vegetation isoline equation, neglecting the higher order interaction between the soil and 

canopy layer. We only retain the zero-th and first order interaction term in the final form 
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of the isoline equations. For brevity we will omit the functional arguments in pj^(0,(|),0o) 

and p^;^(0,((>,0o) as px and pv;^ throughout this study. 

pvx(0,<|>,0o) 
View angle (0,(j>) 

Direct + Diffuse light: 
Sun angle 0o, SKYL 

Tivk (0o) 

Canopy layer: LAI, LAD, Leaf optical properties 

Free-boundary 

Isotropic surface source 

rtvxCO) 

Free-boundary 

Fig. 3.2. Illustration of canopy optical properties pvx, Rv\, Tux (0o), and Tux (0) 

3.2.3. Derivation of Vegetation Isoline Equations 

We first separate the first order interaction firom the second term of Eq. (3.2.2), 

-Pp., + (3.2.4a) 

=Pp» +tpr.i +(1 • (3-2.4b) 

The last term of Eq. (3.2.4b) corresponds to the second and higher order contributions. 

We define the new variable for the last term as 

7*2 p2 n 
0\ . (3.2.5) 
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Next, we distinguish the two wave bands by the subscripts R and N as red and 

NIR bands respectively. We now have two equations, 

=Pp„^+[pr„^+(l-P)R^+0^ (3.2.6) 

p, =Pp„«+[pr,^+(l-P)R, + 0^ (3.2.7) 

In addition to these equations, we have a soil line equation which is the relationship 

between the red and NIR soil reflectances, 

R,^=aR,,+b, (3.2.8) 

where a and b are the soil line parameters. 

Using Eq. (3.2.8) in the second term of Eq. (3.2.6), we have 

P, = Pp.» +tpr,i + (I - P)M.. + (pr.i + 0 - P)14+Oj • 0-2.9) 

We solve Eq. (3.2.9) for in the second tenn of RHS, 

^ PrJ^PPv«Z^ (3.2.10) 
pr,^+(i-p) 

Note that the Ol includes R^R. Using Eq. (3.2.10) in the second term of Eq. (3.2.9), we 

have a vegetation isoline equation with new definitions: 

Pn = ^P« +D + 0^, (3.2.11) 

where 

(3.2.12a) 
pr,^+(i-p)' 

D = D^-cr/D„, (3.2.12b) 

Ds =PPv^ +(1-P)], (3.2.12c) 

/)«=Pp.«, (3.2.12d) 
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0'=:0l-ctt0l, (3.2.12e) 

(3.2.12f) 

(3.2.12g) 

The meanings of the newly defined variables are important in understanding the behavior 

of vegetation isolines. The denominator and numerator of y have the same meaning; they 

are the weighted average of the canopy two-way transmittance and unity, with P and (1-

portion and 1.0 for uncovered portion) over the target area. This value is strongly related 

to the total LAI through the fraction of green cover P and canopy transmittance T. 

Finally, y can be understood as the ratio of the area-averaged two-way transmittance of 

the NIR band to that of the red band. Note that we see a separation of optical properties 

of the two layers in the vegetation isoline slope, since the isoline slope is a multiplication 

of a variable of pure soil optical property (a) and a variable of pure vegetation optical 

property (y). D denotes the NIR-intercept of the isoline which consists of DN and DR, 

functions of only the NIR and red band, respectively. Also note that both y and D do not 

include the soil reflectance; both are independent of the soil brightness. The term 

represents the contribution of the higher order interaction term. If this contribution is 

relatively small compared with the sum of all the other terms of Eq. (3.2.11), we may 

drop the term without loosing much accuracy, resulting in a linear relationship 

between ps and p/?. Since many studies have shown that the vegetation isoline behave as 

a straight line (Huete, 1988; Major et al., 1990; Baret and Guyot, 1991; Qi et al., 1994), 

this contribution must be small. 

P) as their weights. Thus it is the average two-way transmittance (7^ for the covered 
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We derive one more variable, the intersection of the vegetation isoUne with the 

soil line (Fig. 3.3). It is important to know the behavior of this point, since some 

vegetation indices use this information to minimize soil brightness effects (Huete, 1988; 

Baret et al., 1989; Mayor et al., 1990). The soil line written by Eq. (3.2.8) is actually a 

special case of Eq, (3.2.11), the case of 0 % green-cover (or LAI = 0). In fact, Eq. 

(3.2.11) can be reduced to Eq. (3.3.8) by letting p be zero. Using the resulting equation 

with the vegetation isoline equation, we obtain the intersection of these lines as 

b - D  y b - D ^  
/ 

(P«'Pjv) ~ 
a ( y - l )  Y - 1  j  

(3.2.13a) 

^)_^..^(l,a) + (0,6). (3.2.l3b) 
a(Y-l) Vl + a' 

In order to analyze the above point, we denote the coefficient of the unit vector along the 

soil line in Eq. (3.2.13b) as C defined by 

C ^ V l  +  a  ( 6 __D) (3.2.14) 
a(y-l) 

Then, the intersection can be written in terms of the unit vector multiplied by C and the 

vector (0,b) which represents the position of the NIR-intercept of the soil line. 
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3.3. Procedures to Determine Vegetation Isoline bv RT Model 

In this section we describe four steps to derive a vegetation isoline using a 

numerical radiative transfer model. Note that the numerical sunulation model is only used 

to determine the transmittance and reflectance properties of the canopy layer separately 

from the soil layer. The essence of this technique is to obtain the vegetation isoline 

parameters, y and D, defined by Eqs. (3.2.12a) and (3.2.12b). To determine these two 

parameters we need the following parameters: T^R, T^S, PvAf> and Pv/?. In addition to these, 

RVR and R^s are also needed to assess truncation of the higher order terms. We conduct 

two RT simulations for each band per canopy LAI with two canopy background 

reflectances (as boundary conditions). Since we need to know the canopy optical 

properties, a fully covered homogeneous canopy is assumed for these simulations. By 

letting p=1.0 in Eq. (3.2.2), we have 

P.=P..+t4%-- (3.3.1) 

The above equation is used to estimate the canopy two-way transmittance and reflectance 

of the red and NIR band from the two simulations. 

The first simulation is with the free surface or perfect absorber (the black soil). 

For the second simulation, any background can be used. Although the choice of the 

background for the second simulation is quite arbitrary, as we shall see, darker 

backgrounds result in less error using the proposed technique. Since TV^, TVN, PVN, PVR, 

Rvr, and Ryi^ are purely a function of the canopy optical properties, we can determine 

these values regardless of the actual soil optical properties. 

We arbitrarily chose reflectances of 0.4 and 0.2 for red and NIR soil 

hemispherical reflectances. This pair, which is on the line of /?5ap0.5/?v«, is very far from 
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the soil lines, used in this chapter, whose slope and intercept are chosen to be 1.2 and 

0.04 respectively (Baret and Guyot, 1991). However, we chose these values to 

demonstrate that the vegetation isoline can be derived without knowledge of 'actual' soil 

reflectance. The details of the four-step procedure for vegetation isoline derivation are 

summarized below. 

Step 1: Parameter set up 

The first step is to choose a set of canopy parameters to run a numerical simulation code. 

The parameters include LAI and any other optical properties of the canopy such as leaf 

angle distribution (LAD) and leaf transmittance and reflectance. Also included are sun 

and view angle conditions. 

Step 2: Canopy RT simulation with the perfect absorber as the background 

The second step is the simulation of the canopy reflectance with the perfect absorber as 

the boundary condition. This simulation corresponds to setting Rsx = 0.0 in Eq. (3.3.1) so 

that the result of this simulation is equal to pv^. 

Step 3: Canopy RT simulation with an arbitrary background 

The third step is the canopy simulation with an arbitrary background. In this study, we 

chose 0.4 and 0.2 for the red and NIR reflectances respectively. Although the choice of 

these values is arbitrary, the values must be small enough to make the following 

approximation of average transmittance valid. Eq. (3.3.1) is solved about 7^ as, 

= (P, - P,J(1 - KM' R,,. (3.3.2) 
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where px is the result of the simulation executed in this step and pv;^ is the canopy 

reflectance obtained by the previous black soil step. We still do not know the canopy bi-

hemispherical reflectance at the bottom surface of the canopy (for the photons entering 

the canopy layer from the bottom surface and reflected toward the soil), but we can 

approximate this value by pvA.. This approximation may be drastic, however, it becomes 

insignificant if we choose a small value for RSK- Before we show this, we rewrite the 

above equation with the approximation: 

7;'«(Px-PvJ(l-Pvx^,x)/^,x- (3.3.3) 

The only difference between the above two equations is that the factor of (1-

Rv\Rsx) is approximated by (1- pyxRsx). This approximation would be insignificant 

regardless of the approximation of Rv\ by pvx if both Rv^Rsk and pvx^A are much smaller 

than 1.0. In order to keep these values much smaller than 1.0, we must chose a small 

value for Rs\ which is the input of the simulation done in this step. By choosing 0.4 for 

the red band, the value of RvxRsk for this band will be smaller than 0.04 since both R^x 

and pvx of the red band are normally lower than 0.1. On the other hand, for the NIR band 

both Rvx and pv>. are expected to be slightly higher than 0.5. By choosing 0.2 for Rsx we 

can keep the value of RvxRsx to be smaller than 0.1. Thus the error in the estimation of 7^ 

associated with the approximation of Rvx by pvx is approximately one order smaller than 

the original error. For example, if we assume that pvx of 0.5 is used for Rvx whose true 

value is 0.3, then the approximation is in error by 0.04, which is much smaller than (1.0-

0.3x0.2)=0.94 on the estimation of 7^. 

Although it is better to choose smaller values of R^x for each band in this 

simulation to make the above approximation relatively insignificant, the choice of too 
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small a value also causes error on the 7^ estimation. The reason is that the numerical 

canopy model used for this step (and the previous step) has its own accuracy limitations. 

Since we have a subtraction term, (px- Pvx), the numerical error of the model in these two 

values may be enhanced if we choose a very small value for Rsx- The difference of px and 

Pvx will be negligible if we chose too small a value of Ru-

Step 4: Determination of the vegetation isoline parameters 

We finally determine the vegetation isoline parameters, y and D, by using pvM Pv/? and TVN 

and Tvn obtained from steps 2 and 3.is computed by using Eq. (3.2.12a) which is 

totally independent of the soil line parameters. D, D,v and DR are then computed from 

Eqs. (3. 2.12b), (3. 2.12c) and (3.2.12d). Although D and are functions of the soil line 

parameters, other terms and factors (pvA, Tvx, P and y) are completely independent of the 

soil parameters a and b. Therefore, we can execute the previous three steps without 

knowing the actual soil properties. Thus, we do not need to repeat steps 1-3 for the 

different soil parameters if the canopy and LAI are the same. We just need to repeat step 

4 to compute the vegetation isoline for a different set of soil line parameters, a and b. 

3.4. Error Analvsis of Vegetation Isoline Equation 

In this section, we demonstrate the technique to obtain vegetation isolines derived 

in section 3.2. To obtain the parameters y and D, we conduct two numerical simulations 

with the SAIL model for each band with two backgrounds. In order to evaluate the 

vegetation isoline, we made comparisons of SAIL-model simulated data with soils which 

follow a common soil line equation. Two types of simulations were conducted: 1) two 

'idealistic' simulations for the determination of the vegetation isoline, 2) a series of 
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simulations with a common soil to estimate the actual canopy reflectance. Since the SAIL 

model assumes homogeneous fiUly covered vegetation canopies, we compare the 

vegetation isolines of fully covered canopies. We assume p=i .0 in this section. The 

effects of p on the vegetation isolines will be discussed in section 3.5. 

The error associated with truncation of the higher order term is then discussed 

with the same model cases. Finally, we compare vegetation index vedues derived from the 

vegetation isoline equation with the simulation data to show the use of the vegetation 

isoline in analysis of variability of two-band vegetation indices. 

3.4.1. Model Cases 

We employ a similar set of SAIL simulations as used by Baret and Guyot (1991) 

which involved three types of leaf angle distribution: planophile with 27 degree average 

leaf angle (ALA), extremophile with 45 degree ALA, and erectophile with 63 degree 

ALA (Goel, 1988). Ten discrete values of LAI were used (LAI= 0.01,0.25, 0.5,1.0, 1.5, 

2.0,2.5,3.0,4.0,6.0). Leaf optical properties (Jacquemoud and Baret, 1990) were as 

follows: for the red band, leaf reflectance and transmittance are 0.05 and 0.02 

respectively, and for the NIR band, 0.465 and 0.490 are assumed. The soil reflectance 

values follow a soil line equation with parameters, a = 1.2 and b = 0.04, for seven soil red 

reflectance values of0.05,0.1, 0.15,0.2,0.25,0.3,0.35. A sun angle of 45 degrees (0.8 

fraction of direct sun light) and nadir view angles were assumed for all the cases. 

3.4.2. Comparison of Vegetation Isoline and Simulation Results 

We first compare the vegetation isoline parameters, y and D, obtained by the four 

steps described in the previous section and those obtained from the SAIL simulation data. 
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Table 3.1 shows the y and D values for the ten LAI cases and three ALA canopies. The 

slope and intercept of the SAIL data were computed for each set of two adjacent 

vegetation points for each LAI. Thus, a set of six values of slope and intercepts were 

obtained for each LAI, and Table 3.1 only shows the range or minimum and maximum 

among those six values. The slope and intercept at a fixed LAI varies because the true 

vegetation isoline is not a perfect straight line (only the zero-th and first order effects). 

The contribution of higher order interaction terms becomes more pronounced for brighter 

soils, and in Table 3.1 the maximum slope corresponded to that obtained with the two 

brightest soils. The minimum slope, on the other hand, corresponded to that obtained 

from the two darkest soils. The NIR- or Y-intercept behaves opposite to the slope, and 

the maximum occurs with the darkest soils. 

We note two additional properties of a vegetation isoline: (1) the slope increases 

exponentially with LAI as found by Huete (1988) and Major et al. (1990) and, (2) the 

intercept increases with LAI, but reaches a maximum at LAI of about 2.0 (LAD 

dependent). 

Table 3.1 shows that the isoline parameters derived by the 4-step technique 

behaved more similarly to the darker soils, with minimum slopes and maximum 

intercepts. This was expected since darker soils result in smaller contributions firom the 

higher order interaction terms, providing smaller slopes with higher intercepts. Fig. 3.4 

shows a comparison of the derived vegetation isoline with the SAIL reflectance values 

for the ten LAI values with seven different soil brightness for three types of LAD. For 

simplicity only seven of the ten LAI values are plotted. As can be seen, the agreement of 

the estimated isoline and the simulated data are quite good, particularly for the darker 

points (smaller soil reflectance). In Fig. 3.5, we plot the relative difference of the two sets 

of data with an equation for percent relative error, which is defined as 
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relative error (%) = ioq^ ' , (3.4.1) 
P v N ( S A I L )  

where PvM«o//ne) is the one obtained using Eq. (3.2.11) of no higher order term with the 

red reflectance of the SAIL simulation, and Pv^sw/z.) is the simulated NIR reflectance. The 

differences between the two occur for two reasons. One is the approximation that we 

made on and R^s to estimate the average transmittance of the canopy and the other is 

the truncation of the higher order interaction term. 

Four trends are evident in the figures. The first is that the most of the relative 

error is negative. This is due to the 'dropping' of the higher order interaction term, 

resulting in smaller values for the isoline estimation than if we included the higher order 

term. The second trend is that the relative error becomes smaller for darker soils, 

explained by the error associated with the truncation. The third is that both smaller and 

larger LAI values result in smaller errors with the maximum error (in absolute sense) 

occurring at an LAI of 1.0. This behavior is also caused by the higher order term and can 

be explained from Eqs. (3.2.12e), (3.2.12f) and (3.2.12g), as will be shown in the next 

section. The fourth is the difference in error among the different LAD canopies, with the 

larger ALA giving the largest error (Fig. 3.5). Even though the LAI is the same, the 

'effective' canopy optical thickness varies with ALA, becoming thicker for the smaller 

ALA (planophile, ALA=27 degree) and thinner for the largest ALA (erectophile, 

ALA=63 degree). The optically 'thirmer' canopies show the larger error, similar to how 

the LAI=1.0 canopies exhibit the largest error. The error distribution is, hence, slightly 

broader for the erectophile canopy (Fig. 3.5c) than the others (Fig. 3.5a). 

Overall, the error within the vegetation isoline derived in this study was smaller 

than 3 % in absolute value for soil reflectances less than or equal to 0.2. Most of the 
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points with soil reflectances smaller than 0.25 had errors less than 5 %. The relative error 

became larger (up to 8 %) for the brighter soils (0.3 and 0.35 reflectance) in the range of 

LAI between 1.0 and 3.0. 

3.4.3. Higher Order Truncation Error 

In this section we discuss the truncation error of the higher order interaction term 

which is defined by Eqs. (3.2.12e), (3.2.12f) and (3.2.12g). Instead of showing the actual 

value of the truncation error, we show the relative percent error defined by the following 

equation, 

Q-
relative O' error (%) = 100 x . (3.4.2) 

PvNtSAIt.) 

Although we separate the contribution of the truncation error into two parts (by the red 

and NIR bands) during the derivation, we only show the total relative error defined by 

Eq. (3.2.12e). The reason is that the relative error in the red band is much smaller than in 

the NIR band (by two order of magnitude). Thus the total relative error is almost the 

same as the NIR band only. Fig. 3.6 shows the total relative error plotted for the three 

LAD canopies. 

As one can see in the figures, the trend is very similar to Fig. 3.5 except opposite 

in sign. The difference of sign in Figs. 3.5 and 3.6 is due to the fact that Fig. 3.6 shows 

the Slim of truncated higher-order terms which are all positive. Although Fig. 3.5 includes 

this truncation error, it appears negative because of the truncating of positive values. At 

very small and large LAI values, the truncation error becomes small. The maximum error 

occurs around an LAI of 1.0 (dependent on the LAD). This trend can be explained by Eq. 

(3.2.12f), where for small LAI, RVN is small, resulting in lower error. For large LAI, the 
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term becomes very small, although the RVN becomes larger. Thus, the contribution of 

this term is relatively small compared to the total reflectance, pjv. 

The total error shown in Fig. 3.5 is the sum of the truncation of the higher order 

reflectance term and the approximation of average transmittance made in step 3. On the 

other hand. Fig. 3.6 shows only the error associated with truncation of the higher order 

interaction term. Since the absolute values in Fig. 3.5 and Fig. 3.6 are about the same, we 

can conclude that the error seen in Fig. 3.5 is mostly caused by the truncation error rather 

than the approximation made in step 3. 

3.4.4. Comparison of Vegetation Indices by Vegetation Isoline and Simulation Results 

The purpose of this section is to check the accuracy of vegetation indices obtained 

by using the derived vegetation isoline equation. If the isoline equation yields reasonably 

accurate vegetation index values, then we can utilize the derived analytical 

representation, instead of using the simulated or experimental data points, to see the 

variability of vegetation indices against canopy background. One example would be the 

analytical expression of the NDVI only by the red reflectance for a fixed LAI. Using Eq. 

(3.2.11) to represent the NDVI yields. 

Since y and D are both constant for a fixed LAI, the variation of NDVI depends on the 

value of the red reflectance imless D is equal to zero. It also indicates that the variability 

of NDVI with background is inherent to this index. 

NDVI = 
P,v •*" Pfi 

(3.4.3a) 

gyp;;+z)-p^ (gy-l)Pa + D 

OiPi^ + D + p^ (ay + l)P/, + £) 
(3.4.3b) 
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We also investigated the estimation of SAVI by the isoline equation. SAVI is 

represented by 

SA VI = +1) (3.4.4a) 
p,v+p« + I 

cryp« + D + p^ + L (ay + l)p« + D + L 

where Z, is a soil-adjustment factor which is assumed to be 0.1 in this chapter. This factor 

depends on the RT model. 

Figs. 3.7 and 3.8 show the plots of NDVI and SAVI obtained from the simulated 

data as well as those obtained by using the above isoline-based equations. The relative 

percent error, defined by the following equation, is depicted in Figs. 3.9 and 3.10, 

VI -VI 
relative error (%) = 100 x . (3.4.5) 

As expected, these figures show very good agreement for the darker soil cases. We can 

expect an error in both Vis within 5 % for soils with red reflectance less than 0.25. For 

the soil reflectances less than or equal to 0.2, the error is even smaller (< 3 %). On the 

other hand, variations in vegetation index values caused by soil brightness are much 

larger than the errors in the isoline equation as seen in Fig. 3.7 and 3.8. These results 

show that the derived isoline equation can be very useful to analyze the inherent, 

background variation of two-band vegetation indices such as the ratio-VI, perpendicular-

VI, transformed-SAVI (TSAVI), modified-SAVI (MSAVI) as well as NDVI and SAVI. 
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Table 3.1. Isoline slope divided by the slope of the soil line (y), and NIR- (or Y-) 
intercept (D) obtained from the SAIL simulation data and the isoline equation 
(a) Planophile 

{slope)!a (where a = /.2 is the slope of soil line) 
LAI 0.01 0.25 0.5 1.0 1.5 2.0 2.5 3.0 4.0 6.0 
min' 1.008 1.267 1.635 2.726 4.765 8.284 15.24 27.78 
max*' 1.013 1.349 1.822 3.342 6.042 11.22 21.66 40.27 76.66 --
iso*^ 1.008 1.242 1.563 2.564 4.361 7.608 13.41 24.39 88.80 — 

Y-intercept 
LAI 0.01 0.25 0.5 LO 1.5 2.0 2.5 3.0 4.0 6.0 
min 0.042 0.088 0.128 0.175 0.177 0.092 -0.150 -0.615 -1.520 — 
max 0.043 0.102 0.151 0.216 0.232 0.192 0.047 -0.260 
iso 0.043 0.103 0.153 0.221 0.243 0.210 0.096 -0.168 -1.862 — 
* I min and max are the smallest and largest values of the simulated isoline for the same LAI 
*2 iso denotes the value obtained by the derived vegetation isoline equation 
*3 '—' means that the isoline becomes parallel to the Y-axis 

(b) Extremophile 
{slope)!a (where a = 7.2 is the slope of soil line) 

LAI 0.01 0.25 0.5 1.0 1.5 2.0 2.5 3.0 4.0 6.0 
min 1.009 1.225 1.510 2.325 3.649 5.632 9.107 14.28 62.50 — 
max 1.011 1.302 1.694 2.826 4.675 7.701 12.85 24.16 95.00 — 
iso 1.007 1.203 1.460 2.193 3.367 5.240 8.218 13.25 33.90 — 

Y-intercept 
LAI 0.01 0.25 0.5 1.0 1.5 2.0 2.5 3.0 4.0 6.0 
min 0.041 0.072 0.100 0.147 0.170 0.158 0.086 -0.144 -1.709 — 
max 0.042 0.085 0.125 0.185 0.220 0.229 0.194 0.113 -0.925 ~ 
iso 0.042 0.086 0.126 0.189 0.227 0.238 0.215 0.137 -0.276 — 

(c) Erectophile 
{slope)!a (where a = 7.2 is the slope of soil line) 

LAI 0.01 0.25 0.5 1.0 1.5 2.0 2.5 3.0 4.0 6.0 
min 1.007 1.178 1.386 1.951 2.736 3.836 5.444 7.794 14.58 38.33 
max 1.008 1.249 1.551 2.362 3.530 5.220 7.722 11.32 21.94 66.67 
iso 1.006 1.161 1.352 1.855 2.567 3.587 5.019 6.998 13.92 54.00 

Y-intercept 
LAI 0.01 0.25 0.5 1.0 1.5 2.0 2.5 3.0 4.0 6.0 
min 0.041 0.054 0.069 0.100 0.128 0.147 0.148 0.127 0.026 -0.496 
max 0.041 0.067 0.092 0.138 0.175 0.203 0.217 0.214 0.161 -0.151 
iso 0.041 0.068 0.094 0.141 0.179 0.208 0.225 0.228 0.172 -0.409 
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Pianophile 

c 0.3 

(b) Extremophile 

0.3 

(c) Erectophile 

o 0.01 
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• 0.5 
o 1.0 
A 1.5 
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o 4.0 

- iso 

red reflectance 
Fig. 3.4 Plot of vegetation points with the SAIL model (marks) and the vegetation 
isoline (solid lines) for various LAI and soil reflectance. The numbers in the legend 
denote the LAI. 'iso' means the vegetation isoline. 
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Fig. 3.5 Relative error (%) of vegetation isolines to SAIL model. 
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Fig. 3.6 Higher order truncation error (%) of vegetation iso lines 
relative to SAIL model. 
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(a) Planophile 

(b) Extremophile 

(c) Erectophile 

0.05 (SAIL) 
0.2 (SAIL) 
0.35(SAIL) 
0.05(is0) 
0.2 (ISO) 
0.35(ISO) 

Fig. 3.7 NDVI vs. LAI for soil reflectance (red) of 0.05,0.2, and 0.35. 
Marks represent SAIL model and lines represent vegetation isolines. 
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(a) Planophile 

(b) Extremophile 

(c) Erectophile 

o 0.05 (SAIL) 
^ 0.2 (SAIL) 
o 0.35(SAIL) 

0.05(is0) 
0.2 (ISO) 
0.35(ISO) 

Fig. 3.8 SAVI vs. LAI for soil reflectance (red) of 0.05,0.2, and 0.35. 
Marks represent SAIL model and lines represent vegetation isolines. 
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Fig. 3.9 Relative error (%) of NDVI obtained from vegetation isolines. 
Numbers in legend are soil reflectance of red band. 
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Fig. 3.10 Relative error (%) of SAVI obtained from vegetation isoiines. 
Numbers in legend are soil reflectance of red band. 
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3.5. Behavior of Vegetation Isolines 

In this section, we investigate the behavior of the vegetation isolines. The same 

model parameters as the previous section are used. Instead of showing all the results of 

the three different LADs, we only show the one with extremophile. In addition to those 

model parameters, we assumed 11 values of the fraction of green cover, p, from 0.0 to 

1.0 at 0.1 interval to compute the isoline parameters defined by Eqs. (3.2.12a) -

(3.2.12.d). 

3.5.1. Vegetation Isolines for Fixed Fraction of Green Cover 

In order to see the general trend of vegetation isoline behavior, we first show plots 

of vegetation isolines in the red-NIR reflectance space for four fixed values of fraction of 

green cover p in Figs. 3.11 (a) P=0.1, (b) 0.5, (c) 0.9 and (d) 1.0. Each figure includes 8 

isolines corresponding to 8 values of local LAI from 0.0 to 4.2 with 0.6 interval. The 

isolines for LAI=0.0 are identical to the soil line, thus they are common for all these 

figures. Since we fixed the value of P for each case, maximum total LAI is limited to 

(4.2xp). For example, the maximum total LAI for p = 0.1 case (Fig. 3.11a) is 0.42, which 

means that the variation of total LAI is very small (from 0.0 to 0.42). This is the reason 

that we see the isolines clustering near the soil line in Fig. 3.1 la. Since the maximum 

total LAI increases with p, variations of vegetation isoline become larger with p. The 

largest variation can be seen in Fig. 3.1 Id 100% green cover case. These results can be 

directly obtained by simply plotting the SAIL output reflectances since it assumes 

horizontally homogeneous and infinitely extended layer of canopy, corresponding to 

100% green cover in this study. Thus the variations of the isolines in Fig. 3.1 Id are the 

most familiar to the SAIL users among these figures. 



129 

Before we precisely analyze the behavior of the isolines, we briefly mention some 

of their trends qualitatively. We noticed that Fig. 3.1 Id (P=1.0) is very different from the 

other three cases (P<1.0). This can be described by focusing on the isoline slopes and 

NIR-intercepts. The slope of the isolines monotonically increases with local LAI in Fig. 

3.1 Id. On the other hand, for p<1.0 cases (Figs. 3.1 la-c) the slope is not a monotonic 

function of LAI. For P<1.0, the slope increases with LAI for small values, then decreases 

for larger LAI's. It eventually becomes nearly parallel to the soil line at very large LAI 

(Fig. 3.1 la- c). Another example is the behavior of the NIR intercept. It increases 

monotonically for P<1.0, which is apparently different from P=1.0 case (the intercept 

decreases for large LAI). Although the behavior of the isolines is somewhat complex, 

their behavior can be described effectively by focusing on 1) slope of the isolines, 2) 

NIR-intercepts and 3) the intersections between vegetation isolines and soil lines. 

Detailed analyses of these points will be provided below. 

3.5.2. Slope of Vegetation Isoline 

The slope of the vegetation isoline provides key information to some vegetation 

indices and is important in removing soil noise. The slope of the isoline is a 

multiplication of the soil line slope, a, and y, which is the ratio of the area averaged two-

way transmittance of the NIR band to the red, defined by Eq. (3.2.12a). Since the soil line 

slope a is fixed for all cases, we need to analyze the behavior of y as a function of local 

LAI and fraction of green cover, p. Figure 3.12 is a logarithmic plot of y against local 

LAI for four discrete values of p, 0.3,0.6,0.9 and 1.0. The behavior of y for partial green 

cover cases (P < 1.0) is apparently different from the full cover case (P = 1.0). For p < 

1.0, y shows a maximum, and then decreases to approach 1.0 asymptotically, eventually 
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becoming parallel to the soil line slope. The influence of p is so strong that in some cases, 

smaller total LAI (local LAI x P) may have a steeper vegetation isoline slope than those 

of larger total LAI's. 

This behavior can be understood fi*om the definition of y by Eq. (3.2.12a). Again, 

both denominator and numerator are the weighting average of the two-way transmittance 

and unity with P and (1-P) as its weights. When the canopy becomes very thick, the two-

way transmittance becomes small. Thus for the case of P < 1.0, the leading term of the 

denominator and numerator becomes much smaller than (1-P). Since both denominator 

and numerator become closer to (1-p), y finally approaches unity. This can be intuitively 

understood when one considers the very thick canopy partially covering the target area. 

Suppose that we compare two cases with different soil brightness (dark and bright soil). 

The canopy is so thick that any photon that enters the canopy area will never be 

transmitted to the soil surface. Since this portion of photons will never 'see' the surface, 

differences in soil brightness do not affect that portion of the photons reflected by the 

canopy and reflectance is the same for both the bright and dark soil cases. On the other 

hand, differences in soil brightness affect the portion of reflectance contributed by the 

bare soil area (which is directly sunlit). The difference in the reflectance contribution 

fi-om this area is exactly proportional to the difference in soil brightness in both the red 

and NIR bands. As a whole the changing rate of NIR reflectance (observed) to that of the 

red band is exactly the same as that of backgroimd brightness, which is the slope of the 

soil line a. 

The LAI value that gives maximum y depends on the value of p. For the case of 

larger p, maximum y occurs at larger LAI. It can also be explained by Eq. (3.2.12a). For 

larger p, the second term of both denominator and numerator are relatively smaller in 
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comparison to the first term so that the effect of the first term remains longer. This causes 

the occurrence of maximum y shifting toward larger LAI. 

On the other hand, for the fiall cover case, y increases exponentially with LAI. 

This result matches those reported by Huete (1988) and Major et al. (1990). If we assume 

an exponential form for the canopy transmittance, y can be written in the same form by 

Huete and Major et al. For the perfect green cover case, it is fairly easy to interpret the 

results intuitively. For a very thick canopy, the red transmittance is so small that the red 

reflectance remains the same when the soil brightness changes. On the other hand, the 

NIR reflectance is affected by soil brightness, causing a vegetation point, in red-NIR 

space, to move parallel to the NIR-axis. Thus the slope of the isoline becomes infinite. In 

Eq. (3.2.12a) with P = 1.0, the slope becomes very large when the two-way transmittance 

of the red band becomes much smaller than the NIR band. Since the extinction 

coefficient of the red band is usually much larger than that in the NIR band, we always 

expect to have a quite large slope for the thick canopy when P = 1.0. 

Fig. 3.13 shows a plot of y against P for constant values of local LAI. In contrast 

to Fig. 3.12, there is a monotonic increase of y with p for all the constant LAI values. 

This can also be explained by Eq. (3.2.12a). When p becomes larger, the first term of the 

numerator and denominator becomes relatively more important than the second term, 

thus y is expected to increase monotonically as p increases. 

One may simply understand this behavior by noting that the total LAI, which is 

the multiplication of P and local LAI, increases as p increases. This explanation, 

however, is not complete, since smaller total LAI case may show steeper vegetation 

isoline than larger total LAI case as we saw in Fig. 3.12. From these results we clearly 

see that the vegetation isoline slope increases monotonically if 1) the fraction of green 



132 

cover increases for constant (or small change) local LAI, or 2) the target area is fully 

covered by canopy, P=1.0. 

The rate of change in y against P for a fixed LAI value can be obtained by taking 

partial derivative of Eq. (3.2.12a) with respect to P, 

^ _ ^viV ~'^vR (3 5 1) 
5p [pr,^,+(i-p)]^-

For a fixed LAI, the transmittances of the red and NIR band are constant. The only 

parameter p in the above equation is in the denominator which varies from 1.0 at p=0.0 to 

TVR at P=1.0. Since TVR' is smaller than 1.0, the rate of change becomes larger with p. 

3.5.3. NIR-Intercept 

Our next focus is the behavior of the NIR-intercept as a function of local LAI and 

p. Fig. 3.14 shows plots of the NIR-intercept (D) against LAI for fixed values of p. In the 

figure, we again see a different behavior for the full cover case from the partial cover 

case (P<1.0). D increases monotonically with LAI for P < 1.0, while it is not a monotonic 

function of LAI for p=1.0. After it reaches the maximum value near LAI=2.0, it starts to 

decrease to approach negative infinity asymptotically. This asymptotic behavior comes 

firom the fact that the isoline finally becomes parallel to the NIR-axis as LAI becomes 

very large for the full cover case shown in Fig. 3.1 Id. Contrary to the full cover case, D 

approaches its asymptotic value which depends on p. In the previous discussion, we saw 

that the slope of the isoline becomes parallel to the soil line (not the NIR-axis) for the 

partial cover cases. In addition to this fact, both the NIR and red reflectances will saturate 

at some value as LAI increases. For these reasons, the NIR-intercept reaches its 

asymptotic value, dependent on p, for the partial cover cases. The saturation value of D is 
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obtained analytically from Eqs. (3.2.12b), (3.2.12c) and (3.2.12d) by letting T^Ngo to 

zero and y to 1.0. 

lim D = pp„;v+6(l-p)-app,« (forp<1.0). (3.5.2) 
TA! -*<» 

Since both and pv/? reach their asymptotic values at large LAI, the asymptotic value of 

D depends only on P for the given set of soil line parameters. Its range for the partial 

cover case is then written as 

6 < lim D< p,^ - ap„„. (3.5.3) 
lA! -»<o 

The lower bound of the D asymptote is the NIR-intercept of the soil line, which is 

somewhat obvious, and the upper bound (exclusive) is a function of the canopy optical 

properties and the soil line slope. 

Fig. 3.15 is a plot of the NIR-intercept against P for fixed LAI values. The figure 

shows rapid transition of the NIR-intercept at P = 1.0. Again, this transition is caused by 

the fact that for P=1.0 the slope (actually y) becomes infinite, resulting in the last term of 

Eq. (3.2.12b) to be negative infinity. 

We also see in the figure that the intercept looks like a linear function of P for 

almost the entire range except near P=1.0. This can be analytically confirmed by deriving 

the rate of change as we did previously. Taking a partial derivative of D with respect to 

P, we have 

— = p,. + b{T;^ -1) - aryp,„ - aPp,« , . (3.5.4) 
ap [P7;^+(1-P)]' 

In the above equation, the last two terms include the parameter p (since y includes P). 

Although the partial derivative is a function of P (not constant for a fixed LAI value), it 

does not show much variation when p « 1.0. The reasons are: 1) y, for P < 1.0, is close 
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to 1.0 as we see in Figs. 3.12 and 3.13, and 2) the last two terms include the red canopy 

reflectance as a factor which is relatively much smaller than the first term of the RHS. As 

a result, the terms which includes P become relatively smaller than the other terms for p 

« 1.0, explaining the linear-like behavior of D with p. 

3.5.4. Intersection between Vegetation Isoline and Soil Line 

The intersection between the vegetation isoline and the soil line is represented by 

Eq. (3.2.12b) in vector form. Since the unit vector along with the soil line and the vector 

(0,6) are both fixed for a given soil line parameters a and b, we only need to analyze the 

coefficient of the unit vector (Q defined by Eq. (3.2.14) to understand the behavior of the 

intersection. C represents the distance between the NIR-intercept and the intersection 

between the vegetation isoline and the soil line. The negative value of C means that the 

intersection is located in the left-hand side of the NIR-axis. Fig. 3.16 is the plot of C 

against local LAI for some fixed values of p. In the figure, C increases monotonically 

with LAI only for the full canopy cases. For P < 1.0, it goes to large negative values at 

large LAI values. This occurs because the slope of the isoline becomes parallel to the soil 

line, asymptotically for p < 1.0 cases (e.g. Fig. 3.1 lb), and the NIR-intercept increases 

monotonically as we discussed previously (e.g. Fig. 3.13). Thus, the intersection moves 

infinitely farther in negative direction along the soil line from its NIR-intercept, resulting 

in large negative C values. For the full cover case, the vegetation isoline becomes parallel 

to the NIR-axis so that the intersection converges to some positive value near the 

intercept of the soil line. 

Another interesting behavior is that all of the lines start firom the same value at 

LAI near zero. This may contradict our expectation that infinitesimally small LAI values 
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should have large negative C values, since the vegetation isoline may be close to be 

parallel to the soil line. In order to confirm the value of C for infinitesimally small LAI, 

we take its limit when LAI goes to zero for a fixed value of P using the definition of C by 

Eq. (3.2.13). Since both denominator and the numerator of Eq. (3.2.13) become zero at 

this limit, we apply the I'Hopital's rule. 

l i m C  =  — .  ( 3 . 5 . 6 )  

From Eqs. (3.2.12b), (3.2.12c) and (3.2.12d) we obtain the partial derivative of the Y-

intercept by noting that y = 1 and pv/? = 0 at I = 0, 

aD/aL|,.. =p(ap„/5£|,.. +2Mr,„/3i|,.. -adp ,JaL\ , J .  (3.5.7) 

The partial derivative of y at Z = 0 is obtained from Eq. (3.2.12a) by noting that the 

transmittances of the red and NIR bands are both unity, 

= 2p(ar.../3i|,.. o.s.s) 

Since p is a common factor of the denominator and the numerator, the limit of C becomes 

^ iai\ 2bsr^isi\,., - aSpJ) 

2" • 
limC = 
l.-*0 

In the above equation, since neither the numerator nor the denominator will be zero or 

infinity, we have a finite number (instead of infinity) as a limit of C. Finally firom Eq. 

(3.5.9), C is independent of p, which matches the results shown in the figure, at Z, = 0.0. 

Some vegetation Indices are designed based on the behavior of this intersection to 

minimize noise induced by variations of background brightness. For example, SAVI has 

an adjustment factor L which is obtained from the intersection of the vegetation isoline at 

LAI =1.0 and the soil line. TSAVI has the same kind of adjustment factor, X, which is 

the negative value of the abscissa of the vegetation isoline and the soil line, usually set to 
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0.08 (Baret and Guyot, 1991). I is set to 0.1 (for the SAIL model) which is a sum of X 

and Y abscissa of the intersection with opposite sign. For these indices to be successful in 

terms of soil noise reduction, C should be near constant around the intersections assumed 

in the design of these indices. In Fig. 3.16, the variation of C is smaller for relatively 

larger p which is less than 1.0. For example, p = 0.9 case, C does not vary much within 

the range of LAI we used. In reality p and local LAI are both increasing as plants grow. 

Thus, we expect that the variation of C would be small during the plant growth. This 

indicates the relevancy of the vegetation indices such as SAVI and TSAVI designed 

based on the information of the intersection to minimize the soil brightness effect. 

Fig. 3.17 is the plot of C against p for some fixed LAI. The figure shows that C 

looks like a linear function of p for all the fixed values of LAI. This information would 

be helpful to redesign the above adjustment factors of the vegetation indices. The proof 

of this behavior, however, is left for future consideration. 

3.5.5. Vegetation Isoline for Fixed Total LAI 

Since the total LAI is the multiplication of P and local LAI, there are an infinite 

number of combinations of local LAI and P which result in the same total LAI. As we 

have seen in this chapter, we expect to see variations in the vegetation isolines among 

such combinations. We show the variations by plotting the vegetation isolines with the 

same value of total LAI. Figs. 3.18a-e are the plots of the vegetation isolines for five 

different values of total LAI. Thus the isolines in these figures have different pairs of the 

local LAI and p but the identical value of total LAI. From the figures, the variations are 

relatively smaller for lower values of total LAI. Larger variations can be seen in the 

cases of relatively larger total LAI. This is due to the fact that the slope of the isolines 
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becomes parallel to the soil line at large LAI for p < 1.0. On the other hand, for p = 1.0 

case, the slope becomes parallel to the NIR-axis (infinite slope). These results indicate 

the importance of parameter combinations (the local LAI and P) for the estimation of the 

vegetation isolines, to be accounted for in design of vegetation indices to minimize soil 

noise. 

3.6. Conclusions 

We have shown that the vegetation isoline equation can be derived from a simple 

analytical model by truncating the higher order interaction term. The resulting equation 

effectively represents the known properties of the vegetation isoline, namely that the 

slope increases exponentially as LAI increases and that the Y-intercept increases to a 

maximum, rather than increasing monotonically. 

A technique to numerically obtain such an isoline for any fixed LAI/LAD is 

proposed and demonstrated with the SAIL canopy RT model. The technique consists of 

two simulations, one with the perfect absorber as a background and the other with an 

arbitrary, medium to dark, background to obtain the pure vegetation canopy reflectance 

and the average canopy transmittance. Since the above two cases are independent of the 

actual soil brightness, one does not need to know the optical properties of the actual soil. 

The technique involved an approximation of the hemispherical canopy reflectance (from 

the bottom of the canopy layer, downward) by the pure canopy (perfect absorber 

background) reflectance. 

In comparing the numerically derived vegetation isoline with the SAIL simulation 

data, we obtained agreement to within 5 percent relative error when darker soils 

(Pred<0.25) were used to derive the isoline, despite the approximation and the truncation 
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steps. When bright soils (pred>0.25) were used, the relative error in the vegetation isoline 

equations increased to 8% primarily due to the truncation. 

We investigated the accuracy of predicting NDVI and S AVI with the isoline 

equation against SAIL model simulation data. We also obtained good agreement in the 

prediction and simulation for the darker soil cases. We conclude that the vegetation 

isoline equation and the technique used to obtain its coefficients can be used to fiirther 

study and characterize the behavior of existing two-band vegetation indices to variations 

in canopy background. 

The vegetation isoline equation was derived here using the canopy transmittance 

and reflectance explicitly in the equation, with the LAI and other factors implicitly 

included. Although one needs to conduct two simulations with a numerical canopy RT 

model, the choice of the numerical model is quite flexible. In this study we used the 

SAIL model to do the simulations. Use of alternate models, particularly a multi

dimensional discrete ordinate code (Myneni, et al., 1992) needs to be considered. We also 

propose to model the isoline behavior for partially covered canopies (clumping) since the 

importance of fractional green cover is well recognized as a parameter of canopy 

reflectance (Asreir et al., 1992; Clevers, 1988). 

The vegetation isoline derived in this chapter has been shown to be useful as a 

way to investigate the inherent variation of vegetation indices. Since the characteristics of 

the vegetation isoline are functions of the canopy optical properties and soil line 

parameters, this is an important starting point for the de-coupling of the canopy 

background from the vegetation layer to reduce the total number of simulations needed to 

obtain vegetation isolines numerically. The technique to reduce total amount of 

simulations by splitting problems into two mdependent sub-problems has already been 

proved to be very powerful and useful (Knyazikhin et al., 1998a; 1998b).This approach is 
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also significant to both the development and use of vegetation indices and to the use of 

canopy radiative transfer models for biophysical parameter extraction. 

We investigated the behavior of the vegetation isoline as a function of the local 

LAI and the fraction of green cover. The analyses were carried out by focusing on the 

three properties of the isoline: the slope, NlR-intercept and the intersection with the soil 

line. 

The slope becomes parallel to the soil line for p < 1.0 as LAI becomes large. In 

contrast, with the perfect green cover case (p=l .0), the slope becomes parallel to the 

NIR-axis. The NIR-intercept increases monotonically as LAI increases for p <1.0. For 

the full cover case (P=1.0), the NIR-intercept reached a maximum and eventually became 

negative infinity. The intersection between the isoline and the soil line showed a more 

interesting behavior. At the limit of LAI approaching zero, the coefficient C converged to 

a certain value independent of p. For larger P (<1.0), the variations of C became smaller 

(relatively stable). These results support the relevancy of the vegetation indices designed 

based on stationary intersections to minimize the soil brightness effect. 

Finally we showed the variation of the vegetation isoline for a fixed total LAI but 

different combinations of local LAI and firaction of the green cover. We concluded that 

the combination of those parameters is a very important factor for the vegetation isoline. 

We assumed homogeneous canopies of short height within the green-covered area 

so that the firaction of target area shaded and obscured by the canopy was identical to the 

vertical trajectory of the canopy. Thus a sensor does not see any shaded background 

surface without seeing the canopy first under this assumption. In reality, no canopy is 

homogeneous and the sensor can always see the shaded background stirface without 

seeing the canopy. As a result, the background noise is somewhat exaggerated by this 
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model assumption. We can guess that the real variations of vegetation isolines must be 

smaller than observed in Figs. 3.18a-d. In order to make the model assumptions more 

realistic, we need to introduce parameters that represent: 1) the fractional area shaded by 

the canopy but viewed by the sensor directly, and 2) the fractional area which is sunlit but 

obscured by the canopy from the sensor view point. These modifications are rather 

straightforward, and the derivation and the final form of the vegetation isoline equations 

of this study remain mostly the same. Thus, in summary, we can note two things: 1) the 

degree of variations that we saw in these figures may be somewhat larger than realistic 

variation because of the model assumptions, and 2) the trends of the isoline variation seen 

in this study still reflect the realistic trends despite the modeling assumptions. 
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Fig. 3.1 lb Vegetation Isolines for p = 0.5. 
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Fig. 3.12. Vegetation isoline slope devided by soil line slope (y) 
vs. LAI for various P values. 
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Fig. 3.13. y vs. P for various LAI values. 



144 

Z 0.0 

—•— p=0.1  

, ^ ... 0.3 
—•— 0.5 
—o— 0.7 

0.9 
— <3 1.0 

Fig. 3.14 D vs. LAI for various P values. 

1\ 
11 
1 1  Z 0.0 

1 1  

-0.2 

LAI=0.6 
1.2 
1.8 

-O— 2.4 

3.0 
-o- 3.6 

4.2 

0.0 0.2 0.4 0.6 0.8 1.0 
fraction of green cover (P) 

Fig. 3.15 D vs. p for various LAI values. 



C value (soil-line and vegetation isoine intersection) 

I 
M i l '  
T ? ? t 
4^. UJ i>j lo 
to ON o bo k) ^ 

II o 
as  

31 
w' 
u> 
OS 
n < 
f 

5^ «-i 

o c v> 
•U3 
< 
e. c re in 

C value (soil-line and vegetation isoline intersection) 

u> to 

/ 

H i .  
I 

— O O O "CO 
O so ^ ^ 



(LAI,P)-(0.3,1.0) 
(0.6,0.5) 
(0.75,0.4) 
(1.5,0.2) 
(3.0,0.1) 

1 • 

(LAI,P)-(0.3,1.0) 
(0.6,0.5) 
(0.75,0.4) 
(1.5,0.2) 
(3.0,0.1) 

1 • 

-0.1 0.0 0.1 0.2 0.3 

red reflectance 

Fig. 3.18a Vegetation Isolines for total LAI =0.3. 
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Fig. 3.18b Vegetation Isolines for total LAI =0.75. 
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Fig. 3.18d Vegetation Isolines for total LAI = 2.1. 
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CHAPTER 4. 

INHERENT VARIATIONS OF TWO-BAND VEGETATION INDICES 

AGAINST VARIATIONS OF SOIL BRIGHTNESS 

This chapter is concerned with a systematic evaluation of inherent variations of 

the two-band vegetation indices using the vegetation isoline equations based on a first-

order interaction model introduced in chapters 3. Using the derived vegetation isoline 

equations in the expressions of the Vis, we can effectively analyze their inherent 

variations. We choose eight Vis to demonstrate the systematic evaluation of their 

inherent variations against the soil brightness. 

4.1 • Background 

All indices show their own variations to the soil brightness changes mainly caused 

by the differences of their index-formulations. In other wards, the variations are inherent 

to the indices since the patterns of the Vl-variations are determined when the 

formulations (and adjustment factors) are fixed. 

All vegetation indices have their own index isolines consisting of the pairs of red 

and NIR reflectances that give the same index value. These index isolines are not 

identical to the vegetation isolines. The variations of the vegetation indices with the soil 

brightness changes are caused by this discrepancy. If these two isolines are identical, the 

vegetation index should be free fi-om the background noise, meaning that the vegetation 

index is independent of the soil brightness changes. In reality, the index isolines of all the 

existing vegetation indices are not identical to the vegetation isolines. Hence, the indices 

give different values even for the pairs of the reflectances on a same vegetation isoline. 

We investigate the inherent behavior of the existing two-band vegetation indices using 

the derived vegetation isoline equations. 
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4.2. Vegetation Indices bv The Vegetation Isoline Equations 

In this chapter, we focus on the two-band vegetation indices which can be written 

as the ratio of linear combinations of the red and NIR reflectances. The ratio-based 

vegetation indices which we consider here are the simple ratio vegetation index (RVI), 

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

(SAVI), the transformed soil adjusted vegetation index (TSAVI), and the modified soil 

adjusted vegetation index (MSAVI) which is the only non-linear index discussed here. 

The orthogonal-based vegetation indices for this chapter are the two-band perpendicular-

vegetation index (PVI), the difference vegetation index (DVI) and the weighted 

difference vegetation index (WDVI). 

The generalized form of these indices is 

where pi, q, and r/ are constants whose combination is particular for each index (Table 

4.1). For example, the RVI can be obtained by settingp\=q2=^ and zero for the other 

constants. 

In order to evaluate the inherent variations of the vegetation indices, we use the 

vegetation isoline equation represented by Eq. (3.2.11) (without term). Since any 

combination of p/j and pjv which satisfies Eq. (3.2.11) is the signal firom the same canopy 

(but different background brightnesses), the variations of the vegetation indices along 

with a vegetation isoline can be obtained by substituting Eq. (3.2.11) into the above 

equation. Substituting Eq. (3.2.11) into Eq. (4.2.1), we have 

YJ -  P\PN ?IP« ^1 

PIPn ^2 
(4.2.1) 

(P\<^ + <li )pR +PiD + ri  

iP2^  +  ̂ 2)pR +P2D + r2 
(4.2.2a) 
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For the example of the RVI, we can rewrite the RVI equation represented as RVI = ps/pR 

by substituting the NIR reflectance of Eq. (3.2.11), 

= = + (4.2.3a) 
P« P/f P« 

From the above expression of the RVI, we can analyze its inherent variation with the soil 

brightness changes. From Eq. (4.2.3a), the RVI is relatively larger for smaller p/j when D 

is positive, and it approaches to a constant value, ay, as p/? increases. When D is negative, 

the RVI becomes smaller as p/? increases, meaning that the RVI variation is relatively 

larger with darker background reflectance. 

We provide the additional information to examine the inherent variations more 

precisely. The partial derivatives of the vegetation indices by the red reflectance are the 

direct measures of the rate of variations. The partial derivative of Eq. (4.2.2a) is 

d{VI)  cr^{p^r , -  D{p,qy  

5p« 

For example, the partial derivative of Eq. (4.2.3a) is 

d{RVI)  D 

(4.2.2b) 

(4.2.3b) 
5P« PR' '  

Eq. (4.2.3b) indicates that the rate of the RVI change is proportion to the NIR intercept of 

the vegetation isoline (D) and the inverse square of the red reflectance value. From Eq. 

(4.2.3b), we expect that the slope of the RVI against p/? is negative for a positive D, and 

positive for a negative D. The rate of change normalized by the original value is obtained 

by taking a logarithmic derivative of the VI equation, 

dpnVI)  _  1 djVI)  ^  crYip^r ,  -p2r^)  + D(p^q^-p^q, )  + q^r^-q^r^  (4.2.2c) 
dpg VI  ap„ [{p^ay+q^)p^+p^D + r^][ iP: .aY + q2)pR+P2D + r ,] '  

For the RVI, we have 
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d{\nRVI)  1 d{RVl)  D 3^^  

5p« RVI 5p« (^P«+^)P«' 

This form is more suitable for the comparison of the changing rates among the vegetation 

indices. 

Before we repeat the same process for the other indices, we simplify Eqs. 

(4.2.2a)-(4.2.2c) for the cases that neither p] noxpj is zero such as for NDVI, SAVI and 

TSAVI. In these cases, we can factor out both p\ and pi from the numerator and the 

denominator to rewrite Eq. (4.2.1) as, 

VI = Co P-V+AP«+^I  ^ (4  2 .4)  
PiV R ^2 

where co=pilp2, Irqjpi and mi=r,lpt (Table 4.2). Using the vegetation isoline equation, 

Eq. (3.2.11), we have, 

(ory+ / , )p« +^2 +D 

The partial derivative and the logarithmic derivative of Eq. (4.2.5a) with respect to the 

red reflectance are 

^{VJ)  _  ayimi + -4)  + -^2^1 (A 2 5b) 
5p« ° [icrr + l,)p,+m, + Df 

5(lnVI) crf{m2 -/Wj) + Z)(/, + -h'^\ 
(4.2.5c) 

5p/e [(ay + /, )pR + m, + D][(cnr + /2)pR +m^ + D] 

which include fewer constants, and hence are simpler than Eqs. (4.2.2a)-(4.2.2c). This 

form is more suitable than Eq. (4.2.2) for analyzing and optimizing the vegetation 

indices. Note that the logarithmic derivative of this form, Eq. (4.2.5c), does not include 

the amplitude constant, cq. Therefore, the co does not contribute to the rate of the VI 

changes normalized to its VI value. 
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We summarize these coefficients for the indices considered in this chapter as 

tables 4.1 and 4.2. 

Table 4.1. Coefficients of p,, qt, and r/ for the form of Eg. (4.2.1) 
P\  n  Pi  Cl2 r-, 

RVI 1 0 0 0 1 0 
NDVI 1 -1 0 1 1 0 
SAVI i \+L)  -d+i) 0 1 1 L 

TSAVI a -cr -ab a  1 X{\+(r)-ab 
DVI 1 -I 0 0 0 1 

WDVI 1 -a  0  0 0 I 
PVI (iV)-"- •aO+crf'"- -b(l+iry"^ 0 0 I 

Table 4.2. Coefficients of cp, /, and m, for the form of Eg. (4.2.4) 
Co /i m\ h  m2 

NDVI 1 -1 0 1 0 
SAVI ( l+I)  -1 0 1 L 

TSAVI 1 -1 -b/a Ma 1 

We also provide the same expression as Eqs. (4.2.2a), (4.2.2b) and (4.2.2c) for the other 

eight Vis. 

NDVI: 

I  2p« 
P.v+P« (^ry + l )P«+^ (aY + l )P«+^ 

MDiZ), 25 ana 
ap/e [(^ry + l)p„+D] 

diynNDVI)  2D 

5p« [(cry - l)p« + £>][(ay + l)p/j + D] 

2D 

P«" - (^P« +^)" 

(4.2.6a) 

(4.2.6b) 

(4.2.6c) 

SAVI: 
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S A  V I  =  — +  L ) =  +  ̂  (1 + L)  
Pa/+P«+^ (<2Y + DP/f  +  ̂  ^  

1 - -
2p If + L 

(iry + l)p« + D + L 

(4.2.7a) 

(l + I) 

a(5^F/)^(l^^)^^ L(c^-1)-^2D ^^and 
5p/^ 

a(ln5'/<F/) 

^P« 

[(cry + l)p« + D +1]-

I(f lry-1)-2D 

[(cry - l)Ps + D][(flry + l)p„ + D + L\  

(4.2.7b) 

(4.2.7c) 

TSAVI: 

TSAVI = a{pN -«Pk -^) a^(Y- l )PR +a{D-b)  

aPs +P/f  +^ '( l+a*) (a"Y + l)p« + D-cr6 + A'( l+a^) '  

djTSAVI)  _  a-{y- \ ){D-ab + X{a-  + \ )] -aia-^  + \ ){D-b)  

5p« " [(a-y + l)p„+£)-a6 + ;r(a- + l)f 

5(ln TSA VI) a-iy-1)[£> -ab + Xia' +1)]- aia^y +1)( D-b)  

^pR [^ '"(Y-OPr +a{D-b)][{a-y  + \)p , f  +  D-ab + X{a-  +1)]  

(4.2.8a) 

(4.2.8b) 

(4.2.8c) 

MSAVI: 

MSA VI = 
_ 2p.v -V(2p.v +1)^ -8(p,v -Pr) 

2 

_ 2gYp„ + 2D +1 - 7(2gypR + 2D +1)^ - 8[(cry - l)p^ + D\ 

2 

(4.2.9a) 

-2[ay(A/&4F/) + l-ffy] d{MSAVI)  

5p« ^|{2c^(p , f  +2D +1)- - 8[(i?y - 1)Pr + D] 

d(]n MSAVI)  -2  

, and 

5p« V(2cryp„ + 2D +1)^ - 8[(cry - l)p« + D] 
ay 

(1-gy) 

{MSAVI)  

(4.2.9b) 

(4.2.9c) 

DVI: 

DP7 = p,v -pR =cr(pR +D-p« =(£ry-l)p„ +D, (4.2.1 Oa) 
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WDVI: 

PVI: 

d{DVI)  

dPn 
=  07- 1 ,  and 

d{\nDVI)  

5p« 
Pr + 

D 

(ay-l)J  

-1 

WDVI = p^ -ap„ =ffyp„ +D-£ip« =a(y-l)p^ +D, 

d{WDVI)  

5p« 

d( \nWDVI)  _  

5p« 

= a(y -1) ,  and 

pR 
D 

a (Y- l ) .  

-1 

Pr/  = -^2= {WDVI -b)= ,  ]  [a{y  -  l)p« + D -  6],  
-Ja' +1 yja' +1 

 ̂= M,and 
5p« Va- +1 

di lnPVI)  
- [P« + • -]• 

(4.2.10b) 

(4.2.10c) 

(4.2.11a) 

(4.2.11b) 

(4.2.11c) 

SpK a iy  -  0 

In the following sections, we provide numerical results using the expressions 

introduced in this section, and analyses of the results. 

(4.2.12a) 

(4.2.12b) 

(4.2.12c) 

4.3. Model Cases 

We choose a set similar to the SAIL mput parameters used in chapter 3. The leaf 

angle distribution (LAD) was assumed as extremophile with the average leaf angle 

(ALA) of 45° (Goel, 1988). The leaf reflectance and transmittance are 0.05 and 0.02 for 

the red band respectively, and 0.465 and 0.490 for the NIR band respectively. The soil 
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reflectances follow a soil line equation with the soil line parameters of a = 1.2 and b = 

0.04. (Note that no particular reflectance values were necessary to construct the 

vegetation isoline parameters, y and D). The sun angle was assumed to be 45 degree (0.8 

fraction of direct sun light), and the view angle was assumed to be nadir. We used six 

LAI values of 0.15,0.75, 1.5,2.1, 3.0, and 4.2. Using these input data, we conducted two 

types of simulations: one with the perfect absorber as the canopy background (STEP2), 

and the other with the soil reflectance of 0.4 for the red band and 0.2 for the NIR band 

(STEPS). In STEP 4, we assumed four values of the fraction of green cover, p, to 

construct the isoline parameters, y and D, defined by Eqs. (3.2.12a-d) for the following 

combinations of the local LAI and the fraction of green cover: (local LAI, p) = (0.15,0.1), 

(0.75,1.0), (1.5, 0.5), (2.1,1.0), (3.0, 0.7) and (4.2, 1.0). The isoline parameters were 

computed using the same steps described in the previous chapter for the set of the above 

input parameters. 

4.4. Results and Discussions 

4.4.1. The Vegetation Isolines 

Fig. 4.1 shows the vegetation isolines obtained in the previous section for the six 

combinations of the local LAI and the fraction of green cover (P). The isoline parameters 

(y and D) are summarized in Table 4.3. The range of possible reflectance variations can 

be represented as the minimum and maximum reflectances for each case plotted as the 

symbols in Fig. 4.1 and also sunmiarized in Table 4.3. The corresponding maximum and 

minimum VI values are also summarized in Table 4.4. The minimum reflectance for a 

constant canopy is obtained by assuming the perfect absorber as the canopy background. 

From Eq. (3.2.2) by setting /?j/{=0.0, we have 
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Pw =PPv«.  (4-4.1)  

where p/i(min) is the minimum reflectance in the red band. Then the corresponding 

minimum NIR reflectance pNfmmj is 

P-V,™n) = ^P«(mi„) + ^ • (4-4.2) 

The maximum reflectance is obtained by assuming the soil reflectance in the red band 

RsRimax) to be 0.35. From Eq. (3.2.2), we have 

PRdnax) = PPvR + [P + (^ ~ P)]^,«(inax) • (4-4.3) 

Using the vegetation isoline equation (3.2.11), we have the maximum NIR reflectance 

P,V(max) = ^nrP«(ma^) + ^ • (4-4-4) 

Table 4.3. Vegetation isoline parameters and range of red and NIR reflectances 
case (g 15,0.1)'' (0.75,1.0) (1.5,0.5) (2.1,1.0) (3.0,0.7) (4.2,1.0) 

(1.01,.043)'' (1.78,. 160) (1.25,. 154) (5.72,.237) (1.37,.292) (40.1,-.408) 
mlnref. (4e-3,.043)(.0!2,.186) (.008,.166) (.017,.358) (.012,.313) (.018,.493) 
maxref. (.343,.459)'•* (•131,.441) (•203,.458) (•035,.477) (.121..491) (.020,.535) 

• 1: (local LAI, P), *2: {y,D), *3: minimum red and NIR reflectances (p«,pA/), 
•4: maximum reflectances 

Table 4.4. VI values corresponding to the minimum and maximum reflectances in table 
4.3 

(0.15,0.1) (0.75,1.0) (1.5,0.5) (2.1,1.0) (3.0,0.7) (4.2,1.0) 
RVl 120.3/1.33"' 13.2/2.95 20.1/2.54 20.1/13.6 18.5/323 26.3/27.3 

NDVI .984/. 144 .860/.496 .905/.385 .905/.863 .898/.527 .927/.929 
SAVI .245/. 139 .523/.440 .549/.360 .737/.763 .639/.466 .819/.837 

TSAVI .015/.008 .352/.302 .380/.229 .603/.63I .495/.335 .585/.606 
MSAVI .086/. 129 .293/.366 .310/.319 .623/.712 .435/.387 .800/.834 

DVI .043/. 116 .152/.259 .159/J255 .341/.442 .228/.270 .475/.516 
WDVI .043/.047 .149/.232 .157/.215 .337/.435 225/246 .471/.512 

PVI .002/.004 .070/. 123 .075/. 112 .190/.253 .118/.132 .276/.302 
*1; VI of minimum reflectancesA^I of maximum reflectances (from table 3) 

In Fig. 4.1 the NIR intercept of the vegetation isoline is not a monotonic function 

of the local LAI and p. It increases with these parameters for a small and a middle LAI 

and p values, and then decreases for large values of the LAI and p. Note that y and D are 
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different for different combinations of the LAI and P, although the total LAI is the same. 

As described in chapter 3, the local LAI and P affects the isoline parameters, y and D 

differently. 

4.4.2. Inherent Variations of the Vegetation Indices 

The inherent variations of the vegetation indices can be observed by plotting these 

VI values against the red reflectances for a constant canopy. The only parameter is the 

background brightness. This is equivalent to using Eqs. (4.2.6)-(4.2.12) to plot the Vis 

and their derivatives as functions of the red reflectance. For example, the inherent 

variations of the RVI is represented by Eq. (4.2.3a) in which the only unknown is the red 

reflectance, p/?, since all the other parameters are independent of the soil brightness. 

Using values of y and D obtained by the four-step procedure, we can see the behavior of 

the RVI only as a function of soil brightness through p/?. 

In this section, we show plots of the VI values against p/j for the six combinations 

of the LAI and p; (LAI, P) = (0.15,0.1), (0.75,1.0), (1.5,0.5), (2.1,1.0), (3.0,0.7), and 

(4.2,1.0). Note that the second and the third combinations have the same total LAI value 

of 0.75, and the fourth and fifth combinations also have the same total LAI value of 2.1. 

By comparing the behavior of the indices among these combinations, we can also see the 

differences of the inherent variations under the same total LAI value. 

Figs. 4.2a-h are plots of the eight Vis against the red reflectance for the six cases 

of the different LAI-P combinations. A smaller p/? corresponds to a darker soil, and a 

larger p/j corresponds to a brighter soil. We also show plots of the logarithmic derivative 

in Figs. 4.3a-h. A smaller magnitude of the logarithmic derivative indicates less 

sensitivity against the background noises, which is a preferable behavior. 
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In the figures, all the indices have their own behavior with respect to the soil 

brightness with some similarities among the indices. The behavior of an index is already 

determined when its formulation is fixed. Therefore, Eqs. (4.2.6a)-(4.2.17c) tell all about 

VI inherent behavior. In below, we summarize the characteristic behavior of each index. 

RVI: Its response against the soil brightness is an inverse of PR from Eq. (4.2.3a) and 

Fig. 4.2a. Hence, it is relatively less sensitive to the variation of the soil brightness when 

the soil is brighter, and this can be confirmed in Fig. 4.3a. The magnitude of the 

logarithmic derivative (absolute value) is quite large for the darker soil in Fig. 4.3a. The 

sign of its derivative is the opposite for a small and a large LAI values (Fig. 4.3a). It can 

be explained by Eq. (4.2.3b); the sign of the NIR-intercept of the vegetation isolines (D) 

becomes negative for a large LAI value (Table 4.3), resulting in a positive derivative 

value. 

NDVI: One of the known characteristics of the NDVI is its large soil noise for a darker 

soil. Fig. 4.2b shows that when the red reflectance is low, the index value becomes very 

similar among cases. For the case of the smallest total LAI, (LAI,P)=(0.15,0.1), the 

minimum and maximum VI values vary ahnost the entire range. Although this is caused 

by our choice of the darkest soil (perfect absorber), we should note this extreme behavior. 

The sign of derivative changes similarly to the RVI in Fig. 4.3b for the same reason as 

the RVI; firom Eq. (4.2.6b) the sing of D is the factor determining the sign of the 

derivative (which is the opposite sign to D). The same trend has already been shown 

based on the ground-collected cotton data by Huete (1988). The NDVI and the SAVI 

were plotted against the red reflectance for the cotton canopies with some constant LAI 
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values in the reference (Huete, 1988). It has been clearly shown that the NDVI decreases 

with LAI for the constant canopies in most of the LAI range but increases only at very 

large LAI (>3.0 in his figure). Thus, the expression for the NDVI rewritten using the 

vegetation isoline equation explains the behavior analytically. Another known behavior 

of the NDVI is its saturation at a larger LAI value. The saturation is seen in Fig. 4.2b for 

largest LAI case of (4.2,1.0). The log derivative also approaches zero asymptotically in 

Fig. 4.3b, indicating less sensitivity to the soil noise at larger soil reflectance similarly to 

the RVI. 

SAVI: Although it has similar form (Eq. (4.2.7a)) as NDVI (Eq. (4.2.6a)), the behavior is 

somewhat different from the NDVI because of the adjustment factor L. Fig. 4.2c shows 

more stable behaviors against the soil noise as compared to the NDVI (Fig. 4.2b(. Much 

improvement can be seen at the lower range of the reflectance in the SAVI from the 

NDVI. Another improvement is that the index shows little variation for the case of 

(2.1,1.0). The design concept of SAVI is reflected in this result, which is to have no 

variation with respect to soil noise at around LAI=1.0 by adjusting L factor. Unlike the 

NDVI, the SAVI shows some variations at the largest LAI case. However, the magnitude 

of this variation will not be too large since the reflectance itself tends to saturate for a 

large LAI value (hence the VI value is also saturated) as can be seen in Tables 4.3 and 

4.4. The difference between the maximum and minimum red reflectance in the case of 

(4.2, 1.0) is only 0.002. The variations of the SAVI and the NDVI values corresponding 

to the minimum and maximum reflectances are only 0.013 and 0.002 for the SAVI and 

the NDVI respectively, which are very small compared with their VI values of 0.92 and 

0.85 for the SAVI and the NDVI respectively. 
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Similar to the NDVI, the SAVI also decreases wdth the red reflectance for a 

constant canopy, and then increases for a large LAI. From Eq. (4.2.6b or c) the sign of the 

derivative is determined by the subtraction in the numerator; from Eq. (4.2.7b), 

>Q.Q, if Lcr i -2D> L.  (4.4.5) 
5p« 

For a large LAI, the y becomes large positive and the D becomes large negative (Fig. 4.2 

and Table 4.3), thus the sign of the derivative becomes positive for a large LAI value. It 

also depends on the choice of the L factor. For a larger Z,, the derivative turns out to be 

positive at a smaller LAI value. We can also see the same trend in the measured data of 

Huete (1988). The reference showed that the SAVI starts to increase with the red 

reflectance from a much lower LAI value (LAI>1.7) than the NDVI (LAI>3.0). Figs. 

4.2b and 4.2c also show the same trend, which validates the relevancy of the derived VI 

equations. 

TSAVI: The behavior is very similar to the SAVI (Fig. 4.2d) as it can be expected from 

the choice of the adjustment factors Z,(=0.16) (Rondeaux et al., 1996) and ^^(=0.08). One 

major difference is that the TSAVI starts from zero, while the SAVI starts from little 

larger than zero. This difference is caused by the design concept of theTSAVI. It is 

designed to be zero for any reflectance points on the soil line characterized by a and b. 

The difference can be confirmed from Figs. 4.2c and 4.2d. The TSAVI is very close to 

zero for (0.15,0.1) case. On the contrary the SAVI starts around 0.2. The TSAVI also 

shows the least sensitive behavior for (2.1,1.0) case as the same characteristics of the 

SAVI due to their design. It is interesting to compare Figs. 4.2c and 4.2d. The range of 

the VI values for both the SAVI (0.2-0.85) and the TSAVI (0.0-0.6) are almost the same 
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for this choice of the adjustment factors. The derivative of the TSAVI becomes positive 

when the numerator of Eq. (4.2.8b) becomes positive. 

MSAVI: It shows quite similar behavior to the SAVI and the TSAVI despite its 

appearance, Eq. (4.2.12a). The MSAVI is much better than the SAVI and the TSAVI in 

the lower and middle ranges of the LAI, while it becomes less stable than these two 

indices at a large LAI. The superiority of the MSAVI can be seen in Fig. 4.3e. It shows 

that the log-derivatives are nicely clustered around the red axis for lower and middle 

ranges of the LAI values. The MSAVI, however, does not have this property of stable 

behavior for the (2.1,1.0) case that both the SAVI and the TSAVI are designed to be 

stable around the middle LAI range. 

DVI: From Eq. (4.2.10a), it is a linear function of p« with (ay-1) as its coefficient. A 

larger LAI gives a lager variation since y increases with the LAI. Fig. 4.2e shows this 

behavior clearly; a smaller LAI results in a less variation of the DVI. It can also be 

confirmed in Fig. 4.3b. 

WDVI; This VI is also a linear function of p/?, which is very similar to the DVI (and the 

PVI). The main difference between the WDVI and the DVI is their factors. The factors of 

the red reflectance are a(Y-l) for the WDVI and (oy-l) for the DVI. The difference 

between these two factors is only -(^-l), thus, the WDVI is a factor of (a-1) less sensitive 

to the soil brightness than the DVI. Figs. 4.2f and 4.2g show the linear behavior of these 

two indices. The slope of the WDVI is slightly less steep than the DVI. The major 

improvement of the WDVI over the DVI can be seen in a lower LAI range. The range of 
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the WDVI value starts from nearly zero to account for the soil line parameters. However, 

the value will not be zero for a bare-soil reflectance point due to neglect of one of the soil 

line parameters, b. 

PVI: It is also a linear function of PR, therefore it should show the similar behavior to the 

DVI and the WDVI. The range of the PVI starts from zero to account for the soil line 

parameters in order to have zero value at any reflectance point on the soil line. It is the 

similar improvement of the TSAVI over the SAVI. The sensitivity of the PVI is 

especially similar to the WDVI but the factor of (l+cr^)'"^. 

The WDVI and the PVI have the same form as the DVI by comparing Eqs. (4.2.8a), 

(5.16a) and (5.17a). Therefore, these indices should behave similarly as confirmed in 

Figs. 4.2f, 4.2g, and 4.2h. The magnitude of the variation depends on the factor of the p« 

in these equations. The PVI has the smallest factor among these Vis. However, the 

smallest factor does not mean the smallest logarithmic derivative. In fact, the WDVI 

shows the smallest logarithmic derivative among these three Vis, although the WDVI has 

a larger factor than the PVI. This can be confirmed in the figures shown in the next 

section. 

Among the six different combinations of (LAI, P), some of them have the same 

total LAI. Hopefully, the vegetation indices show the same value for the same total LAI 

(irrespective to the combination of the LAI and P). Unfortunately, it is not always the 

case; there are relatively larger discrepancies for the higher total LAI (2.1) case than the 

lower LAI (0.75) case. For example, in Fig. 4.2c, the difference between (2.1,1.0) and 

(3.0,0.7) cases is much larger than that between (0.75,1.0) and (1.5,0.5). (It can also be 
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confirmed in Fig. 4.1c.) Moreover, (0.75,1.0), (1.5,0.5), and (3.0,0.7) cases show almost 

the same values for all the Vis in Figs. 4.1 and Table 4.4. This tendency may be 

explained by the difference of the vegetation isoline slope which is a multiplication of a 

and Y shown in Table 4.3. From the table, we notice that y of (2.1,1.0) case is much larger 

than the other three cases. This comes from the fact that the slope of the isoline rapidly 

increases near p = 1.0 for a larger LAI which has been shown in chapter 4. Since the 

NDVI, SAVI, TSAVI and MSAVI are strongly related to the angle between the soil line 

and the isoline, only (2.1, 1.0) case gives a larger value of VI due to much larger y value 

than the other three cases. 

4.4.3. Comparison of Logarithmic Derivatives among Indices 

Although the range of the indices and their magnitudes are different among these 

indices, it is possible to compare the variations against the soil brightness by plotting the 

logarithmic derivative of the indices. Figs. 4.3a-3f are the plots of the log-derivative 

against the red reflectance including all the eight indices within one figure for a fixed pair 

of LAI and fraction of green cover. The smaller magnitude indicates less variation 

relative to its index value. In the figures, all the indices show a common behavior such 

that the magnitude of the log-derivatives decrease as the background brightness increases. 

From Eq. (4.2.2c), the numerator is constant for a constant canopy (7 and D are fixed), 

and the red reflectance appears only in the denominator as a second order polynomial. In 

order to explain this decreasing trend, we consider Eq. (4.2.2c). The second order 

polynomial in the denominator is simply a multiplication of the denominator and 

numerator of Eq. (4.2.2a). Since the VI value is positive, and the denominator is also 

always positive (since/72Pn+92P/?>0.0 for all the indices with r2>0.0), the numerator 
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should be positive to have a positive index vdue. Further more, the factors of p/? in both 

the numerator and the denominator satisfy picrf+qi>0 for any combination of pt and qi for 

these Vis since ffy>l for a>\. Overall, both the numerator and the denominator of Eq. 

(4.2.2a) increase in magnitude with p/j. Finally, the multiplication of these two increases 

with p«, resulting decreasing magnitude of the log-derivatives. This characteristic 

behavior indicates that all the indices are less sensitive with respect to soil noise for a 

brighter soil than a darker one. 

Although we used the log-derivative written by Eqs. (4.2.2c) and (4.2.5c) for the 

inter comparison among the eight indices, the partial derivative represented by Eqs. 

(4.2.2b) and (4.2.5b) may be more useful in order to simply evaluate a rate of variations 

of the vegetation indices against the soil noise for the purposes of an error estimation in 

Vis. In that case, the DVI, the PVI and the TS AVI should show mush smaller variation 

than the others for an LAI value of near zero because the range of the VI value starts 

rigorously from zero for these indices. 

From these figures, the MSAVI apparently outperforms the other indices in the 

middle and low ranges of the LAI against the background noise because of its non-

linearity. It effectively shifts the dynamic L factor as an implicit function of the LAI. Its 

success indicates that any future MSAVI-like Vis should accurately predict the behavior 

of the intersection between the vegetation isoline and the soil line by any means to reduce 

the soil noise successfully. This increases the importance of the basic investigation of the 

vegetation isoline behavior as functions of all the possible internal and extemal 

parameters. 
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4.5. Conclusions 

We derived the equations representing the inherent variations of the two-band 

vegetation indices using the vegetation isoline equations. The vegetation indices are 

written as a function of only the red reflectance for the fixed canopy optical properties 

with a given set of the soil line parameters. Some qualitative analyses were performed 

based on the analytical expressions of the index values, the partial derivative and the 

logarithmic derivative with respect to the red reflectance. The quantitative analyses were 

also provided with the SAIL canopy model used for the estimation of the vegetation 

isoline parameters. 

We first showed the plots of the Vis against the red reflectance for the six 

different combinations of the local LAI and the fraction of green cover for a constant 

canopy with varying the background brightness through the red reflectance. The 

characteristic behaviors of the indices including some of the known behavior were 

summarized. The DVI, WDVI and PVI are linear functions of the red reflectance for a 

constant canopy, meaning that the index value increases monotonically as the background 

soil becomes brighter. The RVI, NDVI, SAVI, TSAVI and MSAVI decrease their values 

with the background brightness for the low and middle range of the LAI, then increase 

for a large LAI value. This behavior is caused by the fact that the NIR-intercept {D) of 

the vegetation isoline becomes negative, resulting in a positive value for a partial 

derivative of the indices with respect to the red reflectance. Although we saw two 

different types of the VI variations with respect to background noise, the trends of their 

logarithmic derivative are the same for all the indices. The absolute value of the 

logarithmic derivative decreases with the background brightness proportional to the 

inverse of a second order polynomial of the red-reflectance. 
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We also showed the variations by combination of the local LAI and the fraction of 

green cover for a fixed total LAI value. For a large total LAI, the variations of the Vis 

become large due to the large difference of y among the cases of the different 

combinations. It indicates that the fraction of green cover and the local LAI acts 

differently for each VI. 

We found that all the indices written as a ratio of linear combinations of the red 

and NIR reflectances have a common behavior; the logarithmic derivative, which is a rate 

of the VI change normalized by the original VI value, is smaller for a brighter 

background. It means that the VI value becomes relatively less sensitive to soil nose with 

brighter canopy background for a constant canopy. 

For most of the indices, it is possible to analyze their behavior even from the 

analytical expressions of their variations. We can identify most the characteristic 

behavior of the indices from these derived index equations. A quantitative analysis is 

easier with the vegetation isoline equations, since we can avoid running a canopy 

simulation model a number of times in order to do a parametric study. We conclude that 

the systematic analyses of the inherent variations of the two-band indices are possible by 

using the vegetation isoline equations. It is a powerful way of analyzing the behavior of 

the indices regarding soil brightness. 
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CHAPTER 5 

OVERALL CONCLUSIONS 

In chapter 2, we showed and explained the radiative transport theory and the 

numerical techniques used in the three-dimensional radiative transport code for 

vegetation canopies. The code is based on the theory developed by Ross (1981) and later 

modified by Shultis and Myneni (1986) and uses the discrete-ordinates method 

commonly used in nuclear engineering. Some of the numerical examples were provided 

to demonstrate code capabilities. We concluded that the developed code was capable 

enough to provide reasonably accurate results by comparing to the results of Myneni et 

al. (1992). However, the problems that the code can cover are still limited, so that further 

development of the code are still needed. 

In chapter 3, a technique to derive vegetation isoline equations in red-NIR 

reflectance space for homogeneous canopies is proposed and demonstrated. A canopy 

radiative transfer model, known as the Cooper-Smith-Pitts model, is utilized with 

truncation of the higher order interaction term between the canopy and soil layers. The 

technique consists of two model simulations, one with a perfect absorber as canopy 

background and the other with an arbitrary background to estimate the canopy optical 

properties necessary for the determination of the isoline parameters. These cases are 

independent of the soil optical properties of any specific site, hence, the results can be 

used for any type or series of soils to construct the vegetation isoline equation. A set of 

simulations was also conducted using the SAIL model to demonstrate the vegetation 

isoline derivation by the proposed technique. Reflectances and vegetation indices (VI) 

estimated from the vegetation isoline, generally showed good agreement with those 

simulated by the SAIL model, especially for relatively darker soil. The isoline equation 
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and derivation were found to be useful for further study of two-band Vis and their 

variation with canopy background. 

The characteristic behavior of the vegetation isoline were analyzed by focusing on 

its three properties: the slope, NIR-intercept and the intersection between the isoline and 

the soil line. These properties are the key factors for understanding the variation of 

vegetation index value against change of background brightness, known as background 

noise. The analyses were conducted based on the vegetation isoline equation derived in 

chapter 3, The isoline parameters, slopes and NIR-intercepts of vegetation isolines were 

numerically obtained by the SAIL canopy model. Some of the known behavior of the 

vegetation isoline were simulated and analyzed in some detail. 

In chapter 4, the variation of vegetation indices against changes of background 

soil brightness are shown. Those variations are inherent in an index since it is determined 

when the index formulation is fixed. Those inherent variations of two-band vegetation 

indices against the soil brightness were derived and analyzed using the vegetation isoline 

equation for eight vegetation indices. The derivation includes three forms of the 

variation; 1) representation of the indices as functions of only the red reflectance for fixed 

vegetation optical properties, 2) partial derivative of the indices with respect to red 

reflectance as a measure of the rate of change against variation of soil brightness, and 3) 

logarithmic derivative of the indices for comparison of their variations among the indices. 

Numerical demonstration of the inherent variation was provided and analyzed with a 

limited nimiber of model cases. Some of the known behaviors of the variation were 

observed and explained with the derived expressions. It was concluded that this approach 

was a powerful way to systematically evaluate the variation of vegetation indices for the 

soil brightness. 
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Overall, we concluded that both the development of three-dimensional radiative 

code and the investigations of vegetation isolines and vegetation indices were very useful 

to improve scientific knowledge regarding satellite remote sensing of the land surface. 

Future effort may be devoted to the retrieval of physical and biophysical 

parameters through inversions of radiative transfer model in conjunction with the 

vegetation isoline. 
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